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Summary

Summary

The liver-enriched microRNA miR-122 plays a central role in the maintenance of liver
physiology. Aberrant levels of miR-122 are associated to the pathogenesis of liver diseases
such as viral infections as well as cirrhosis and hepatocellular carcinoma. Despite the fact that
numerous miR-122 targets have already been identified, the global effect of miR-122 on the

cellular gene networks remains largely unknown.

To gain an insight into these genome-wide networks, two complementary approaches
were used on Huh-7 cells: (I) Transcriptome analysis of polyribosome-bound RNAs revealed
that miR-122 displays an antagonistic activity on the transcription factors Yin Yang 1 (YY1),
Forkhead box P3 (FOXP3), E2F transcription factor 4 (E2F4), and nuclear respiratory factor 1
(NRF1). (I) By proteome analysis, several miR-122 target gene candidates were identified and
validated, including genes upregulated in hepatocellular carcinoma (HCC), like glucose-6-
phosphate dehydrogenase (G6PDH). Interestingly, an inverse correlation between miR-122
and G6PDH mRNA levels in the HCC tissue of patients suffering from chronic hepatitis B
infection was determined, whereas no correlation was found in HCC patients without viral

infection.

Furthermore, it was demonstrated that the biogenesis of miR-122 is modulated in
response to cytokine and growth factor administration. While interleukin 6 (IL6), tumor
necrosis factor a (TNFa), and to some extent bone morphogenetic protein 6 (BMP6) increased
the promoter activity of the human MIR122 gene, transforming growth factor B 1 (TGFB1)

significantly reduced the promoter activity and inhibited miR-122 de novo synthesis.

Taken together, the present study places miR-122 into a central position in the
regulation and fine-tuning of liver homeostasis. It is proposed that alteration in the signaling
pathways driven by cytokines or growth factors, which is frequently observed in chronic liver
diseases, may be one of the factors contributing to miR-122 dysregulation. As a possible result,
the decoupling of miR-122 from its regulatory networks, including those controlled by YY1,
FOXP3, NRF1, and E2F4, may be one of the molecular mechanisms contributing to the complex

cellular alterations that are involved in the pathogenesis of liver diseases.
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Zusammenfassung

Zusammenfassung

Die leberspezifische microRNA miR-122 ist flir die Physiologie der Leber von zentraler
Bedeutung. Eine Fehlregulation der miR-122 ist assoziiert mit der Pathogenese
unterschiedlicher Lebererkrankungen, wie entziindlichen Lebererkrankungen (NAFLD), viralen
Hepatitis (Typ B und C), sowie der Leberzirrhose und dem Leberzellkarzinom. Obwohl
zahlreiche Zielgene der miR-122 bereits identifiziert werden konnten, ist der genomweite
Effekt der miR-122 auf die zellulare Genexpression weitgehend unbekannt.

Mit dem Ziel die genetischen Netzwerke, die durch miR-122 moduliert werden, zu
identifizieren, wurden zwei komplementare Methoden verwendet: (1) Transkriptomanalysen
von Polysom-gebundenen mRNAs in humanen Hepatomazellen (Huh-7) ergaben, dass
miR-122 einen antagonistischen Effekt auf die Transkriptionsfaktoren Yin Yang1 (YY1),
Forkhead Box P3 (FOXP3), E2F Transkriptionsfaktor 4 (E2F4) und nukledrer respiratorischer
Faktor 1 (NRF1) auslibt. (Il) Mittels Proteomanalysen wurden zahlreiche potentielle Zielgene
der miR-122 identifiziert und validiert. Diese umfassten insbesondere solche, die in
Lebererkrankungen wie dem Leberzellkarzinom verstarkt exprimiert werden, wie
beispielsweise die Glucose-6-phosphat-Dehydrogenase (G6PDH). Des Weiteren wurde
gezeigt, dass die Level der G6PDH mRNA sowie die relative Expression der miR-122 im
Tumorgewebe von Leberzellkarzinompatienten mit Hepatitis B Infektion invers korrelieren. Im
Gegensatz hierzu konnte keine signifikante Korrelation zwischen G6PDH mRNA und miR-122

im Tumorgewebe von Kontrollpatienten (ohne virale Hepatitis) gefunden werden.

In einem weiteren Teil der Arbeit wurde der Einfluss von Zytokinen und
Wachstumsfaktoren auf die Biogenese der miR-122 untersucht. Es wurde gezeigt, dass
Interleukin 6 (IL6), Tumornekrosefaktor alpha (TNFa) sowie tendenziell das knochen-
morphogenetische Protein 6 (BMP6) die Aktivitdt des human MIR122 Promoters erhohen,
wohingegen der transformierende Wachstumfaktor 1 (TGFB1) die Promoteraktivitat

verringert und die miR-122 Neusynthese inhibiert.

Die vorgelegte Arbeit misst der microRNA miR-122 eine Schlisselrolle bei der
Aufrechterhaltung der Leberhomdoostase bei. Die hier gezeigten Befunde legen die Vermutung
nahe, dass Zytokin- und Wachstumsfaktor-vermittelte Anderungen der Signaltransduktions-
wege, wie sie bei Lebererkrankungen beschrieben sind, einen Einfluss auf die Fehlregulation
der miR-122 bei Lebererkrankungen haben. In Folge dessen, werden miR-122-vermittelte
genetische Netzwerke aus dem Gleichgewicht gebracht, wie zum Beispiel solche, die durch die
Transkriptionsfaktoren YY1, FOXP3, NRF1 und E2F4 reguliert werden. Dieses Ungleichgewicht
wiederum kdnnte ein moglicher molekularer Mechanismus sein, der zur Pathogenese der

Lebererkrankungen beitragt.
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1. Introduction

1. Introduction

1.1 The rise of the non-coding transcriptome

The discovery of non-coding RNAs (ncRNAs) in the early 1990s has changed our understanding
of the function of ribonucleic acids (RNA) and their involvement in cellular processes
completely. For several decades it was believed that RNA solely served as template for the
protein synthesis in the form of messenger RNA (mRNA) and as structural platform for the
translational machinery in the form of ribosomal RNA (rRNA) and transfer RNA (tRNA) [1, 2].
However, the classical view on RNA has changed drastically since microarrays and deep
sequencing techniques became widely available. Due to these applications, several
independent studies identified that a large portion of the transcriptome does not encode for
functional proteins [3—7]. Recent studies from the Encyclopedia of DNA Elements (ENCODE)
project revealed that 80% of the human genome is actively transcribed, although only 2.9% of
the genome account for protein-coding genes [8, 9]. The discovery of the non-coding
transcriptome (i.e. the total amount of non-protein coding RNAs) raised the question of its
function. Despite skeptical views believing that most of these ncRNAs might be “translational
noise” or ‘genomic junk” [10], compelling evidence indicate that ncRNAs are involved in the
regulation of nearly every aspect of gene expression [11]. Moreover, already in 1994 Mattick
et al. hypothesized that the development of so-called regulatory RNAs was a prerequisite for
the development of complex organisms [1, 12]. In line with this hypothesis, the number of

ncRNAs is rising with increasing complexity of the organism [13].

Although uniform criteria for their classification are still lacking, ncRNAs have been
grouped based on their function or their length (Figure 1.1; [14, 15]). The functional
classification distinguishes between ‘structural ncRNAs” such as the well-known ribosomal
RNAs [16], transfer RNAs [17], small nuclear RNAs [18, 19] or small nucleolar RNAs [20] on the
one hand and the ‘regulatory ncRNAs” on the other hand. The latter group includes the small
non-coding RNAs (small ncRNAs) and the growing class of long non-coding RNAs (IncRNAs).
The small ncRNAs (also referred to as “short ncRNAs”") comprises ncRNAs with a length typically
below 200 nucleotides, like microRNAs (miRNAs), short-interfering RNAs (siRNAs), and PIWI-
interacting RNAs (piRNAs). Long non-coding RNAs can reach up to several kilobase pairs in

length. Thus far, IncRNAs are often discriminated according to their genomic origin in
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intergenic IncRNAs, intronic IncRNAs and antisense IncRNAs, although several other
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Figure 1.1: Classification of RNA subtypes in coding and non-coding RNAs. A proposed classification
of RNA types in coding and non-coding RNAs (ncRNAs) as well as sub-classification of non-coding RNAs
in “structural ncRNAs’ (also referred to as "housekeeping ncRNAs” [23]) and ‘regulatory ncRNAs'.
Findings were combined from [14, 15] and illustrated herein. Abbreviations: miRNA: microRNA,
piRNA: PIWI-interacting RNAs, rRNA: ribosomal RNA, siRNA: small-interfering RNAs, snRNA: small
nuclear RNAs, snoRNA: small nucleolar RNA, tRNA: transfer RNA.

Since the research on regulatory ncRNAs is still in its infancy, it becomes apparent that
their classification will become more complex and might change due to the identification of

new subclasses or novel functions of ncRNAs.

The discovery of ncRNA opened up a new research field with major emphasis on the
functional involvement of ncRNAs in cellular processes. Nowadays, it is known that regulatory
ncRNAs participate in a variety of process including epigenetic mechanisms such as DNA and
histone modifications as well as the regulation of gene expression at the transcriptional and
the post-transcriptional level. In this way, ncRNAs not only play important roles in the
maintenance of the cellular integrity and the response to environmental influences, but also

in differentiation processes and development.

1.1.1 The discovery of microRNAs

The first founding member of miRNA family (lin-4) was discovered as regulator of C. elegans
larval development in the laboratories of Ambos and Ruvkun in 1993 [24, 25]. In these early
works it was demonstrated that lin-4 controls temporal development by targeting the

3’-untranslated region (3"UTR) of the protein-coding gene lin-14 [24, 25]. In the year 2000,



1. Introduction

let-7 was identified as second member of the miRNA family based on similar functions in
C. elegans [26, 27]. Initially thought to be a rarity in nematodes, the discovery that let-7 is
highly conserved across metazoa together with the newly identified RNA interference as
widely existing mechanism for post-transcriptional gene regulation, gave rise to an entirely
new research field [28]. By means of molecular cloning, hundreds of different miRNAs were
identified and the name “microRNA” was established for this class of ncRNAs [29—-38]. Since
then, miRNAs comprise the most studied and best characterized class of ncRNAs. According
to the most recent release of the miRNA data bank miRBase, 38,589 mature miRNAs are listed
in 271 different organisms, of which 1,917 miRNA members were identified in humans
(miRBase release 22.1, October 2018; [39, 40]). Bioinformatic analyses predicted that miRNAs
regulate up to one third of all protein-coding genes in humans [41]. Therefore, it is hardly
surprising that miRNAs participate in a broad range of cellular processes, such as development
and differentiation, proliferation as well as cell metabolism, and apoptosis [42—46]. Moreover,
the deregulation of the 'miRNome” (i.e. the entire set of miRNAs in a cell or organism) is
associated with a plethora of malfunctions and diseases such as cancer, coronary heart
disease, as well as metabolic and liver diseases [47-56]. In recent years the value of miRNAs
as predictive and prognostic biomarkers on the one hand and as molecular targets for
therapeutic intervention on the other hand were emphasized in various independent studies

[57-59].

1.2 Biogenesis of microRNAs

1.2.1 The canonical miRNA biogenesis pathway

The expression of many miRNAs is highly specific in a temporal and a spatial manner [28, 60].
Genomic sequences encoding for miRNAs can be found in three locations. Firstly, in intergenic
regions [61, 62], which may encode for either a single miRNA gene or for multiple miRNAs
arranged in miRNA clusters [29, 30, 63], secondly in the introns (‘intronic miRNAs’) or lastly,

in the exons of protein-coding genes [64, 65].

The transcription of miRNAs is typically performed by RNA polymerases Il or Ill, which
generate a hairpin-structured primary miRNA transcript (pri-miRNA) with up to several
kilobase pairs in length [66—68]. Similar to mRNAs, pri-miRNAs that are transcribed by RNA

polymerase Il are frequently poly(A)-tailed and 5'-capped [66]. The processing of pri-miRNA
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to mature miRNA is conducted in two distinct steps involving endonucleatic cleavages in the

nucleus as well as in the cytoplasm (Figure 1.2).
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Figure 1.2: miRNA biogenesis via the “canonical’ pathway. (Modified and adapted by [69, 70]).
MicroRNAs are transcribed by RNA Polymerase Il or 1l (RNA Pol II/ 1ll) as long, primary hair-loop
structured transcripts (pri-miRNAs). The maturation of miRNA involves the processing via the
microprocessor complex (Drosha/ DGCRS8) in the nucleus, which releases the shortened precursor
microRNA (pre-miRNA). Following nuclear export via exportin-5, the stem-loop sequence of the
pre-miRNA is cropped by the RNase Dicer, producing the mature miRNA duplex. The duplex is recruited
to Argonaute proteins (AGO) and loaded into the RNA-induced silencing complex (RISC). The assembly
of the RISC complex is an ATP-dependent process that requires heat shock proteins such as HSP90 as
molecular chaperones. One of the mature miRNA strands remains assembled to the RISC complex to
mediate target mRNA recognition, while the other strand is typically degraded.
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The first maturation step of the ‘canonical” miRNA biogenesis pathway is initiated in
the nucleus by a protein complex termed microprocessor. It consists of a double-stranded
RNA-binding protein DGCR8 (also known as Pasha in D. melanogaster and C. elegans) and the
RNase lll Drosha [71, 72]. The microprocessor complex cleaves the base of the pri-miRNA stem
and releases a cropped, stem-loop shaped RNA of roughly 65-70 bp in length, known as
precursor-miRNA (pre-miRNA) [73, 74]. Interestingly, it was reported that the DEAD-box RNA
helicases p68 and p72 are associated subunits in the microprocessor complex of mice and
required for the synthesis of a subset of, albeit not all, miRNAs [75]. While the processing of
pri-miRNAs by the microprocessor was found to be crucial for the majority of miRNAs, intronic
miRNA may also be produced independently of Drosha. This subset of miRNAs is typically
generated from miRNA-coding introns (so called “mirtrons’) and is processed via the

spliceosomal pathway [76, 77].

The endonucleolytic cleavage by Drosha or the spliceosome creates a two nucleotide
overhang at the 3’-end of the pre-miRNA which is necessary for the binding of pre-miRNAs to
the nuclear transporter protein exportin-5. Subsequently, the pre-miRNA is translocated from
the nucleus into the cytoplasm. This process requires the small G-protein RAN as cofactor that
provides the energy for the exportin-5-mediated transport by hydrolyzing guanosine
triphosphate (GTP) to guanosine diphosphate (GDP) [78-81]. Following nuclear export, the
pre-miRNA is processed by a second endonuclease, Dicer, which acts as molecular ruler to
produce a 21 — 25 nucleotide long miRNA duplex consisting of two mature miRNA strands [82—
85]. The maturation of pre-miRNA by Dicer requires the double-stranded RNA binding proteins
TAR RNA binding protein (TRBP) and protein activator of PKR (PACT) which serve as cofactors
and regulators of Dicer activity [86—-88]. The miRNA duplex is then loaded into the effector
complex known as the RNA-induced silencing complex (RISC or miRISC) by binding to
Argonaute family proteins (AGO) [89, 90]. The assembly of miRNAs into the RISC complex is
ATP-dependent and requires the assistance of heat shock proteins such as HSP90 or HSP70
[91]. Although the exact mechanism of how the miRNA duplex is incorporated into the RISC
complex is still under debate, it is known that the unwinding of mature miRNA duplexes into
single-stranded miRNAs depends on the activity of helicases such as p68 or the RNA helicase A
[69, 92-94].

Initially it was believed that only the thermodynamically less stable miRNA strand

(‘guide strand” or ‘'miR’) is loaded into the RISC to participate in target gene silencing, whereas
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the miRNA strand with higher stability at the 5-end (‘passenger strand” or ‘'miR*’) was
believed to be degraded [95, 96]. However, in recent years this hypothesis was disproved due
to compelling evidence indicating that both mature miRNA strands can be functional
(reviewed by [97, 98]). As a consequence, the nomenclature of identified miRNA species has
changed and, nowadays, the mature miRNA is designated according to their position in the
pre-miRNA sequence (located towards the 5°-end [miR-X-"5p°] or towards the 3"-end

[miR-X-"3p"]) rather than based on miRNA stability [99].

1.2.2 Regulation of miRNA biogenesis

Considering the fact, that miRNA deregulation is frequently observed in human diseases, it
becomes apparent that a tight control of the miRNA biogenesis is indispensable for the
maintenance of cellular function. In addition, miRNAs are a mean to ensure a fast response to
environmental changes by simultaneously modulating a broad number of targets without the
requirement to synthesize proteins [100]. The cellular miRNA expression may be altered as a
result of pathogen infection and immune response activity, in response to growth factor and
cytokine signaling or cellular stressors [100—104]. For instance, increasing evidence suggest
that oxidative stress affects the expression of redox-sensitive miRNAs, so called ‘redoximiRs’,
which in turn orchestrate the cellular redox homeostasis [105]. This was shown for example
for the miR-15/16 family members in perfused rat livers treated with either hyperosmotic
medium or with the hepatotoxic bile acid glycochenodeoxycholate [106, 107] or for the

miR-326-3p in ammonia-treated astrocytes [108, 109].

1.2.2.1 Regulation of miRNA transcription

The miRNA biogenesis is regulated on every level comprising the gene transcription, the
maturation of the pri-miRNA and ultimately the miRNA decay. As for proteins, the expression
of miRNA genes is coordinated by numerous mechanisms and highly depends on the genomic
context of the miRNA. While genes encoding for intergenic miRNAs are under the regulation
of autonomous promoters, the majority of intronic miRNAs are co-expressed together with
their host protein-coding gene [110]. Intensive efforts were made to identify promoter
sequences of intergenic miRNAs, which relied on the identification of well-known features of

protein-coding genes including transcriptional starting sites (TSS), CpG islands, TATA box
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sequences and characteristic histone modifications [111-113]. However, so far the promoters
of only 80% of all validated miRNAs were identified in human and mouse genomes,

respectively [114].

Similar to the promoters of protein-coding genes, promoters of miRNA-encoding genes
are under the control of various transcription factors such as p53 [115-117], NFkB [118],
c-Myc [49] or tissue-specific transcription factors like the liver-specific transcription factor
HNF4a [119]. Surprisingly, although many intronic miRNAs are transcribed from the host gene
promoter, the expression of intronic miRNA and protein-coding gene may also occur through
distinct promoter regions, leading to a miRNA transcription independent of the host gene
[112, 120]. In addition to the regulation via promoter sequences, the gene expression of
miRNAs is modulated epigenetically through genomic imprinting, DNA methylation and

alterations in histone modifications [121-123].

1.2.2.2 Regulation of miRNA maturation

Numerous mechanisms exist to control the maturation of miRNAs on a transcriptional and
post-transcriptional level. For instance, acetylation and phosphorylation of the processing
factors Drosha and DGCR8 affect their protein stability, their nuclear localization and their
substrate affinity [124-127]. The processing of pri-miRNAs by the microprocessor is also
responsive towards several signaling pathways. Davis and coworkers revealed that the
activation of SMAD proteins induced by stimulation with transforming growth factor B 1
(TGFB1) or bone morphogenetic protein 4 (BMP4) increased the expression of several miRNAs
[128, 129]. As a consequence of receptor activation by TGFB1 or BMP4, phosphorylated SMAD
proteins translocate to the nucleus where they bind to specific motifs within the pri-miRNA
stem region and thereby enhance the Drosha-mediated cleavage [100, 128, 129]. In response
to DNA damage, the tumor suppressor p53 increases pri-miRNA processing by directly binding
to the p68 helicase within the microprocessor complex [130, 131]. In addition, the activation
of the serine/ threonine kinase Ataxia Telangiectasia Mutate (ATM), a key enzyme of the DNA
damage response and activator of p53 [132], promotes the translocation of pre-miRNA into
the cytoplasm [133]. ATM activation triggers the phosphorylation of the nuclear complex core
protein Nup153 which in turn associates with exportin-5 and accelerates pre-miRNA export

[133]. In the cytoplasm, the endonuclease Dicer mediates the last step of the miRNA
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maturation and its activity strongly depends on the expression of its cofactors TRBP and PACT
[87, 134, 135]. Moreover, Dicer activity was shown to be sensitive to signaling pathways
induced by cellular stress and by interferons (IFNs; [136]). While IFNa signaling increased
Dicer-dependent pre-miRNA processing, IFNy decreased Dicer activity [136]. Remarkably, a
negative feedback mechanism exists between Dicer and its cleavage products. As shown for
let-7a, Dicer mRNA harbors binding sites for miRNAs, which may prevent an overexpression
of Dicer in order to maintain the equilibrium between Dicer activity and miRNA maturation

[137, 138].

1.2.2.3 Post-transcriptional regulation of miRNAs and their implication in miRNA decay

The stability of mature miRNAs is highly heterogeneous and may vary from several hours up
to days, depending on the individual miRNA [111, 139, 140]. In the recent years multiple post-
transcriptional miRNA modifications were identified, giving rise to various miRNA isoforms,
which affect the half-life and/ or the target specificity of these so called ‘isomiRs” [141, 142].
The modification of adenosine (A) to inosine (I) (known as ‘miRNA editing’) was shown to
affect the structures of pri-miRNAs as well as the target specificity of mature miRNAs [143—
145]. Besides A-to-l editing, miRNAs may be subject to trimming events at the 5'- or the
3’-end, in which single nucleotides may be removed, or undergo miRNA tailing, a non-
templated nucleotide addition [70, 146]. Strikingly, oligo-U-tailing of the 3"-end of let-7a-5p
decreased Dicer-mediated processing and increased miRNA decay [147]. In contrast, a single
3’-end adenylation of the liver-specific miR-122-5p was sufficient to prevent miRNA
degradation and to increase miR-122-5p stability [148]. Furthermore, isomiRs with
heterogeneous 3'- or 5-ends may be produced as a result of imprecise cleavage by the
nucleases Drosha and Dicer [149, 150]. Due to the fact that the 5"-end was shown to be the
most critical moiety for miRNA target gene recognition [151], it was proposed that editing of
the 5’-end of miRNAs has a profound effect on the target specificity of isomiRs, whereas
3’-end modifications rather affect the miRNA processing and stability [70]. Independent
studies suggest that the miRNA stability also depends in part on its association to target
mMRNAs [111]. However, contradictory findings show that miRNA-mRNA binding may prevent
miRNA degradation [152, 153], while other studies support the conclusion that mRNAs
decrease the half-life of their regulating miRNAs [154, 155].
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Thus far, nucleases known to contribute to the degradation of a large number of
miRNAs are only known in A. thaliana (RNA degrading nucleases SDN1-3; [156]) and C. elegans
(5'- 3" exoribonuclease XRN2; [152]). In humans, several enzymes were proposed to mediate
miRNA decay, such as XRN1 [139] and the polynucleotide phosphorylase PNPase [157].
Nevertheless, studies investigating the effect of XRN1 and PNPase focused on the expression
of selected miRNAs and failed to demonstrate an involvement on the cellular miRNome [139,

157].

1.3 Mechanism of miRNA-mediated target silencing

MicroRNAs direct Argonaute proteins to their target mRNAs in a sequence-specific manner
[158, 159], whereby the association of miRNAs to their targets is mediated through hydrogen
bonds between complementary nucleobases [24, 25]. The vast majority of miRNA recognition
sites (MREs) are located in the 3’"UTRs of the target mRNAs [160, 161], but binding motifs may
also reside in the coding sequence [41, 162, 163] or the 5’-untranslated region (5'UTR; [164,
165]), albeit with lower prevalence [166]. The duplex formation of miRNA and target mRNA in
the RISC complex may result in mRNA degradation or in translational repression. The mode of
action depends on the complementarity between miRNA and mRNAs [167] as well as on the
AGO isoform bound within the RISC complex [158, 168, 169]. The classical view of miRNA-
induced target silencing suggests that perfect base pairing (which occurs mainly in plants)
triggers the degradation of target mRNA, while imperfect base pairing (the major mechanism
in animals) results in mRNA translational repression. [45]. Yet, a growing number of studies
suggest that mRNA degradation and translational repression coexist in both, plants and
animals [170-172]. Despite intense research efforts, it remains highly controversial which

mode of action predominantly mediates target gene silencing [173].

1.3.1 Basic motifs of miRNA-target gene recognition

Early studies from 2003 identified that members of conserved miRNA families retain a high
sequence homology at their 5"-end throughout evolution [151, 174]. This moiety, located at
position 2 — 7 in the mature miRNA and referred to as the “seed sequence’ [151], was shown
to harbor the sequence that is most critical for the target mRNA recognition of a given miRNA

[163, 170]. Furthermore, within the 3"UTR of well-known miRNA target mRNAs, a widespread

9
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conservation for sequences complementary to the miRNA seed motifs was identified [41,
161]. Elaborate investigations on the conservation of seed sites across the eukaryotic lineage
enabled the proposal of seed-pairing rules describing the requirement for functional
miRNA-mRNA binding [163, 175-177]. These rules, although complemented and refined
during the last years [178, 179], represent the fundament for the development of numerous

miRNA target prediction tools [151, 180].

Bartel and coworkers analyzed conserved MREs on the 3°"UTR of target genes and
identified several classes of target sites: “canonical sites’, “atypical canonical sites’, and
‘non-canonical sites” [166, 181]. The canonical binding motifs of miRNAs-mRNA duplexes have
a 6 nucleotide long perfect Watson-Crick base pairing within the miRNAs" seed sequence
(‘6mer’; Figure 1.3). This stretch may be shifted by one nucleotide to either 3'- or 5'-direction
(‘offset 6mer’; [182]), be prolonged by another perfect base match at position 8 and/ or
harbor a conserved adenosine in the mRNA in the position across form the first nucleotide of

the miRNA ("7mer” or * 8mer” as illustrated in Figure 1.3; [41, 181]).

The 7 — 8mer canonical sites were demonstrated to have strongest efficiency in gene
repression compared to 6mer or offset 6mers [182—185]. Surprisingly, the occurrence of
adenosines opposite from nucleotide 1 of the miRNA increases the repression efficacy
independent of the miRNA sequence [41, 181]. Later studies demonstrated that the first
nucleotide at the 5"-end of the miRNA does not participate in the target recognition and that
mRNAs with adenosines at this position are preferentially bound by the AGO proteins [186,
187]. Apart from pairing to the miRNA seed, additional binding sites were identified between
mMRNA and the miRNA, typically involving the miRNAs" position 13 — 16 at the 3"-end [163].
This binding motif (also known as “atypical canonical sites’; [181]) affects the binding affinity,

stability of the RISC complex as well as the efficacy of the mRNA repression [163, 188, 189].

Perfect base matches within the seed sequence of the target site are not essential to
retain a functional mRNA repression [190, 191]. So-called "non-canonical” miRNA target sites
contain miss-match pairings in the seed sequence [191, 192], which are compensated by
extensive pairing encompassing at least 4 additional hydrogen bonds in the 3’-region
(Figure 1.3; [166]). It is believed that non-canonical sites account for less than 2% of all miRNA
sites [182] and trigger mRNA repression only with moderate effects [193—-196]. Nonetheless,

their discovery led to the refinement of the seed pairing rules and, subsequently, the target

10
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prediction algorithms [178, 179]. Moreover, target mRNA repression via atypical canonical or
non-canonical sites may provide an explanation how isomiRs (which may differ in as few as a

single nucleotide) achieve distinct target specificity.
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Figure 1.3.: Watson-Crick base pairing of mammalian miRNAs with their target mRNAs. (Adapted
from David Bartel, 2018; [181]). Vertical lines indicate perfect base pairing between miRNA and mRNA.
A) Canonical binding sites of miRNA bases in position 2 — 7 (‘seed sequence’) and target mRNA. The
relative efficiency of target mRNA inhibition by miRNA base pairing is illustrated as bar chart on the
right hand side. Seed pairing may be shifted by one nucleotide to either direction (‘offset 6mer”) or
(‘7mer” and "8mer’, respectively). B) Atypical canonical site with extended sequence complementarity
at position 13 — 16. C) Non-canonical sites compensate imperfect base pairing in the seed sequence by
extensive base pairing with the 3-end of the miRNA. (Reprinted by permission from Rightslink:
Elsevier, Cell, David P. Bartel 2018; license no. 4697680786516).

1.3.2 Molecular mechanisms of target mRNA repression by microRNAs

Intensive studies were conducted to unravel the mechanisms leading to miRNA-mediated
post-transcriptional gene regulation. Early findings already suggest that individual miRNAs
modulate a great number of target genes [170], which is why even minor changes in the

expression of certain miRNAs may have pronounced physiological effects [100].
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The AGO proteins have often been referred to as the crucial components of the RISC
effector complex, determining whether target mRNA is subject to degradation or to
translational repression. However, although mRNA degradation is considered the main
mechanism in animals, only AGO2 exerts endonucleolytic activity mediating mRNA
degradation. Yet, all four family members (AGO1 —4) participate in mRNA translational
repression [168, 169]. Nowadays, multiple studies indicate that miRNAs trigger mRNA
inhibition in at least three different ways: the induction of mRNA degradation, the inhibition
of translational initiation and the premature termination of mRNA translation (reviewed by

[173, 177)).

1.3.2.1 miRNA-mediated induction of mRNA decay

Similar to siRNAs, miRNAs may mediate the endonucleolytic cleavage of target messengers
via the RNA interference machinery [190, 197]. Following target recognition by the small RNA
and assembly of the RISC complex, AGO proteins slice the targeted mRNA opposite of the
miRNA nucleotides 10— 11 (Figure 1.4 A; [198, 199]). The resulting fragments are further
degraded by the activity of 5'-to-3"exonucleases, such as XRN4, or by a multi-protein complex
named exosome [200, 201]. Structural analyses revealed that a fully complementary pairing
of miRNA to its target is a prerequisite for this mechanism to occur [186, 202]. In light of the
fact that miRNA-mRNA duplexes in animals frequently occur through imperfect base pairing,
endonucleolytic mRNA degradation is thought to be the dominant mechanism in plants rather

than in animals [197, 203].

Nonetheless, target degradation was also observed in metazoans through a different
mechanism in which mRNAs are subject to progressive degradation by the action of
exonucleases (Figure 1.4 B; [204, 205]). This mechanism requires the association of the AGO
C-terminus with GW182, a protein containing multiple glycine-tryptophan (GW)-repeats [206,
207]. GW182 (or its mammalian counterpart TNRC6) serves as anchor to recruit additional
effector proteins to the RISC complex, including the deadenylase complexes PAN2-PAN3 and
CCR4-NOT, which in turn successively remove the poly(A) tail of the target mRNA [208-211].
Following deadenylation, mRNA is decapped in the miRISC complex by the decapping protein
DCP2 [209, 212]. Several cofactors, including DCP1, EDC4 and the helicase RCK are essential

for proper 5°-cap removal, as the depletion of these factors suppressed miRNA-induced target
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silencing [213, 214]. Ultimately, the deadenylated and decapped mRNA is rapidly degraded by
the cytoplasmic 5" - 3" exonuclease XRN1 (a paralog of the plant XRN4; [200, 204, 215]).

A) Endonucleolytic cleavage

B) Deadenylation and degradation

CCRa-NOT( GW182 | ACO ]
complex i 111y 111 GRRRT

.

L A
“a W
"""Humu||n|nmn|n\\““

D) Inhibition after translation initiation C) Inhibition of translation initiation

Figure 1.4: Potential mechanisms for target regulation by microRNAs. (Adapted from [216]). Multiple
mechanisms were identified by which miRNAs achieve target mRNA repression. A) AGO-mediated
endonucleolytic cleavage as result of perfect base pairing between miRNA and target mRNA
(presumably the major mode of plant miRNAs). B-E) Imperfect base pairing as pivotal target
recognition event in metazoan. B) GW182 protein interacts with the miRISC complex and recruits the
protein complex CCR4-NOT that induces deadenylation and 5°-to-3" exonucleolytic mnRNA degradation.
C) Association of GW182 anchor protein with poly(A)-binding protein (PABPC) inhibits mRNA
circularization, a prerequisite for translational initiation. D) Translational repression induced at the
elongation step by promoting premature termination (ribosome drop-off). E) miRNAs upregulate the
mMRNA translation by recruiting AGO and fragile X mental retardation protein 1 (FMR1) to AU-enriched
elements in the 3’UTR of target mRNAs. (Reprinted by permission from Rightslink: Springer Nature,
Nature Reviews Genetics, Pasquinelli et al., 2012; license no 4701970535344).

1.3.2.2 Regulation of translational repression

The GW182-induced recruitment of CCR4-NOT and the deadenylation of mRNA do not
necessarily lead to mRNA decay, but they also affect mRNA translation [217, 218]. Typically,
eukaryotic mRNA is activated for translation through the interaction with the initiation factor

elF4F to the 5'-cap structure and through association of the poly(A) binding protein PABPC to
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the poly(A)-tailed mRNA as well as to elF4G initiation factor (reviewed by [219]). These
interactions result in the formation of a circular, activated mRNA as illustrated in Figure 1.4
(center panel; [220]). GW182 negatively affects the binding of PABPC to the elF4G factor, thus,
preventing mRNA circularization and subsequent ribosome assembly (Figure 1.4 C; [221,
222]). Moreover, other studies support the hypothesis that miRNAs repress translation
initiation by provoking the dissociation of initiation factors (including elF4A, elF4E or elF4G)
from the mRNA [223, 224] or by impairing the recognition of the 5’-cap structure of target
mMRNAs [225-227]. Interestingly, structural analyses from Kiriakidou et al. identified several
cap binding-like motifs in AGO2 proteins, indicating that AGO isoforms may compete with the
elF4 complex for 5'-cap binding and, thereby, suppress the translocation of the ribosomal
subunits to the mRNA [228]. An involvement of AGOs in the translational initiation would also
explain how AGO subtypes 1, 3, and 4, although lacking endonucleolytic activities, participate

in target repression.

In order for eukaryotic translation to proceed, circularized mRNA is first loaded into
43S preinitiation complex and, after recognition of the first starting codon, attached to the
60S ribosomal subunit to form the 80S initiation complex [219]. During elongation, mRNAs
polypeptide chains are successively produced by scanning the mRNA for base triplets and
recruiting complementary aminoacyl-tRNAs to the 80S ribosomes [229]. To accelerate protein
synthesis at the stage of the transcriptional elongation, a single mRNA molecule may be
simultaneously attached to multiple 80S ribosomes and the resulting complexes are known as
‘polyribosomes” or ‘polysomes’ [230, 231]. Of note, miRNAs are attached to actively
translated mRNAs on polysomes [232-234], thus indicating that miRNA-induced target
repression may also occur after the initiation of translation. Maroney and coworkers provide
evidence that miRNAs reduce the reaction rate of the translational elongation [232, 235]. In
contrast, Nottrott et al. proposed the hypothesis that miRNA-induced translational repression
is based on the translocation of proteolytic enzymes to the nascent polypeptide chains,
leading to co-translational degradation of the newly synthesized polypeptide [236]. A third
model proposes that the association of mRNA to miRISC complexes recruits termination
factors, such as eRF3, resulting in the dissociation of the ribosome subunits from target mRNAs
and premature translational termination (termed ‘ribosome drop-off model’, Figure 1.4 D;

[235]).
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It is still under debate to which excess translational repression and mRNA decay
contribute to the overall effects of miRNAs in metazoans. While the classical view on miRNA-
mediated gene silencing favored translational repression as main mechanism, more recent
works suggest that mRNA decay may account for up to 85% of all miRNA-induced silencing
events [237-239]. Of note, the molecular mechanism may be time-dependent, as shown by
Eichhorn et al. who revealed that translational repression is more often observed at early time
points, whereas mRNA destabilization is the dominant effect at later time points [239]. It was
therefore already speculated that the destabilization of mRNA is the ultimate consequence of
translational inhibition, regardless of whether the inhibition occurs at the initiation or post-

initiation steps [239, 240].

1.3.2.3 MicroRNA-induced upregulation of target mRNAs

Novel insights from Vasudevan and coworkers draw attention to the fact that miRNAs are
—under certain circumstances — capable to upregulate target gene expression [241]. For
instance, the group reported that miR-369-3p and let-7a upregulate target genes in cell cycle-
arrested, but not in proliferating human embryonic kidney cells HEK293. Comprehensive
experiments revealed that the observed upregulation was triggered by a miR-369-3p-induced
association of AGO2 to the RNA binding protein fragile X mental retardation—related protein 1
(FXR1), followed by a recruitment of the AGO2-FXR1 complex to AU-rich elements in the 3"UTR
of TNFa mRNA (Figure 1.4 E; [241, 242]). Furthermore, a strong GW182 downregulation was
observed in quiescent cells and immature oocytes [243, 244], suggesting that AGO2-FXR1
complex formation is performed preferably in the absence of GW182 [245]. The recruitment
of AGO2-FXR1 to mRNA triggers the translational machinery through the activation of so called
‘non-canonical initiation factors” PARN and p97/DAP5 [246]. Surprisingly, AGO2-FXR1 was
shown to be localized in the nucleus, indicating that the selection of miRNA target genes via
the non-canonical translation does not occur in the cytoplasm [247]. To date, it appears that
target gene upregulation by miRNAs is rather a rare event, limited to certain cell types or
specific cell condition (e.g. particular phases during the cell cycle; [241, 248-250]). Yet,
additional work is needed to address the questions whether further mechanisms contribute
to miRNA-induced gene activation and how these mechanisms impact cellular function and

homeostasis.
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1.3.3 The significance of P-bodies in miRNA-induced mRNA silencing

There is a growing body of evidence pointing towards the fact that miRNA-mediated target
suppression does not occur in the cytoplasm, but rather in discrete cytoplasmic foci known as
processing (P)-bodies or GW-bodies [251-253]. These aggregates are mainly composed of
mRNAs as well as proteins and are highly enriched in enzymes known to be involved in mRNA
decay or repression pathways, e.g. the deadenylases CCR4-NOT, decapping factors DCP1 and
DCP2, as well as XRN1 [254—-256]. Notably, P-bodies are co-localized with AGO2, GW182 and
miRNAs which is indicative for a functional connection between P-bodies and the miRNA
silencing machinery [225, 252, 253, 257, 258]. In support of this, it was demonstrated that the
inhibition of MiRNA biogenesis or the depletion of GW182 impairs the formation or decreases
the stability of P-bodies [243, 259]. Ribosomes as well as the majority of translational factors
are absent in P-bodies, leading to the conclusion that mRNAs resident in these compartments
reflect a repressive state [255]. Later studies confirmed this conclusion by illustrating an
inverse correlation between P-body- and polysome-association of miRNA-targeted mRNAs
[255, 257, 260]. The group of Filipowicz demonstrated that under normal conditions, miR-122
represses its target gene cationic amino acid transporter 1 (CAT1) mRNA, whereas both
components are localized within P-bodies. In response to miR-122 inhibition, however, CAT1
mRNA was translocated from the P-bodies to polyribosomes which was accompanied by a

rapid increase in CAT1 protein levels [257].

P-bodies are highly dynamic aggregates whose size and number vary according to the
translational activity of the cell [254, 255, 261]. It is conceivable that P-bodies function as
scaffold to ensure the proper assembly of repressive complexes on mRNAs and to maintain
the repressive state [262]. Furthermore, P-bodies are an elegant solution for the storage of
repressed mRNAs, allowing for fast mRNA recycling and re-entrance of mRNA into the

translational machinery in response to cellular changes, as shown for CAT1 [257, 262].

1.3.4 MicroRNA target identification: In silico prediction and experimental target gene
validation

With the aim to identify potential target genes for the increasing number of validated miRNAs
known so far, a magnitude of bioinformatic prediction tools were developed, including
miRanda [263], TargetScan [151], RNA22 [264], and miRWalk [265]. The algorithms underlying

these prediction tools are based on different attributes, for instance sequence
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complementarity between the miRNA and mRNA [163], cross-species conservation of the
miRNA binding site [41], free energy gained during mRNA-miRNA duplex formation as well as
the thermodynamic stability of the duplex [180, 263]. Some algorithms consider structural
aspects such as the accessibility of the miRNA binding site on the target mRNA or the three
dimensional structure of the RISC complex [266, 267]. Despite improved insights into the
mechanisms of miRNA-induced target silencing, in silico target identification tools still suffer
from high false positive (~¥40 — 66%) and false negative (~50 — 70%) results [268]. Therefore, it

is imperative to experimentally validate the biological significance of putative miRNA targets.

High-throughput approaches upon miRNA overexpression or inhibition are frequently
used for target gene identification for single miRNAs. The effects of manipulated miRNA levels
are then measured by quantitative real-time PCR (qPCR), microarray or sequencing techniques
to quantify effects on mRNA expression, or by applying mass spectrometry approaches for
assessing changes in protein abundances [170, 269, 270]. Changes in transcriptional activity
may also be identified by polysomal profiling [231, 271]. This technique is based on the
observation that a highly translated mRNA is simultaneously attached to a high number of
ribosomes (heavy polysomes), while a poorly translated mRNA is bound to few ribosomes
(light polysomes) [272, 273]. By means of density gradient centrifugation of cytoplasmic
extracts from cells treated with miRNA mimic or inhibitor, polysomes of different densities
may be isolated and polysome-associated mRNA may be analyzed quantitatively [272, 273].
An inhibition in mRNA translation is observed as shift from heavy to light polysomes, while a
transcriptional activation of mRNA is characterized by a shift from light to heavy fractions
[273]. Polysomal profiling has successfully been used for the identification of novel miRNA

targets in various systems and cell types [235-238].

While the aforementioned methods allow for the identification of a great number of
putative miRNA target candidates, they fail to distinguish between direct effects (due to
miRNA-target interaction) and indirect side-effects. Therefore, immunoprecipitation-based
methods were established to enable the pull-down of miRNA-mRNA duplexes associated with
AGO proteins within the RISC complex. To prevent dissociation of RNA from protein during
sample preparation, crosslinks are introduced using UV irradiation. This method (cross-linking
and immunoprecipitation, shortly "CLIP"; [274]) may be combined with microarray analyses or
high-throughput sequencing ('HITS-CLIP’; [275]). Another possibility for validating direct

miRNA-target interactions is the utility of reporter gene assays. By this means, target
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sequences encompassing the predicted miRNA binding sites are cloned in the 3’"UTR of a
reporter gene, e.g. luciferase [151] or green fluorescence protein [276]. The capability of an
individual miRNA to bind to the cloned sequence, thus impairing the reporter protein
synthesis, is investigated by transfecting the reporter gene plasmids in presence or absence
of the miRNA of interest, respectively. Differences in reporter gene protein in cells transfected
with or without the miRNA of interest are then assessed fluorometrically or by measuring the

chemiluminescence of a substrate turnover.

1.4 The contribution of microRNA miR-122 to liver physiology

The first evidence for the existence of tissue-specific miRNAs came from the studies of the
Tuschl group in 2002 which used a cloning strategy to identify small ncRNAs derived from
distinct murine organs [277]. This way, Tuschl et al. identified the miRNA miR-122 as most
abundant hepatic miRNA with an expression exclusive for the liver [277]. Later studies
demonstrated that the liver-specific miR-122 is highly conserved across the vertebrate

lineage, whereas miR-122 is not expressed in nematodes [278, 279].

miR-122 is encoded by a single-genomic locus on chromosome 18 in human and mice,
respectively, and is transcribed by RNA polymerase Il as primary miR-122 transcript of roughly
4.5 kb in length. The pri-miR-122 is further processed to a 66 nucleotide long pre-miR-122
precursor that encodes for two mature miRNAs [278, 280]. While levels of the miRNA
positioned at the 3"-end (miR-122-3p, formerly ‘'miR-122*") are rather low, the miRNA located
at the 5"-end of the precursor (miR-122-5p or ‘'miR-122") is the major product of the MIR122
locus and is the research focus of most studies published to date [281]. Therefore, in this thesis

the term 'miR-122" refers to the mature miR-122-5p, unless otherwise specified.

The transcription of the MIR122 gene is under the control of a conserved RNA
polymerase |l promoter, characterized by the presence of a transcriptional starting site (TSS),
TATA-box binding elements as well as CCAAT enhancer elements [119, 282, 283]. Several
transcription factor binding sites were identified in the MIR122 promoter, including binding
motifs for the family of hepatocyte nuclear factors (HNFs), like HNF1a, HNF3B, HNF4a, HNF6
or the CCAAT-enhancer binding element protein C/EBPa [119, 282, 284]. The transcription of

MIR122 is also regulated epigenetically, whereby DNA methylation and specific histone
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modifications may repress or enhance the transcriptional activity of the MIR122 promoter

under certain conditions [285-288].

During embryogenesis, levels of miR-122 successively increase with time of
development, reaching a plateau shortly after birth [278]. The gradual increase in miR-122 is
closely linked to hepatic expression of HNF members, but inversely correlates with levels of
the miR-122 target gene Cut-like homeobox 1 (Cux1) in developing livers [282]. Since Cux1 is a
transcriptional repressor highly expressed in undifferentiated tissue, miR-122 participates in
liver development and in the maintenance of a differentiated state by successively degrading
Cux1 mRNA (Figure 1.5; [289, 290]). In the adult liver, the expression of pri-miR-122 and
pre-miR-122 underlies a circadian regulation, in which the orphan nuclear receptor REV-ERBaq,
a major regulator of circadian metabolism, represses miR-122 transcription [280]. In contrast
to the precursor molecules, levels of miR-122 remain largely unaffected throughout the day,
a finding which was attributed to the large stability of mature miR-122 [280]. This conclusion
was supported by the fact that miR-122 is post-transcriptionally modified by the action of
poly(A) polymerase GLD2, resulting in a single adenylation of the 3"-end accompanied by an
increase in the miRNA half-life [146, 148]. Despite the stable expression of mature miR-122,
several miR-122 target genes are regulated anticyclical to the pri-miR-122 and pre-miR-122,
indicating that de novo synthesis of miR-122 may effect target mRNA levels in a circadian

manner [280].

First insights into the function of miR-122 were presented from knockdown
experiments using miR-122-targeting antisense oligonucleotides injected in mice [291, 292].
miR-122 silencing reduced plasma cholesterol levels but increased hepatic B-oxidation of fatty
acids in the experimental animals compared to controls [291, 292]. Microarray analyses of
these animals uncovered significant downregulations in mRNA levels of genes involved in fatty
acid synthesis (e.g. fatty acid synthase (Fasn) or acetyl-CoA carboxylase 2 (Acc2); [292]) and
cholesterol biosynthesis (e.g. the rate-limiting enzyme HMG-CoA reductase (Hmgcr),
mevalonate kinase (Mvk) or farnesyl diphosphate synthase (Fdps); [291]) after miR-122
downregulation. However, the decline in mRNA levels in response to miR-122 suppression is
supposed to arise as a result of indirect effects of miR-122 silencing. To date, the molecular
mechanism underlying miR-122-mediated regulation of lipid metabolism is still largely

unknown, but the key enzymes AMP-activated protein kinase (AMPK) and the family of
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peroxisome proliferator-activated receptors (PPARs) are believed to mediate the metabolic

activity of miR-122 [280, 292].

’ Hepatocyte differentiation

HCC

AMPK?
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Lipid metabolism Z

HCV replication HBYV replication
and infection and infection

Figure 1.5: Role of miR-122 in hepatic functions and in liver diseases. (Modified from Hu et al. [293]).
The biosynthesis of miR-122 is under the control of liver-enriched transcription factors (illustrated in
green). miR-122 modulates hepatic functions such as differentiation as well as cholesterol and lipid
synthesis. Moreover, it exerts tumor-suppressive effects through the inhibition of pro-oncogenes and
prevention of angiogenesis. miR-122 has dual function in viral infections as it represses HBV but
enhances HCV replication. Targets of miR-122 are depicted in red.

Systemic or liver-specific knockout of miR-122 in mice is accompanied by reduced
plasma cholesterol and lipoproteins levels, an upregulation of genes involved in triglyceride
biosynthesis and storage and, subsequently, an accumulation of hepatic triglycerides in
MIR122 KO animals [294, 295]. Apart from defects in lipid metabolism, MIR122 transgenic
animals develop hepatic microsteatosis and liver inflammation at early age [294]. The latter
phenomenon is associated with an infiltration of inflammatory immune cells into the liver,
which produce IL6 as well TNFa, thus triggering pro-oncogenic pathways [294]. Furthermore,
the hepatic expression of various pro-fibrotic genes (i.e. KIf6, Tgfb1l and Ctgf) and tumor
marker genes (e.g. Prom1, Thyl, Epcam) is upregulated in miR-122 depleted mice which
results in a high occurrence of fibrosis and hepatocellular carcinoma (HCC) in transgenic
animals compared to the wild type control group [294, 295]. Altogether these data point to

an anti-inflammatory and tumor-suppressive effect of miR-122 [294].
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Nowadays, the anti-tumorigenic properties of miR-122 have widely been confirmed in
numerous experiments in vitro and in vivo, whereby distinct mechanisms contribute to tumor-
suppressive effects of miR-122. For instance, miR-122 induces apoptosis in HCC cell lines by
directly targeting anti-apoptotic and pro-proliferative genes, such as Cyclin G1 and Bcl-w
(Figure 1.5; [296, 297]). The overexpression of miR-122 in HCC cell lines decreases cancer cell
growth and renders them sensitive towards cytostatic drugs [298, 299]. Interestingly, the
repression of Cyclin G1 by miR-122 triggers a complex regulatory circuit which activates the

tumor suppressor p53 through repression of the p53-inhibitor Mdm-2 [299, 300].

Besides affecting the cell survival and apoptosis, miR-122 inhibits cell migration,
invasion and angiogenesis by targeting genes involved in the maintenance of the extracellular
matrix, like laminin B2, or by suppressing genes involved in the remodeling of the extracellular
matrix (e.g. ADAM10 and ADAM17; [298, 301, 302]). A contribution of miR-122 in epithelial-
to-mesenchymal transition (EMT) was also postulated based on the observation that miR-122
directly modulates genes of the WNT/ B-catenin pathway including WNT1 or the EMT-related

genes B-cadherin, N-cadherin and vimentin in human hepatoma cells (Figure 1.5; [303—306]).

In addition to its role in fine-tuning the hepatic transcriptome, miR-122 exerts relevant
systemic effects by coordinating systemic iron homeostasis [307, 308]. Injection of antisense
oligonucleotides targeting miR-122 in mice engendered systemic iron deficiency,
accompanied by depleted levels of iron in the plasma and the liver of treated animals, and
impaired hematopoiesis [307]. Elaborate studies revealed that miR-122 indirectly regulates
the key iron regulatory hormone hepcidine, through the regulation of hemochromatosis (Hfe)
and hemojuvelin (Hjv) which are upstream activators of hepcidine expression [307]. Since iron
withholding is a strategy of the innate immune system protecting against viral infections, the

aforementioned study provides evidence for a link between miR-122 and immunity [309, 310].

1.5 Deregulation of miR-122 in the pathogenesis of liver diseases

The hepatocyte-enriched miR-122 is a key regulator of liver physiology. Hence, it is not
surprising that deregulation of miR-122 expression is linked to versatile hepatic malignancies
and liver diseases. Hepatic miR-122 expression is reduced in patients with alcoholic liver
disease (ALD; [311]), non-alcoholic steatohepatitis (NASH; [312, 313]), primary biliary
cholangitis (PBC; [314]), chronic hepatitis B (CHB; [315]), cirrhosis [316], as well as
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hepatocellular carcinoma [317-319]. In contrast, levels of miR-122 circulating in the plasma
are frequently elevated in patients with hepatitis B virus (HBV; [320, 321]), hepatitis C virus
(HCV; [322, 323]), non-alcoholic fatty liver disease (NAFLD; [322, 324-326]) and in response
to drug-induced liver injuries [327-329]. Due to its high specificity for the liver, miR-122 is
considered an interesting potential prognostic and predictive biomarker for liver diseases. For
instance, miR-122 levels in HCC tissue may serve as prognostic marker for tumor invasiveness
and overall survival, whereas higher miR-122 levels correlate with better prognosis [306, 318,
330-332]. In HCV infected patients, plasma miR-122 levels may predict the efficiency of
interferon treatment, as lower treatment-naive levels of circulating miR-122 were found in
patients who did not respond well to IFN in comparison to IFN-responsive patients [333].
Ongoing investigations explore the possibility to target miR-122 therapeutically, and miRNA
activators as well as miR-122 inhibitors are currently under revision for anticancer and

antiviral therapies [334, 335].

1.5.1 Role of miR-122 in hepatitis B virus infections

The hepatitis B virus, which belongs to the family of small, enveloped DNA viruses, causes
acute or chronic infections of the liver [336]. According to the world health organization
(WHO), approximately 257 million people worldwide suffered from chronic hepatitis B in
2015, which is a high risk factor for the development of secondary diseases, such as liver
cirrhosis and HCC [337]. The WHO estimated that 887,000 deaths were related to

complications of CHB in 2015, which is why CHB is considered as severe public health issue.

There is obvious evidence for a key role of miR-122 in hepatitis B infections from
numerous investigations focusing on the link between miR-122 expression and HBV
replication [338]. Significant deficiencies in hepatic miR-122 levels were observed in HBV
transgenic mice compared to wild type controls as well as in CHB patients versus healthy
individuals [315, 318, 319]. In addition, an inverse correlation between miR-122 levels and
virus load was reported in HBV-infected patients [315]. In vitro studies conducted on HBV-
expressing hepatoma cells HepG2.2.15 revealed that miR-122 overexpression inhibited HBV

expression, whereas the depletion of miR-122 enhanced viral replication [315, 338, 339].

The virostatic effects of miR-122 against HBV are triggered by distinct mechanisms. For

instance, miR-122 exerts antiviral effects by indirectly enhancing p53 downstream pathways
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through the inhibition of Cyclin G1 [300, 315]. Activated p53 represses HBV transcription by
interacting with enhancer elements in the viral genome, thus inhibiting gene transcription
[315]. Apart from the p53-mediated antiviral effects, it was demonstrated that miR-122
directly targets BACHI mRNA, a repressor of heme oxygenase-1 (HO1) transcription
(Figure 1.5; [340]). HO1 protein in turn decreases HBV replication by binding to and reducing
the stability of the HBV core protein and by activating the antiviral interferon response [341,
342]. Moreover, miR-122 itself increases the activity of endogenous type | interferons by
targeting suppressor of cytokine signaling 3 (SOCS3) mRNA in vitro [343, 344]. Viral infections
with HCV and HBV are frequently accompanied by elevated SOCS3 mRNA levels which is a viral
defense mechanism to counteract the host innate immune system by repression of IFN
signaling [343, 345]. Hence, miR-122-induced suppression of SOCS3 provides another

possibility to antagonize viral infections (Figure 1.5; [344]).

The reduction in hepatic miR-122 in CHB carriers supports the conclusion that HBV
escapes miR-122-mediated repression. Remarkably, all four viral mRNAs encoded by the HBV
genome carry binding sites for miR-122 which functionally bind and sequester endogenous
miR-122 [346]. In addition, the viral HBx protein affects miR-122 transcription epigenetically
through interacting with the transcription factor PPARy, followed by the recruitment of
histone methyltransferases and deacetylases to the MIR122 promoter. These events generate
a repressive chromatin state and thereby suppress MIR122 gene transcription [286, 347].
Recent investigations further demonstrate that the viral HBx protein reduces miR-122 levels
by decreasing the miRNA stability [348]. This effect was shown to include HBx-induced
downregulation of GLD2, a poly(A) polymerase which typically stabilizes miR-122 by
adenylation of the 3’-end [148, 348].

1.5.2 Mechanism of miR-122-mediated enhancement of hepatitis C virus replication

In contrast to the antiviral effects of miR-122 counteracting HBV replication, miR-122 has a
promoting effect on the replication of HCV [349]. The first indications pointing towards a pro-
viral effect of miR-122 came from the observation that HCV only replicates in HCC cell line
Huh-7 which express miR-122, but not in HepG2 cells lacking this miRNA [349, 350]. A critical
role for miR-122 in HCV replication was further confirmed as the sequestration of miR-122 in

Huh-7 using antisense oligonucleotides was sufficient to diminish HCV RNA [349, 351]. In
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contrast, ectopic expression of miR-122 enhanced HCV replication even in non-hepatic cells

[352].

The HCV genome harbors two functional miR-122 MREs in the 5'UTR of the viral
genome, which are conserved across HCV subtypes (Figure 1.5; [349, 353]). Comprehensive
mechanistic analyses revealed that activation of miR-122 and the recruitment of the miRISC
to the 5"UTR increase the stability of the targeted viral RNA. It was assumed that the miRISC
complex bound to the 5'UTR acts as cap-like structure, thus protecting against exonuclease
decay by XNR1 or XNR2 [354-357]. Interestingly, the stabilizing effect of miR-122 on mRNA
was completely abolished when the MREs were cloned into the 3’"UTR instead of the 5°UTR of
areporter plasmid, indicating that the location of the binding sites is a relevant factor dictating
the activity of miR-122 [349, 353]. By binding to the viral 5°"UTR, miR-122 also enhances
translation of the viral RNA [358, 359]. Structural analyses provide evidence for a
conformational change within the internal ribosome entry site of the viral RNA which is
triggered by miR-122 and which facilitates the association with ribosomal subunits and

transcriptional initiation factors [360—-362].

Due to its pro-viral effects, inhibition of miR-122 was proposed as therapeutic strategy
against chronic hepatitis C infections [363—365]. A locked nucleic acid (LNA)-modified
antisense oligonucleotide (SPC3649 or Miravirsen) successfully suppressed HCV viremia in
chronically HCV infected chimpanzees without severe side-effects and is currently undergoing
phase lla clinical trials to assess the antiviral activity in treatment-naive HCV-infected patients
[363-365]. Nonetheless, an important consideration is that miR-122 depletion is frequently
observed in human HCC tissue, which is why anti-miR-122 treatment may not be useful as
long-term therapeutic strategy [366]. Furthermore, due to the development of direct-acting
antivirals (DAA) against HCV, which are novel inhibitors of viral proteases and polymerases
that achieve high cure rates of more than 90%, miR-122 targeting strategies might be
beneficial only for a minor percentage of patients which do not respond to DAA treatment

[367-370].
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1.5.3 Contribution of miR-122 in the pathogenesis of hepatocellular carcinoma

The incidence of HCC has raised considerably in the last decades and HCC is now one of the
most prevalent cancer types worldwide and the second leading cause of cancer-related deaths
[371]. The tumorigenesis leading to HCC is a complex multi-step process and is frequently
accompanied by alterations in cell growth promoting and apoptotic signaling pathways, the
activation of proto-oncogenic pathways and the induction of angiogenesis (reviewed by [372,
373]). Tumorigenesis is also characterized by alterations in metabolic requirements, leading
to decreased oxidative phosphorylation and enhanced anaerobic glycolysis in cancer cells, a

phenomenon referred to as the "Warburg effect” [374, 375].

In recent years, an overwhelming number of studies provided evidence for an
involvement of miR-122 in HCC oncogenesis. Levels of miR-122 are downregulated in most
primary HCC tumor tissues related to HBV and miR-122 levels inversely correlate with clinical
parameters such as tumor size, differentiation status and etiology [318, 376, 377]. However,
there are contradictory findings in the literature concerning the miR-122 status in HCV-related
HCC, as some studies identified no alterations in HCC tissue compared to healthy liver tissue,
while other studies observed elevated levels of hepatic miR-122 in cancer tissue compared to
healthy liver tissue [378—380]. Recently, three single-nucleotide polymorphisms were
identified in the human MIR122 gene in a southern Chinese population, which was associated
with a significantly increased risk for HCC [381]. Moreover, miR-122 was found to be
transcriptionally repressed by the proto-oncogene c-Myc, whereby miR-122 and c-Myc levels

are inversely correlated in HCC tissue [382].

The downregulation of the tumor-suppressive miR-122 induces the inhibition of
apoptosis and the induction of pro-proliferative target genes such as Cyclin G1, Bcl-w and
Wnt1 as mentioned before [296, 297, 303]. In addition, pyruvate kinase M2 (PKM2), encoding
the rate-limiting enzyme of the glycolytic pathway, was identified as direct miR-122 target in
HCC (Figure 1.5; [331, 383, 384]). As a functional consequence of PKM2-targeting, miR-122
may downregulate glycolytic activities in cancer cells, thus inhibiting tumor growth [331, 383,
384]. Of note, independent experiments suggest that overexpression of miR-122 increases
sensitivity of cancer cells towards anti-cancer drugs, such as Sorafenib and Doxorubicin [298,
299, 385]. Weinstein et al. showed that miR-122 inhibits the expression of multi drug
resistance genes ABCB1 and ABCF2, which are transmembrane efflux pumps capable to export

anticancer drugs out of the cells [386]. Another mechanism was proposed by Xu et al. who
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demonstrated that miR-122 overexpression counteracts Sorafenib resistance by targeting
insulin-like growth factor 1 receptor mRNA and inducing apoptosis [385]. Altogether, these
data support the idea that miR-122 activation in combination with cytostatic agents may

provide a new therapeutic tool to treat drug-resistant cancer types [298, 299, 387].

1.6 Research goals

The liver-enriched miR-122 is probably one of the best characterized miRNA so far. Although
a number of miR-122 targets have already been identified in independent studies, only little
is known about the molecular networks downstream to this miRNA. Therefore, the aim of this
thesis was to gain more information about the genome-wide targets and the molecular
networks downstream of miR-122. For this purpose, miR-122 was either overexpressed or
inhibited in human hepatoma cells Huh-7 and translatome studies were conducted by
polysome profiling, whereas proteome analyses were performed by mass spectrometry. Data
sets were screened for miR-122 target gene candidates, which were validated by gPCR or by

luciferase reporter assays.

Compelling evidence link miR-122 deregulation to the pathogenesis of liver diseases,
such as liver inflammation, viral infections or HCC. Yet, little is known about the mechanisms
leading to aberrant miR-122 levels in these malignancies. Liver diseases are frequently
accompanied by a deregulation of pro- and anti-inflammatory cytokines and growth factors,
which trigger diverse signaling pathways and regulate gene expression. This study therefore
aimed to investigate whether cytokines and growth factors, which are involved in the
pathophysiology of liver disease, may affect miR-122 biogenesis. To address this question,
constructs of the human MIR122 promoter were cloned into luciferase reporter plasmids and
transfected in Huh-7 cells. Stimulation experiments of transfected Huh-7 cells were conducted
to assess whether MIR122 promoter constructs were responsive towards cytokine and growth
factor treatment and to evaluate the possible effects of the aforementioned stimuli on

miR-122 biogenesis.

Overall, data presented in this work contribute to our understanding of the role played
by miR-122 in the maintenance of the liver homeostasis and the possible mechanisms leading

to miR-122 deregulation at onset of liver diseases.
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2. Materials and methods

2.1 Materials

Standard laboratory chemicals were purchased from Merck (Darmstadt, Germany), Thermo
Fisher Scientific (Schwerte, Germany), VWR (Darmstadt, Germany) or Carl Roth (Karlsruhe,
Germany). Cell culture dishes and plastic disposable materials were purchased from Greiner
Bio-One (Frickenhausen, Germany) or Eppendorf (Hamburg, Germany). In the following
sections, reagents and chemicals are listed that were used throughout the work for this thesis,
i.e. enzymes, transfection reagents, miRNA mimics and inhibitors, antibodies, molecular
biology kits, cell lines, cell culture media and supplements, growth factors and cytokines,
bacteria and plasmids. Media and buffer compositions are itemized in Section 2.1.9. Clinical
characterizations of patients donating HCC tissue samples are listed in Table 2.1
(Section 2.1.7). Primer sequences for gPCR are summarized in Tables2.2 and 2.3
(Sections 2.1.10 and 2.1.11) and primer sequences used for molecular cloning are given in

Table 2.4 (Section 2.1.12).

2.1.1 Enzymes

DNase | for RNA preparation (AS1260) Promega GmbH, Mannheim, Germany

DNase | for polysomes (M303L) New England BiolLabs GmbH, Frankfurt a.M.,
Germany

GoTaq® DNA Polymerase (M3001) Promega GmbH, Mannheim, Germany

GoTaq® gPCR Master Mix (A6002) Promega GmbH, Mannheim, Germany

HindIlI-HF® (R3104S) New England BiolLabs GmbH, Frankfurt a.M.,
Germany

Kpnl-HF® (R3142S) New England BiolLabs GmbH, Frankfurt a.M.,
Germany

Nhel-HF® (R31315) New England BiolLabs GmbH, Frankfurt a.M.,
Germany

Sacl-HF® (R31565) New England BioLabs GmbH, Frankfurt a.M.,
Germany

PrimeScript™ Reverse Transcriptase Takara Bio Europe S.A.S, Saint-Germain-en-Laye,

(2680A) France

27



2. Materials and methods

Proteinase K (7528.5)

Quick Ligation™ Kit (M2200L)

RNase Inhibitor (AM2682)

RNase Inhibitor (Roche, 335399001)

StemPro™ Accutase™ Cell Dissociation
Reagent (A1110501)

T4 RNA Ligase, truncated K227Q
(M03515S)

0.05% Trypsin/ 0.02% EDTA (Invitrogen)
(25300054)

Carl Roth GmbH + Co. KG, Karlsruhe, Germany

New England BiolLabs GmbH, Frankfurt a.M.,
Germany

Thermo Fisher Scientific Inc, Schwerte, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Thermo Fisher Scientific Inc, Schwerte, Germany

New England BiolLabs GmbH, Frankfurt a.M.,
Germany

Thermo Fisher Scientific Inc, Schwerte,
Germany

2.1.2 Transfection reagents and miRNA mimics/ inhibitors

Ambion pre-miR™-122 miRNA precursor
(AM17101; miR-122 mimic)

AntagomiR-122 (Miravirsen, SPC-3649)

Lipofectamin™ RNAiMax (13778075)

Lipofectamin™ 3000 (L3000008)

Xfect™ MIRNA Transfection Reagent

(631435)

Xfect™ Transfection Reagent (631317)

2.1.3 Antibodies

Mouse anti-B Actin antibody (ab8226)

Rabbit anti-G6PDH antibody (HPA000834)

Rabbit anti-EPS15L1 antibody (ab53006)

Rabbit anti-CEP55 antibody (ab170414)

Thermo Fisher Scientific Inc, Schwerte,
Germany

Roche (fromerly Santaris Pharma), Mannheim,
Germany

Thermo Fisher Scientific Inc, Schwerte,
Germany

Thermo Fisher Scientific Inc, Schwerte,
Germany

Takara Bio Europe S.A.S, Saint-Germain-en-
Laye, France

Takara Bio Europe S.A.S, Saint-Germain-en-
Laye, France

Abcam plc., Cambridge, UK

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Abcam plc., Cambridge, UK

Abcam plc., Cambridge, UK
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Goat anti-rabbit-HRP (P044801)
(DakoCytomation)

Sheep anti-mouse-HRP (RPN4201)

(GE Healthcare)

2.1.4 Molecular biology kits

Dual-Luciferase® Reporter Assay (E1960)

Fast-n-Easy Plasmid Mini-Prep Kit
(PP-204L)

In-Fusion HD Cloning Plus for seamless
DNA cloning (638920)

Pierce™ 660nm Protein Assay (22660)

QlAgen miRNeasy Kit (217004)
QIAGEN Plasmid Midi Kit (12145)
QlAquick Gel Extraction Kit (28704)
QIAquick PCR Purification Kit (28104)

Qubit™ dsDNA HS Assay Kit (Q32854)

Qubit™ Protein Assay Kit (Q33211)

Qubit™ RNA HS Assay Kit (Q32852)

Western Lightning Plus-ECL, Enhanced
Chemiluminescence Substrate
(NEL103001EA)

Agilent Technologies Germany GmbH,
Ratingen, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Promega GmbH, Mannheim, Germany

Jena Bioscience GmbH, Jena, Germany

Takara Bio Europe S.A.S, Saint-Germain-en-
Laye, France

Thermo Fisher Scientific Inc, Schwerte,
Germany

Qiagen GmbH, Hilden, Germany
Qiagen GmbH, Hilden, Germany
Qiagen GmbH, Hilden, Germany
Qiagen GmbH, Hilden, Germany

Thermo Fisher Scientific Inc, Schwerte,
Germany

Thermo Fisher Scientific Inc, Schwerte,
Germany

Thermo Fisher Scientific Inc, Schwerte,
Germany

PerkinElmer LAS (Germany) GmbH, Rodgau-
Jigesheim, Germany
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2.1.5 Cell lines, media and supplements

Cell lines:

Human embryonic kidney 293 cell
(HEK293)

Human hepatoma cell line (Huh-7)

Media and supplements:
DMEM (Invitrogen)

DMEM/ Ham’s F-12 (Invitrogen)
Fetal calf serum (FCS)

Opti-MEM (Gibco)

Kindly provided by Prof. Dr. Johannes Bode
(Clinic for Gastroenterology, Hepatology and
Infectious Diseases, Disseldorf, Germany)

Kindly provided by Prof. Dr. Johannes Bode
(Clinic for Gastroenterology, Hepatology and
Infectious Diseases, Disseldorf, Germany)

Thermo Fisher Scientific Inc, Schwerte, Germany
Thermo Fisher Scientific Inc, Schwerte, Germany
Thermo Fisher Scientific Inc, Schwerte, Germany

Thermo Fisher Scientific Inc, Schwerte, Germany

2.1.6 Growth factors, cytokines and cytokine inhibitors

BMP6 (120-06)
IFNB (IF011)

IL6 (10406)

IL10 (19276)

PDGF-BB (P4056)
SB431542

(TGFB receptor-I inhibitor)

TGFB1 (100-21)

TNFa (ADI-908-066)

PeproTech GmbH, Hamburg, Germany
Thermo Fisher Scientific Inc, Schwerte, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Axon Medchem LLC, Groningen, Netherlands

PeproTech GmbH, Hamburg, Germany

Enzo Life Sciences Inc, Famingdale (NY), USA
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2.1.7 Human HCC biopsies

HCC tissue from 28 individuals with chronic HBV (n = 7) or without viral infections (n = 21)

were kindly provided by Prof. Dr. Thomas Longerich (University Hospital Aachen, Germany).

The ethic committee of the Medical Faculty of RWTH Aachen gave the approval for using

human HCC tissue samples, in conformity with the Declaration of Helsinki ethical guidelines

(reference no. EK122/16). All patients involved in this study provided their informed consent.

Table 2.1: Clinical characterizations of patients donating HCC tissue samples for miQPCR and qPCR.

Max. tumor No.of  Tumor Vascular
No. Sex Age Risk factors Cirrhosis size (cm) Nodules Grading invasion
1 d 74 | HBV yes 4.2 1 3 1
2 d 63 | HBV no 7.0 1 3 0
3 d 62 | HBV no 17.5 | multiple 3 1
4 d 60 | HBV yes 6.7 2 1 0
5 d 67 | HBV yes 8.0 1 3 0
6 d 60 | HBV yes 1.3 1 3 1
7 d 54 | HBV yes 5.9 1 2 1
8 Q 73 | unknown, non-viral no 7.0 1 1 0
9 Q 71 | diabetes mellitus no 6.0 1 3 1
type 2
10 (& 60 | unknown, non-viral no 4.8 1 3 1
11 | & 67 | unknown, non-viral no 4.9 | multiple 3 0
12 | @ 75 | ethanol abusus yes 3.2 1 3 1
13 | g 63 | diabetes mellitus yes 7.5 1 1 0
type 2
14 | 60 | unknown, non-viral yes 5.5 2 2 0
15 | & 78 | diabetes mellitus yes 3.8 3 3 0
type 2
16 | 68 | ethanol abusus yes 4.8 1 2 1
17 | & 67 | unknown, non-viral no 3.5 1 2 1
18 | & 86 | unknown, non-viral no 9.0 3 2 1
19 | & 82 | unknown, non-viral no 12.0 | multiple 3 0
20 | & 79 | unknown, non-viral no 6.0 1 2 0
21 | & 65 | unknown, non-viral yes 3.6 1 3 1
22 d 52 | unknown, non-viral no 3.0 2 1 0
23 | @ 79 | unknown, non-viral no 5.5 1 2 0
24 | 9 68 | unknown, non-viral no 4.5 1 3 0
25 | & 63 | NASH yes 2.5 1 2 1
26 | 61 | unknown, non-viral yes 4.9 1 2 0
27 | 77 | PBC yes 3.0 1 2 0
28 | & 74 | diabetes mellitus no 2.0 1 3 0
type 2
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2.1.8 Bacteria and purchased plasmids

Stellar™ Competent Cells (provided with
In-Fusion HD Cloning Kit)

TOP-10 E. coli

pGL4[luc+] Promoter vector (E1761)
pGL4.10[/uc2] Basic vector (E665A)

pRL-SV40 Vector

2.1.9 Media, buffer and solutions

For polysome fractionation:

Takara Bio Europe S.A.S, Saint-Germain-en-
Laye, France

Thermo Fisher Scientific Inc, Schwerte,
Germany

Promega GmbH, Mannheim, Germany
Promega GmbH, Mannheim, Germany

Promega GmbH, Mannheim, Germany

lysis buffer

hypotonic buffer

10% sucrose solution

50% sucrose solution

60% sucrose solution

5 mM Tris-HCl pH 7.5

1.5 mM KCI

2.5 mM MgCl,

0.2 mM cycloheximide (CHX),
120 U/mL RNase inhibitor

120 U/uL DNase |

0.5% (w/v) sodium deoxycholate
0.5% (v/v) Triton X-100

5 mM Tris-HCl pH 7.5
1.5 mM KCl

2.5 mM MgCl,

0.2 mM CHX

10% (w/v) sucrose
In hypotonic buffer

50% (w/v) sucrose
In hypotonic buffer

60% (w/v) sucrose
0.01% (w/v) bromophenol blue
In hypotonic buffer
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For preparation of chemically competent E. coli:

TFB1 solution

TFB2 solution

30 mM KOAc

100 mM RbCl;

10 mM CaCl;

50 mM MnCl;

15% (v/v) glycerol

pH adjusted to 5.8 with HOAc

10 mM MOPS

10 mM RbCl;

75 mM CacCl,

50 mM MnCl;

15% (v/v) glycerol

pH adjusted to 6.5 with KOH

For RNA preparation from human HCC tissue

lysis buffer

DNase buffer

Western blot buffers:

lysis buffer
(for proteome analysis)

RIPA buffer

2x SDS-loading dye

50 mM Tris-HCI pH 7.4
10 mM EDTA pH 8.0
0.5% (w/v) SDS

10 mM Tris-HCl pH 7.5
2.5 mM MgCl,
0.5 mM CacCl,

30 mM Tris base
7 M urea
2 M thiourea

50 mM Tris base pH 8.0

150 mM NacCl

1% (v/v) Nonidet P-40

0.5% (w/v) sodium deoxycholate
0.1% (w/v) sodium dodecyl sulfate
1 mM EDTA

cOmplete™ Protease Inhibitor Cocktail (1 tablet/ 50 mL buffer)

300 mM dithiothreitol

15% (v/v) glycerol

6% (w/v) SDS

75 mM Tris-HCl pH 7.0

0.0125% (w/v) bromophenol blue
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MOPS buffer

50 mM MOPS

50 mM Tris base
0.1% (w/v) SDS

1 mM EDTA

pH adjusted to 7.7

anode buffer

300 mM Tris base

100 mM tricine
pH adjusted to 8.7 — 8.8

cathode buffer

300 mM aminocaproic acid

30 mM Tris base
pH adjusted to 8.6 — 8.7

Miscellaneous:

TAE 40 mM Tris pH 7.6
20 mM acetic acid
1 mM EDTA pH 8.0

TBST 20 mM Tris pH 7.5
150 mM NacCl
0.1% (v/v) Tween-20

2.1.10 Oligonucleotide sequences for miQPCR

Table 2.2: Sequences of oligonucleotides for microRNA profiling using miQPCR. (As previously

described by Benes et al. [388]).

miRNA Primer Primer Sequence 5" -3’
hsa-miR-122-5p Forward GTG ACAATG GTG TTT GGG
hsa-miR-192-5p Forward TGA CCT ATG AAT TGA CAG CCG
Upm2A Reverse CCC AGT TAT GGCCGT TTA

2.1.11 Primers for quantitative real-time PCR

Table 2.3: Oligonucleotide sequences of qPCR primers for human mRNAs.

mRNA Primer Primer Sequence 5" -3’
Forward CAG CAA GCA GGA GTATGA CG
hsa ACTB
Reverse AAA GTC ATG CCAATCTCATC
hsa BAGI Forward CAT TTG GAG AAG TCT GTG GAG A
Reverse AAA TCC TTG GGC AGA AAA CC
hsa BAX Forward AGC AAA CTG GTG CTC AAG G
Reverse TCT TGG ATC CAG CCC AAC
Forward GAA GAG GAG AAG CAG AGA AAA GC
hsa CCDC43
Reverse GCA CCT GAATCATCCTTCTCA

34



2. Materials and methods

Table 2.3 (continued)

mRNA Primer Primer Sequence 5" - 3°
hsa CD47 Forward AGT GAC ACG GTAGCACCAGTT
Reverse GAA CAC AGT GCT CTG AGA ACA AG
Forward AGA AGA AGA GAT CCG AAG AGC
hsa CEP55
Reverse AGC AGA GAT GTG TAA AGA AAC TG
Forward CCT GTT GCCAAA GTTACACA
hsa CLIC1
Reverse GTG AAT CCCCGG TACTTCTT
Forward TAT CAG CTG GCC CCT GTC
hsa CMTM7
Reverse CTT GGA AGC TGC CAC AAT G
Forward AGC CCT CAGTGATCC AGA AC
hsa DEDD
Reverse GGC AAC ACA CCA CAG GAT AG
Forward TTA CGC CCT TCATGG TCA AT
hsa DIXDC1
Reverse TCC TTC CCG ATC AAT AGC TG
Forward AAT TGC GCT CAT GATTTT GG
hsa DSG2
Reverse GCA ATG GCA CAT CAG CAG TA
Forward GGT ATC GGG CTA ATC GAG AA
hsa E2F4
Reverse AAT CTC CCG GGT ATT GCA G
hsa EEAZ Forward GAA TTG CAA AGA AAG CTG GAT AA
Reverse TTC AACGCT TGT GTATGTTTG A
Forward TTA CCT CGG ATC CATTCA CG
hsa EPS15L
Reverse TCA CTG GAT TCA AAG GGG TC
Forward CTA CGT CCA GGCCACCTCTA
hsa F2RL2
Reverse GTG AAG TGG TGG AGG GTA GG
Forward CCT GTT TCT CTG CCA CAAGA
hsa G3BP2
Reverse GGA GGCAGG TTT TTA CTG GTC
Forward CTG GTG GCC ATG GAG AAG
hsa G6PDH
Reverse TGC ATT TCA ACA CCT TGA CCT
Forward CAA CAG ACG GGA CAACTT GC
hsa HAMP
Reverse AGC AGA AAA TGC AGA TGG GGA
Forward CGC AAT GAG AAG GGCTATG
hsa HCFC1
Reverse TGG TGC CAG AGCTGT CTT TA
Forward AGG TCG CAA GCTTGC TGG
hsa HPRT1
Reverse CCA ACA CTT CGT GGG GTC
Forward AAG GAC CTT CTT CGT GCT CA
hsa KIF1B
Reverse GAG GGA CCC CAT GGATGT A
Forward AAC TTC AAA GGG GAA AGC AAG
hsa KIF3A
Reverse TTT CAG GCT TTG CAG AACG
Forward CTT ATT GTG GCC TCA TAG AGG AA
hsa KPNA6
Reverse GCCTTCTGG TAGATCTCCTGG T
Forward CTG GAATCG TCC AGG GATTA
hsa KPNB1
Reverse TCT GGG TTG TAC CAG CAT CA
Forward AGT TCC TGT GTG AGC GGA AT
hsa MINK1
Reverse TGC AGT TAC GGT TCA GAG TCA
Forward CAG TCA CTATGG CGCTTA ACA
hsa NRF1
Reverse ATC TGT CCC CCA CCT TGT AA
Forward GGA CACAGCCCCCACTATT
hsa NUP210
Reverse CAT AGG CTG GGC TCC ACA
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Table 2.3 (continued)

mRNA Primer Primer Sequence 5" -3’
Forward AAG ATC TAA CAG GACTAG ATG TTT CCA
hsa P4HA1
Reverse TCC TCC AAC TCC ATA ATT TGC
Forward TTC TCC GCA ACA AGATGG AT
hsa PCGF2
Reverse AGT GGCTCGTCCTCG TACA
Forward TGG TGC CAA GAG AAT ATT GGA
hsa PDCD2
Reverse CCCAGTCTGTCA GCCTTCA
Forward TGG AAA GCG TAA AGATAG TGT GTG
hsa PDCD4
Reverse AAT ATT CTT TCA GCA GCA TAT CAATC
Forward GCG AAT CACCACACCATACA
hsa POLR2F
Reverse ACC ATC ACA GGG GCA CAC
L. Forward TTT CCT AGA CTG CAG AATTGATCAC
hsa pri-miR-122
Reverse ATA ATCTGG CCG AAT GAATGG ATAC
Forward GGC GTT GGG GTT AGT ATCTCT
hsa RNF26
Reverse GCC TCA TCA GAC GAT CAC AG
Forward TTG GAC CTG GGA TGT GGT
hsa RNMT
Reverse GAC AGA AAC ATC GGC AAT ATCA
Forward GAT TCG TTC CTG GAT CTT GC
hsa SLC1IA5
Reverse GGT AGA GTA TGA GCG AAA GG
Forward TCA TCA CCG GCT GGA ACT
hsa SLC7AI Reverse | CCCTCG CTA CGC TTG AAG TA
Forward AAA CAG GGG GAA CGA ATT ATC
hsa SMAD7
Reverse ACC ACG CAC CAG TGT GAC
Forward GAT TTG CTG AAG AAG GAACACC
hsa SMG5
Reverse TTC TGG CAG CGA ATG TACC
Forward GAG CAC CGG AGG ATT TAT ACC
hsa SPRED2
Reverse GAA GCT CACCTG GCG GTA G
Forward GAG GCT GACAGCTTITTGG TG
hsa TBC1D22B
Reverse CCT GGT TGT GCA AAG GTG TA
hea TFR2 Forward AAG CTG CGG CAG GAG ATCTA
Reverse GCG ACA CGT ACT GGG AAA GG
hsa TK1 Forward GTC ATA GGC ATC GACGAG G
Reverse GCA GAA CTC CAC GAT GTCA
Forward TGATGATACAATTTCTGA CTG GAATC
hsa TNPO1
Reverse GGCAGCAGT TCATCACGATA
Forward CAG GCCTCACGACTACCAG
hsa U2AF2
Reverse GGG ACC ACA GTG GACACAA
Forward TCCTAT GACCAATGG GCTTT
hsa WSB2
Reverse CGT GGC CAT CTCTTG TCC
Forward CAA AGA GGA AGC CTCTGG AA
hsa XRCCS Reverse | AGC TGC TGT GTC TCC ACT TG
hsa YY1 Forward TGG AGA GAA CTC ACCTCC TGA
Reverse TCTTTAATTTTT CTT GGCTTCATT C
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2.1.12 Primer sequences for molecular cloning

Table 2.4: Oligonucleotide sequences for cloning of human MIR122 promoter constructs and
miR-122 target gene 3'UTRs. Recognition sequences for restriction enzymes (RE sites) were included
to allow for site-specific cloning into reporter plasmids. 3’"UTRs for CEP55, CLIC1, EPS15L1, KIF11,
SLC1A5, and TK1 were cloned using In-Fusion recombinase system, which requires sequence homology
between the vector and insert (bold nucleotides).

Amplified
sequence Primer Sequence 5" - 3° RE Site
hsa MIR122 |Forward |GAG CTAGCCTTG CTG AGT GTG TTT GAC CAA Nhel
Pro 0.18kb |Reverse |AGA AAG CTT GCCTCTCCCCTCTCCCTTTA Hindlll
hsa MIR122 |Forward | GAG CTA GCG GCG TGA ACA AAG GAATGCA Nhel
Pro 0.75kb | Reverse |AGA AAG CTT CGCTGG GTG GCATCTTTT Hindlll
hsa MIR122 |Forward |GAG CTA GCA AAT TAG TCA GGT GTG GGCA Nhel
Pro 0.95kb |Reverse |AGA AAG CTT GCATTCCTT TGT TCA CGC CA Hindlll
hsa MIR122 |Forward |GAG CTA GCA AAT TAG TCA GGT GTG GGC A Nhel
Pro 1.7kb Reverse |AGA AAG CTT TGG AAG ACA AAG TTATGG TGT GT Hindlll
hsa CEP55 Forward | AAT CGA TAG GTA CCG AGC TCC AAAATAAGTATTTGTTITG Sacl
3'UTR Reverse |TCG AGC CCG GGCTAG CTT AAA ACATTA AAT AAT TTTATTC Nhel
hsa CLIC1 Forward | AAT CGA TAG GTA CCG AGC TCG CCC CTC CTG GGA CTC CC Sacl
3'UTR Reverse |TCG AGC CCG GGCTAG CTT GCG TAA AAACACTTG ATT TTT Nhel
hsa EPS15L1 | Forward | AAT CGA TAG GTA CCG AGC TCA GGA AAG CAG ATG AGG TGT G | Sacl
3'UTR Reverse |TCG AGC CCG GGCTAGCTTTCATTT CCCTTAGCATTT TATTT Nhel
hsa G6PDH | Forward | GAG GTA CCG GGT TTC CAG TAT GAG GGCA Kpnl
3'UTR Reverse |GAG CTA GCT TGC GGA TTT AAT GGC AGG G Nhel
hsa KIF11 Forward | AAT CGA TAG GTA CCG AGC TCT TCA CTT GGG GGT TGG CA Sacl
3'UTR Reverse |TCG AGC CCG GGC TAG CTT AAT GTA GAA ACCACATTT ATT AA | Nhel
hsa SLC1IA5 |Forward | AAT CGA TAG GTA CCG AGC TCA CCC CGG GAG GGACCTTC Sacl
3'UTR Reverse |[TCG AGC CCG GGCTAGCTT AAATAGTTG ACACTC AATTTT AT Nhel
hsa TK1 Forward | AAT CGA TAG GTA CCG AGC TCG GGA CCT GCG AGG GCC GC Sacl
3'UTR Reverse |TCG AGC CCG GGC TAG CTG CGT CCA CCA ACCAGT GAATTTTC | Nhel
2.2 Methods

2.2.1 Cell culture conditions for human hepatoma cell line Huh-7 and human embryonic
kidney 293 cells

Human hepatoma cell line Huh-7 and human embryonic kidney 293 (HEK293) cells were kindly
provided by Prof. Dr. Johannes Bode (Clinic for Gastroenterology, Hepatology and Infectious
Diseases, Disseldorf, Germany). Huh-7 cells were cultured in Dulbecco’s Modified Eagle
Medium/ Nutrient F-12 Ham (DMEM/ Ham’s F12 1: 1) supplemented with 10% (v/v) heat-
inactivated and sterile filtered FCS, while HEK293 were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) in presence of 10% (v/v) FCS. Both cell lines were grown in sterile T75

cell culture flasks at 37 °C in a humidified atmosphere containing 5% CO,. The cell growth as
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well as the cell confluency were monitored using contrast-phase microscopy. Cell lines were

subcultured at a confluency of 80 — 90%, typically two to three times a week.

2.2.2 Overexpression and inhibition of miR-122 in Huh-7 cells

Huh-7 cells were transfected with miR-122 mimic (Ambion pre-miR™-122 miRNA precursor,
Thermo Fisher Scientific) or miR-122 inhibitor (antagomiR-122, Roche) using the transfection
reagent Lipofectamin™ RNAiIMAX. For this purpose, cells were transfected at ~80% confluency
according to the manufacturer’s instructions. For proteome studies, 140,000 Huh-7 cells were
cultured and transfected in 6 cm dishes. Before the transfection, cells were washed with PBS
and kept in 5 mL fresh FCS-free cell culture medium. The transfection was performed with
56 pmoles miR-122 mimic per dish or 112 pmoles of either miR-122 inhibitor or scrambled
oligo control per dish. The miRNA mimic, inhibitor or scrambled control were diluted in 250 pL
OPTI-MEM, respectively. The transfection reagent (16.5 pL/ dish) was first diluted in 250 uL
OPTI-MEM and then transferred to the diluted miRNA mimic, inhibitor or scrambled control,
respectively. Following incubation for 5 min at room temperature (RT), 500 uL transfection
solution were pipetted dropwise on top of the cells. Six hours after the transfections, cell
culture medium was replaced by fresh FCS-containing DMEM/ Ham’s F-12 and cells were
harvested 24 or 48 h post transfection. RNA was isolated by washing the cells once with 2 mL
PBS, and thoroughly scraping the cells in 500 pL ice-cold PBS. To remove cell debris, cells were
spun at 100 g/ 5 min/ 4 °C. The supernatants were completely removed and pellets were
immediately snap-frozen in liquid nitrogen and stored at -80 °C. For transcriptome analyses of
transfected Huh-7 cells, 400,000 Huh-7 cells were cultured in 10 cm dishes. Transfection was
performed as described above with 150 pmoles miR-122 mimic or 300 pmoles miR-122
inhibitor using 45 pL Lipofectamin™ RNAIMAX per dish. Cells were processed for gPCR,

Western blot or polysome analyses as described in the Sections 2.2.14, 2.2.20 and 2.2.21.

2.2.3 Stimulation of Huh-7 cells with TGFB1 or TGFB receptor type 1 inhibitor

Huh-7 were seeded on sterile 12-well plates with 60.000 cells/ well one day before the
stimulation. In order to synchronize cells and to shut down growth factor-dependent signaling
pathways, Huh-7 were starved in FCS-free DMEM/ Ham’s F-12 medium overnight. The

medium was then removed and replaced by DMEM/ Ham’s F-12 supplemented with 5 ng/mL
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or 10 ng/mL TGFB1 for 3 -6 h. For inhibition of TGFB signaling pathways, cells were pre-
treated for 3 h with TGFp receptor type 1 inhibitor SB431542 (5 uM or 10 uM in DMEM/ Ham's
F-12) and then treated with 5 ng/mL TGFB1 in presence of SB431542 for another 3 h. After

the stimulation, cells were processed for RNA isolation as described in the Section 2.2.14.

2.2.4 Isolation of genomic DNA from Huh-7 cells

Huh-7 cells were grown on 10 cm culture dishes to approximately 90% confluency. DMEM/
Ham’s-F12 medium was aspirated, cells were washed twice with PBS and lysed in 1 mL
DNAzol™ reagent (Thermo Fisher Scientific). The cell lysate was then collected in a reaction
tube and genomic DNA was precipitated by addition of 0.5 mL 100% ethanol. After
centrifugation (20,000 g/ 2 min/ RT), the supernatant was completely removed and the
remaining DNA pellet was washed twice with 70% (v/v) ethanol. The pellet was allowed to dry
for 1 — 5 minutes. Finally, genomic DNA was resuspended in 300 puL nuclease-free water and

quantified fluorometrically using QuBit™ dsDNA Assay Kit (Section 2.2.9).

2.2.5 Primer design for polymerase chain reaction (PCR)

Oligonucleotide primers were designed for amplification of MIR122 promoter constructs of
different length as well as for the amplification of miR-122 target gene 3"UTR (e.g. glucose-6-
phosphate dehydrogenase [G6PDH]) using genomic sequences obtained from Ensembl
Genome Browser (human assembly GRCH38.p10; http://www.ensembl.org/index.html). The
design was performed using Primer3web version 4.1.0 (http://primer3.ut.ee/). For cloning
strategies with the In-Fusion Cloning system, the Cloning Primer Design Tool of Takara Bio
Europe (https://www.takarabio.com/learning-centers/cloning/in-fusion-cloning-tools) was
utilized. Oligonucleotide primers for gPCR were designed with Roche Probe Library
(https://lifescience.roche.com/en_de/brands/universal-probe-library.html#assay-design-
center). Melting temperatures for DNA primers as well as secondary structures and dimer
formations were calculated by OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer).
Restriction sites for Nhel, Hindlll (MIR122 promoter constructs) or Kpnl, Nhel and Sacl
(miR-122 target gene 3’UTRs) for cloning into appropriate reporter vectors were included to
the 5’-end of the respective primers (Table 2.4). Oligonucleotide primers were synthesized by

Sigma-Aldrich.
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2.2.6 PCR amplification of MIR122 promoter constructs and miR-122 target gene 3'UTRs

PCR amplification was performed in a total volume of 50 uL, containing 25 ng genomic DNA
isolated from Huh-7 cells, 1x GoTaqg® reaction buffer, 0.2 uM of forward and reverse primer,
0.3 mM dNTP mix and 2.5 Units GoTaq® DNA Polymerase. Following an initial denaturation
step of 2 min at 95 °C, a pre-amplification was performed for 10 cycles with the following
profile: 95°C/ 30 s (denaturation), 55 °C/ 20 s (annealing), 68 °C/ 1 min (elongation). Next, the
PCR was continued for another 40 cycles with 95°C/ 30s (denaturation), 62°C/ 20s
(annealing), 72 °C/ 1 min (elongation) per cycle. A final extension step was carried out at 72 °C/
5 min. For PCR amplicons larger than 1 kb, the elongation steps were prolonged to 2 min. The
PCR reactions were carried out in a PTC-200 Thermocycler (MJ Research, St. Bruno, Canada).
PCR amplicons were subjected to agarose gel electrophoresis for product size analysis and

purification.

2.2.7 Agarose gel electrophoresis

For detection and gel-purification of PCR amplicons, 1.2% (w/v) agarose gels were prepared
in 1x TAE supplemented with 4 uL HD Green Plus DNA Stain (Intas Science Imaging
Instruments, Gottingen, Germany) per 100 mL TAE. PCR reaction mixtures were mixed with
6x Mass Ruler DNA Loading Dye (R0621, Fermentas, Waltham, USA) and loaded on the
agarose gel. For PCR size comparison, 5—10 pL of FastRuler Middle Range DNA Ladder
(SM1113, Thermo Fisher Scientific) or GeneRuler 100bp DNA Ladder (SM0243, Thermo Fisher
Scientific) were loaded on the gel. Electrophoresis was typically performed at 100V for
30-60min in a Sub-Cell® GT Cell electrophoresis cell (170-4403, Bio-Rad Laboratories,
Feldkirchen, Germany) and 1x TAE solution as electrolyte. Following electrophoresis, DNA was

visualized in a UV/ VIS Detector (Teledyne ISCO, Lincoln, USA).

2.2.8 Gel extraction and purification of PCR amplicons

The extraction and purification of DNA from agarose gels was carried out with QlAquick Gel
Extraction Kit (Qiagen) according to the manufacturer’s instructions. Briefly, for gel extraction
the DNA bands of interest were dissected from agarose gels. Agarose slices were melted in
Qiagen’s solubilization buffer by incubating at 50 °C and the DNA-containing solutions were

applied to spin columns. For PCR purification, 5x volumes of Qiagen’s PB buffer (typically
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250 pL) were added to each PCR reaction before loading onto spin columns. Upon sample
loading and centrifugation at 8,000 g/ 30 s/ RT, columns were first washed twice with 500 pL
PE buffer and then dried by centrifuging at 8,000 g/ 2 min/ RT. The purified PCR amplicons
were eluted in 50 pL nuclease-free water and the DNA content was quantified using Qubit™

dsDNA HS Assay Kit according to the manufacturer’s instructions (Section 2.2.9).

2.2.9 Quantification of nucleic acids with Qubit™ assays

Nucleic acids were quantified fluorescently with the Qubit™ system provided by Invitrogen
(Thermo Fisher Scientific) according the manufacturer’s protocol. The Qubit™ system utilizes
highly selective dyes which specifically bind to DNA, RNA or protein, respectively. The target-
bound dye emits fluorescence light after excitation and the resulting signal is detected and
quantified with high sensitivity by the Qubit™ Fluorometer 2.0. RNA isolated from Huh-7 or
HCC tissue were quantified by Qubit™ RNA HS Assay Kit (Q32852, Invitrogen), while genomic
DNA isolated from cell lines as well as bacterial plasmid DNA were quantified by Qubit™
dsDNA HS Assay Kit (Q32851, Invitrogen). In order to measure nucleic acid concentrations,
RNA- or DNA-specific dye was diluted 1 : 200 in appropriate reaction buffer (Qubit™ DNA
buffer or Qubit™ RNA buffer) and aliquoted in 190uL — 199 pL in thin-walled 0.5 pL assay
tubes (Thermo Fisher Scientific). Two nucleic acid standards were included to generate a
standard curve and to determine the amounts of nucleic acid concentrations in the samples.
Next, 10 uL of each standard or 1 — 5 puL of DNA or RNA sample were added to assay tubes
(total volume of 200 pL), shortly vortexted and incubated for 2 min/ RT to allow the binding
of the dye to target nucleic acid. The fluorescence was then measured with the Qubit™

Fluorometer 2.0, whereas the two standards were measured first.

2.2.10 Preparation of chemically competent bacteria

Escherichia coli (E. coli) bacteria were purchased from Thermo Fisher Scientific (strain TOP-10).
For the preparation of chemically competent bacteria on a large scale, 5 uL of bacteria
suspension were plated on antibiotic-free Lysogeny Broth (LB) agar plates and incubated
overnight at 37 °C. Then, single bacteria colonies were collected using a sterile 10 uL pipet tip,
inoculated in 5 mL antibiotic-free LB medium and incubated overnight under constant shaking

at 200 revolutions per minute (rpm). At the following day, the bacteria suspension was
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transferred in 200 mL fresh LB medium and allowed to grow at 37 °C/ 200 rpm, whereby the
bacterial growth was monitored photometrically by measuring the optical density (OD) at a
wavelength of A =590 nm and stopped when a OD of 0.5 — 0.6 was reached. For this purpose,
the bacteria suspension was immediately placed on ice, aliquoted into 50 mL reaction tubes
and pelleted by centrifugation at 1,800 g/ 4 °C/ 10 min. In order to enable the bacteria to
internalize plasmid DNA, pelleted bacteria were resuspended in 20 mL TFB1 solution and
incubated for 1 h on ice. The suspension was then centrifuged at 1,400 g/ 4 °C/ 10 min, the
supernatant was discarded and the bacteria were resuspended in TFB2 solution. The bacteria
were kept on ice for another 15 min, aliquoted in 50 pL, snap-frozen in liquid nitrogen and

stored at -80 °C until use.

2.2.11 Cloning of MIR122 promoter constructs into pGL4.1 Basic luciferase reporter plasmid
MIR122 promoter sequences were generated by PCR amplification using human gDNA and
sequence-specific primers containing recognition sites for restriction enzymes as described in
Sections 2.2.4— 2.2.8. To enable site-directed cloning of promoter sequences (inserts) into
reporter plasmid (vector), amplified and purified MIR122 promoter sequences as well as 1 pg
of the pGL4.10[/uc2] promoter-less luciferase plasmid were digested with 40 Units Nhel-HF
and Hindlll-HF in 1x CutSmart buffer, respectively. To ensure a complete restriction digestion,
reactions were carried out at 37 °C/ overnight. Following digestion, vectors and inserts were
purified using QlAquick PCR Purification Kit and quantified fluorometrically (Sections 2.2.8 and
2.2.9). Subsequently, 50 ng of digested plasmid were ligated to one of the MIR122 promoter
sequences in a molecular ratio of 1 :3 (vector : insert), respectively. The ligation reactions
were catalyzed by DNA ligase provided with the Quick Ligation™Kit in 1x Quick Ligase buffer
for 30 min at RT. Thereafter, 2 — 5 uL of the ligation mixtures were directly transformed into
TOP-10 chemically competent E. coli. The bacteria were incubated on ice for 30 min in
presence of ligation mixtures, then heat-shocked for 45 s at 42 °C and immediately stored on
ice for another 2 min. To initiate bacterial growth and allow bacteria to develop ampicillin-
resistance, 200 pL LB-medium (Carl Roth) were added and bacteria were allowed to grow at
37 °C for 30 min under smooth agitation (180 rpm). Bacteria suspensions were then plated
out on LB-agar plates supplemented with 100 pg/mL ampicillin (Sigma-Aldrich) and incubated
at 37 °C/ overnight. The next day, bacterial colonies were picked using a sterile pipet tip and

inoculated into 5 mL (for small-scale plasmid preparation) or 50 mL (for large-scale plasmid
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preparation) ampicillin-containing LB-medium. Small-scale preparation of plasmid DNA was
carried out with Fast-n-Easy Plasmid Mini-Prep Kit, large-scale preparation of plasmid DNA
was performed using QIAGEN Plasmid Midi Kit according to the manufacturer’s protocol. The
isolated plasmids were sequenced by the Genomics and Transcriptomics Laboratory (GTL,

Heinrich Heine University, Disseldorf) by means of Sanger-Sequencing.

2.2.12 Cloning of G6PDH 3°UTRs into pMir(+) and pMir(-) luciferase reporter plasmids

The full length of the human G6PDH 3’UTR was cloned into pMir(+) and pMir(-) reporter
plasmids with a similar approach as described in Section 2.2.11 and by Castoldi et al. [307].
Briefly, the desired sequence was amplified by PCR using human gDNA as template. Sequence-
specific primers were designed with Nhel recognition site in the 5’-end of the forward primer
and Kpnl recognition site at the 5"-end of the reverse primer in order to allow for the site-
directed insertion of the desired sequence into the multiple-cloning site (MCS) of the reporter
plasmids. The PCR products for the G6PDH 3'UTR were purified by gel extraction and digested
by the restriction enzymes Nhel-HF and Kpnl-HF in 1x CutSmart buffer (New England BioLabs)
at 37 °C overnight. Reporter plasmids pMir(+) and pMir(-) were likewise linearized by Nhel-HF
and Kpnl-HF. Vectors and inserts were purified and quantified as described above
(Section 2.2.11). The ligation was conducted using Quick DNA Ligase with 50 ng of linearized
pMir(+) or pMir(-) and a 3-fold molecular excess of insert for 30 min and then immediately
transformed into TOP-10 E. coli as described above. Large and small scale plasmid
preparations were conducted using standard molecular biology kits and recombinant plasmids
were sequenced by the Genomics and Transcriptomics Laboratory at the Heinrich Heine

University (Dusseldorf).

2.2.13 Cloning of miR-122 target gene 3'UTRs into pMir(+) and pMir(-) using In-Fusion
Cloning System

The full length 3’"UTRs of human CLIC1, CEP55, SLC1A5, KIF11, EPS15L1 and TK1 were each
cloned into pMir(+) and pMir(-) luciferase reporter plasmids with the In-Fusion Cloning Plus
system (Takara Bio Europe), which utilizes recombinases to create recombinant plasmids. For
this purpose, the In-Fusion Cloning Primer Design Tool was used to generate primers that allow

for the amplification of 3’"UTRs of the aforementioned human genes with homologous termini
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to the linearized vectors (Table 2.4). The sequences of interest were PCR amplified using 25 ng
genomic human DNA and CloneAmp HiFi PCR Premix (Takara Bio Europe) according to the
manufacturer’s instructions and purified with QlAquick PCR Purification Kit (Qiagen). pMir(+)
and pMir(-) vectors were linearized with Nhel-HF and Sacl-HF as described earlier
(Section 2.2.11). In-Fusion cloning reactions were set up in a total volume of 10 uL consisting
of 50 ng of linearized plasmid and a 5-molar excess of insert in 1x In-Fusion HD Enzyme Premix.
The reactions were performed at 50 °C for 15 min and terminated by cooling onice. An aliquot
of 2.5 uL of In-Fusion reaction mixture was transformed in Stellar™ Competent Cells in
accordance with the manufacturer’s instructions. Isolation of recombinant plasmids from

bacteria colonies and Sanger sequencing were performed as described (Section 2.2.11).

2.2.14 RNA isolation from Huh-7 cells

Total RNA from Huh-7 cells was isolated by phenol/ chloroform extraction, followed by spin
column clean up. For this purpose, culture medium was aspirated, the cell layer was shortly
washed in cold PBS and cells were harvested in PBS by thoroughly deattaching the cells with
a sterile cell scraper. The cells were transferred into clean reaction tubes, centrifugated at
1000 g/ 5 min/ 4 °C and the supernatant was discarded. The pelleted cells were lysed by
addition of 500 pL Qiazol Lysis Reagent (79306, Qiagen) and vortexing for 3 min. The RNA was
separated from protein and genomic DNA by extraction with 100 uL chloroform. Following
invertion of the reaction tubes 4 — 6 times and centrifugation at 10,000 g/ 10 min/ 4 °C, the
aqueous phase containing the RNA was carefully separated and transferred into clean reaction
tubes. Next, the RNA was precipitated by addition of 1.5x volumes 100% ethanol. The whole
sample was loaded on miRNeasy columns and spun at 5,500 g/ 30 s/ RT. The column was
washed once with 250 uL RWT buffer (Qiagen), followed by two washing steps with 500 uL PE
buffer (Qiagen), respectively. The RNA was then dried on the column by 2 min centrifugation
at 8,000 g/ 2 min/ RT. Residual ethanol was allowed to evaporate by transferring the spin
columns in clean reaction tubes and by incubation with open lid for 10 min. To elute the RNA,
50 pL RNase-free water was pipetted to the top of the column, incubated for 1 min, and
eventually collected by centrifugation at 8,000 g/ 2 min. In order to increase the RNA yield,
the flow-through was re-loaded on the spin column and eluted by centriguation at 20,000 g/

2 min.
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2.2.15 Extraction of RNA from formalin-fixed paraffin-embedded (FFPE) human HCC tissue

RNA isolation from human HCC tissue was performed with three 5 um-thick FFPE sections for
each individual sample (Table 2.1). Using a razor blade, sections were delicately scraped from
objective slides and transferred to clean nuclease-free 2 mL reaction tubes. Slices were
dewaxed by addition of 500 pL xylene and incubation at 50 °C for 3 min. To ensure a proper
removal of paraffin, the sections were centrifuged at 20,000 g/ 2 min, fresh xylene was added
and the incubation at 50 °C for 3 min was repeated two times. Sections were then washed
twice with 500 puL 100% ethanol and centrifuged at 20,000 g/ 2 min. The supernatant was
removed and the remaining tissue was allowed to dry at RT for up to 10 min. Following, the
samples were digested with 100 pug/mL proteinase K in 400 uL lysis buffer for 2 h at 56 °C. To
remove genomic DNA, tissue was treated with 11 uL DNase | in 80 uL DNase buffer for 15 min
at RT. For the purification of RNA, a phenol/ chloroform extraction was applied by adding
500 pL Qiazol and 100 pL chloroform. The organic and the aqueous phase were separated by
centrifugation (10,000 g/ 15 min/ 4 °C) and the aqueous phase was carefully collected in a
clean reaction tube. RNA was precipitated with 1.5x volumes 100% ethanol and purified with

miRNeasy spin columns as described above (Section 2.2.14).

2.2.16 Procedure of cDNA synthesis with random hexamers

Total RNA isolated from cell lines was reverse transcribed with random hexamers and
PrimeScript™ reverse transcriptase (RTase). The cDNA was synthesized according to the
recipe in Table 2.5 with 200 ng total RNA in a thermal cycler at 65 °C/ 5 min (annealing of
random hexamers), 25 °C/ 10 min, 42 °C/ 60 min (first cDNA strand synthesis), followed by
70 °C/ 15 min (heat inactivation). The synthesized cDNA was diluted to 1 ng/ulL with nuclease-

free water and used as template for gPCR.

Table 2.5: Reaction for cDNA synthesis with random hexamers.

Components Volumes [pL]
RNA (33.3 ng/uL) 6.0
Random hexamers (100 pM) 0.5
dNTPs (10 mM) 1.0
5x RTase buffer 4.0
PrimeScript™ RTase (200 U/pL) 0.5
Nuclease-free water 8.0
Total reaction volume 20.0
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2.2.17 Gene-specific reverse transcription for RNA isolated from human HCC tissue

RNA isolated from human HCC tissue was reverse-transcribed with gene-specific primers
(gPCR reverse primer, Table 2.3) and PrimeScript™ reverse transcriptase (RTase). Table 2.6
depicts the reaction mixture for 200 ng of total RNA and pooled gene-specific RT primer (each
at 5 uM). Reaction was performed at 65 °C/ 5 min, 25 °C/ 10 min, 42 °C/ 30 min, followed by

70 °C/ 15 min. The synthesized cDNA was diluted to 1 ng/ulL with nuclease-free water.

Table 2.6: Reaction mixture for gene-specific reverse transcription for G6PDH and HPRT1 mRNA.

Components Volumes [pL]
RNA (33.3 ng/pl) 6.0
Pooled gene-specific primers (5 M each) 0.4
dNTPs (10 mM) 1.0
5x RTase buffer 4.0
PrimeScript™ RTase (200 U/uL) 0.5
Nuclease-free water 8.1
Total reaction volume 20.0

2.2.18 Quantitative real-time PCR for relative mRNA quantification
Relative quantification of mMRNA was performed in a ViiA7™ Real-Time PCR Cycler (Applied
Biosystems, Darmstadt, Germany) with GoTaq® gPCR Master Mix (A6002, Promega) using the

reaction mixture indicated in the Table 2.7:

Table 2.7: Reaction mixture for qPCR of messenger RNA.

Components Volumes [pL]
cDNA (1 ng/pL) 2.50
Forward primer (10 pM) 0.21
Reverse primer (10 uM) 0.21
2x GoTaq® qPCR Master Mix 7.50
Nuclease-free water 4.58
Total reaction volume 15.0

For each gene of interest, one master mix containing gene-specific primers, 2x GoTaq®
gPCR Master Mix and water was prepared and aliquoted in 12.5 puL in appropriate 96-well
plates (Applied Biosystems). Next, 2.5 ng (2.5 uL) of the respective cDNA was added, whereby
each sample was measured in at least two technical replicates. The 96-well plate was sealed

with a clear sealing foil (Applied Biosystems) and centrifuged at 1,000 g/ 2 min/ RT to collect
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the whole reaction volume at the bottom of the wells. The plate was transferred to the cycler

and gPCR was started using the settings shown in Table 2.8:

Table 2.8: QPCR program for relative quantification of mRNA.

Step Temperature [°C] Time [s] | Cycles
Heat-activation 94 120
Denaturation 94 15

40x
Annealing/ elongation 60 60
Melting curve analysis 1x

At the end of the last qPCR cycle, melting curve analysis was carried out to evaluate
the presence of qPCR byproducts or primer dimers. To quantify relative mRNA amounts, a
signal intensity threshold within the linear range of the amplification curves was set. The
threshold cycles (Ci-values), defined as the intersection of the amplification curves and the
intensity threshold, were exported and relative mRNA quantities were calculated based on
the delta-delta C: (AAC:) method [389]. Appropriate reference genes were selected based on
GeNorm algorithm using gBase software v 1.3.5 [390]. The statistical analysis of gPCR data
was conducted by unpaired student’s t-test or one-way analysis of variance (ANOVA) with a

significance level of p < 0.05.

2.2.19 Relative quantifications of microRNAs by miQPCR

In this thesis, relative quantification of miRNAs was performed by miQPCR [388]. To cope with
the difficulties of miRNA quantification by qPCR, which is the short length of miRNAs and the
lack of poly(A) tails, miQPCR uses the activity of T4 RNA Ligase to uniformly elongate the
3’-ends of small RNAs to a short oligonucleotide adaptor (miLINKER). In the next step, a
universe reverse transcription is performed using PrimeScript™ RTase and a reverse-
transcription primer (mQ-RT) that specifically hybridizes to the miLINKER adaptor sequence.
The universal reverse transcription allows for the quantification of numerous miRNAs of
interest, without the need to generate individual cDNAs for each miRNA. Relative miRNA
quantification is then carried out by qPCR using SYBR Green-based approaches with miRNA-

specific forward primers and a universal reverse primer (Upm2A).

miQPCR was conducted as previously described [106—109, 388]. For the elongation of
RNA according to the miQPCR protocol, 10 ng of diluted RNA were mixed with 7 uL elongation
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mix (Table 2.9), incubated at 25 °C/ 30 min and then cooled down to 10 °C. The elongated RNA
was mixed with 7 uL cDNA Mix 1 (Table 2.9) heated up to 85 °C for 2 min in order to allow
mQ-RT primer annealing and incubated at 46 °C (the temperature optimum of the reverse
transcriptase). Next, 5 uL of cDNA Mix 2 (Table 2.9) were added and samples were incubated
at 46 °C for 30 min to complete the first strand reverse transcription. Finally, samples were

heat-inactivated at 85 °C/ 2 min and cooled down to 10 °C.

Table 2.9: Composition of master mixes required for cDNA synthesis by miQPCR [388]. The table lists
compounds required for preparation of three master mixes.

Components Volumes [pL]
1) Elongation mix

10x T4 Rnl2 Buffer (New England BiolLabs) 0.9
MgCl; (450 mM) 0.1
PEG 8000 (50%) 3.1
mMiLINKER (5 mM) 0.1
RNase inhibitor (40 U/uL, Roche) 0.1
Truncated T4 RNA Ligase (K227Q) (New England BiolLabs) 0.2
Nuclease-free water 3.1
2) cDNA Mix 1

dNTPs (10 mM) 0.5
mQ-RT primer (10 mM) 0.25
Nuclease-free water 7.0
2) cDNA Mix 2

5x RT Buffer (Takara Bio Europe) 4.4
PrimeScript™ RTase (Takara Bio Europe) 0.14
Nuclease-free water 0.85

The miQPCR was performed in PTC-200 thermal cyclers (MJ Research) to ensure
appropriate temperature control. The synthesized cDNA was diluted to 50 pg/uL by addition
of 180 uL nuclease-free water. QPCR assays were typically conducted with 2 —5 uL cDNA
(i.e. 100 pg — 250 pg cDNA) in a total volume of 15 puL as follows:

Table 2.10: Reaction mixture for qPCR quantification of miRNAs.

Components Volumes [pL]
cDNA (50 pg/uL) 2.00-5.00
Forward primer (10 pM) 0.21
Reverse primer (10 uM) 0.21
2x GoTaq® qPCR Master Mix 7.50
Nuclease-free water 2.08 -5.08
Total reaction volume 15.0
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One master mix containing miRNA-specific primers, universal Upm2A primer,
2x GoTaq® gqPCR Master Mix and water was prepared for each miRNA to be measured. The
mixes were aliquoted in 10 uL — 13 pL in appropriate 96-well plates and 100 pg — 250 pg cDNA
(2 =5 pL) were added. All samples were measured in at least two technical replicates. 96-well
plates were then sealed with sealing foil and centrifuged at 1,000 g/ 2 min/ RT. QPCR was

carried out with the following protocol:

Table 2.11: QPCR program for relative quantification of miRNA.

Step Temperature [°C] Time [s] | Cycles
Heat-activation 94 120
Denaturation 94 15

. . 50x
Annealing/ elongation 60 30
Melting curve analysis 1x

As for mRNA quantification, melting curve analysis was performed at the end of the
gPCR to exclude the presence of byproducts or primer dimers. Relative miRNA quantity was
calculated with gBase software version 1.3.5 [390] based on the AACt method [389]. The
microRNA miR-192 was identified as most stable miRNA using the GeNorm algorithm and was
therefore selected as reference gene for data normalization. Statistical analysis of gPCR data

was carried out by unpaired student’s t-test with a significance level of p < 0.05.

2.2.20 Western blot and proteome analyses

Preparation of protein lysates from Huh-7 cells

Protein lysates and proteome analysis of Huh-7 cells were prepared by Jessica Schira
(Molecular Proteomics Laboratory, Heinrich Heine University Dissedorf). Cell lysation was
carried out in lysis buffer containing 30 mM Tris base, 7 M urea, 2 M thiourea, cells were
disrupted by high-speed shaking using a TissuelLyser (Qiagen) and by sonication for 10 s six
times. Cell debris was removed by centrifugation 16,000 g/ 15 min/ 4 °C and the supernatant
was collected in a fresh reaction tube. Protein content was quantified by Pierce™ 660 nm
Protein Assay (Thermo Fisher Scientific) according to the manufacturer’s instructions. For
Western blot analyses, cells were washed with cold PBS, harvested in RIPA buffer and
collected in clean reaction tubes on ice. To remove cell debris, cells were centrifuged at

10,000 g/ 4 °C/ 10 min and the supernatant was collected in a fresh reaction tube. This
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procedure was repeated twice. Protein amounts were quantified by Qubit™ Protein Assay Kit

according to the manufacturer’s instructions.

Preparation of polyacrylamide gel electrophoresis (PAGE)

Sodium dodecyl sulfate (SDS)-PAGE were conducted with purchased Bolt™ 4-12% Bis-Tris Plus
Gels (NWO04120BOX, Invitrogen) in a Mini-PROTEAN Electrophoresis Cells (4400-110-01,
Bio-Rad Laboratories). Protein lysates containing 20 ug total protein were transferred to
reaction tubes, mixed with 1x volume of 2x loading dye and denatured by heating to 40 °C/
10 min. The samples were shortly centrifuged and loaded on the Bis-Tris Plus Gel using a
Hamilton pipette. For protein size comparison, 10 uL of protein standards (PageRuler™
Prestained Protein Ladder, 10 to 180 kDa, 26616, Thermo Fisher Scientific) were loaded on
each gel. The electrophoresis cell was then flooded with 1x MOPS buffer and electrophoresis

was conducted with a voltage of 50 V for 15 min and 200 V for another hour.

Protein transfer on PVDF membranes

Proteins were blotted on PVDF membranes (GE Medical Systems, Solingen, Germany) using a
semidry blotting approach in a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad Laboratories).
Two Whatmann papers (Sigma-Aldrich) were moistened in anode buffer and applied on the
bottom of the transfer assembly. The PVDF membrane (Sigma-Aldrich) was shortly moistered
in anode buffer and gently laid on top of the Whatman papers, followed by the polyacryl
amide gel. Two Whatman papers were shortly incubated with cathode buffer and carefully
placed on top of the polyacrylamide gel. The transfer of proteins was carried out with constant

current strength of 128 mA for 2 h.

Protein detection and densitometric quantification of proteins

Subsequent to protein blotting, the PVDF membranes were washed with TBST for 10 min/ RT
and blocked with 10% (v/v) bovine serum albumin (BSA) in TBST (blocking buffer) for 2 h/ RT.
Antibody incubation with rabbit anti-G6PDH (1 : 2,000) and mouse anti-B actin (1 : 20,000)
were carried out simultaneously in 10% BSA/ TBST blocking buffer for 2 h/ RT. For
measurement of EPS15L1 or CEP55, membrane blocking and antibody incubation with rabbit
anti-EPS15L1 (1:5,000) or rabbit anti-CEP55 (1 :20,000) were conducted in 5% milk

powder/ TBST. After incubation with primary antibodies, the membranes were washed three
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times with TBST for 20 min/ RT. Secondary antibodies (goat anti-rabbit-HRP or sheep anti-
mouse-HRP) were diluted at 1:10,000 in either 10% BSA/ TBST or 5% milk powder/ TBST.
Membranes were incubated with secondary antibody solutions for 2 h at RT and washed three
times with TBST for 10 min/ RT. Western Lightning Plus-ECL was used according to the
manufacturer’s instructions as a substrate for the HRP. The resulting chemiluminescence was
detected with ChemiDoc™ Imaging Systems (Bio-Rad Laboratories) using appropriate
exposure times (typically within 30 — 120 s). Densitometric evaluation of signal intensities was

carried out with Image J software using [-actin for normalization.

2.2.21 Polyribosomal profiling for miR-122 target identification

Polyribosomes (also referred to as polysomes) are a complex consisting of mRNA, ribosomes
and nascent polypeptide chains that are assembled during mRNA translation (Figure 2.1). The
density of this complex depends on the translational activity of a given mRNA. Highly
translated mRNA is simultaneously bound by many ribosomes, leading to a high polysome
density (‘heavy polysomes’). On the other hand, mRNAs that are poorly translated only bind

few ribosomes and the resulting polysomal complex is less dense ('light polysomes’).

Large subunit
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Figure 2.1: Schematic illustration of mRNA translation and polyribosome content. (Adapted from
Freeman et al. 2004 [391]).

Depending on their density, polysomes can be fractionated on a sucrose gradient by
centrifugal force. Heavy polysomes co-sediment in the high sucrose percentage area, while

light polysomes associate with the lower sucrose percentage area of the gradient (Figure 2.2).
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Figure 2.2: Scheme of polysome sedimentation using linear 10 — 50% sucrose gradients.

It has been demonstrated that miRNAs cosediment with their target mRNAs [232],
which makes it possible to study miRNA targets on polyribosomes isolated from cells with
manipulated miRNA content (i.e cells treated with miRNA mimics or inhibitors). In order to
avoid polysome dissociation, cells are treated with cycloheximide (CHX) and lysed in the
presence of CHX. The cytosolic extracts are loaded on top of a sucrose gradient and
centrifuged to allow for the polysome separation. Using a fractionator, polysome fractions of
varying density are collected and polysome-associated mMRNAs are isolated by

phenol/ chloroform extraction and ethanol precipitation.

Preparation of sucrose gradients

Sucrose gradients used for polysome isolation were prepared in plastic round-bottom
polyallomer tubes (13 x 51 mm) suitable for ultracentrifugation (Beckman Coulter, Krefeld,
Germany). Two sucrose solutions were prepared with 10 % (w/v) and 50% (w/v) sucrose in
hypotonic buffer, respectively. Five mL of 10% (w/v) sucrose solution were placed on the
bottom of the polyallomer tube using a 20 mL syringe and a long metal needle. Next, 5 mL of
the 50% (w/v) sucrose solution were filled into the 20 mL syringe and the solution was layered
underneath the 10% (w/v) sucrose solution by gently moving down the metal needle to the
very bottom of the polyallomer tube and slowly releasing the liquid from the syringe. In this
way, two layers of sucrose were created in the tube with a visible border in between the
layers. The tube was then delicately placed in a gradient maker (Gradient Master 108,
BioComp Instruments, Fredericton, Canada) and a linear 10 —50% sucrose gradient was
created by tilting and rotating the tubes following a standardized protocol of the manufacturer

(BioComp Instruments).
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Preparation of cell lysates and fractionation of polyribosomes

Polysomes were isolated from Huh-7 transfected with miR-122 mimic and miR-122 inhibitor,
respectively, as described in paragraph 2.2.2. In order to prevent the disassembly of
polysomes, cells were treated with 200 pg/mL CHX for 10 min/ 37 °C in the incubator. Then,
cells were washed with PBS supplemented with 100 pg/mL CHX (PBS-CHX) for 5 min/ RT.
Afterwards, PBS was removed and cells were detached from culture dishes by incubating in
1 mL accutase supplemented with 200 pg/mL CHX for 5 min at 37 °C. The cell suspensions
were collected in clean reaction tubes and cells were pelleted by centrifugal force at 1,000 g/
5 min/ 4 °C. The supernatants were discarded and cells were lysed in 750 uL lysis buffer. To
ensure complete cell disruption, lysates were gently passed through a 25G canula and the cell
nuclei were removed by centrifugation at 20,000 g/ 10 min/ 4 °C. For total RNA analysis, 50 pL
of lysate were transferred to a fresh reaction tube, while the remaining lysate was carefully
layered on top of the linear sucrose gradient. To separate polysomes depending on their
density, tubes were placed in a SW40 Ti swinging-bucket rotor (Beckman Coulter) and
centrifuged in an Optima XPN-80 ultracentrifuge (Beckman Coulter) at 200,000 g/ 3 h/ 4 °C
with brakes turned off to prevent gradient disruption upon completion of the centrifugation.
Then, the polyallomer tubes were cautiously removed from the swinging-bucket rotor and
assembled in a fraction collector (Fraction collector FoxyR1, Teledyne ISCO). The bottom of
the polyallomer tube was gently pierced with a metal canula. To elute the sucrose gradients,
60% (w/v) sucrose solutions (supplemented with 0.01% bromophenol blue) were pumped
very slowly through the canula into the bottom of the polyallomer tubes using a peristaltic
pump (Minipuls 3 peristaltic pump; Gilson Inc, Middleton, USA). The sucrose gradient was
eluted into a fraction collector, thereby nucleic acids passing a preinstalled UV recorder were
detected at a wavelength of A = 254 nm. Fractions of roughly 650 puL were collected in reaction
tubes (up to 17 fractions) and the RNA from each fraction was recovered with 1x volume
25:24:1 (v/v/v) phenol : chloroform : isoamyl alcohol (P2609, Sigma-Aldrich). Following a
centrifugation at 10,000 g/ 10 min/ 4 °C, the aqueous phase was collected in clean tubes. The
RNA was precipitated with 1.5x volumes 100% ethanol and pelleted at 20,000 g/ 30 min/ 4 °C.
The RNA pellet was washed once with ice-cold 70% ethanol, air dried for up to 5 min and then

resuspended in 50 plL nuclease-free water.
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Affymetrix microarray hybridization and data analysis

With the purpose to identify potential targets of human miR-122 at a genome-wide level, RNA
isolated from different polyribosomal fractions were pooled to generate heavy polysome
(fractions A2 — A5), middle density polysome (fractions A6 — A9) and light polysome (fractions
A10 —13) pooled samples. The profiling of RNA by Bioanalyzer as well as microarray analyses
were conducted by the Genomics Core Facility at the European Molecular Biology
Laboratories (EMBL, Heidelberg). Sample preparation and raw data analyses for microarrays
were performed by Dr. Castoldi (Clinic for Gastroenterology, Hepatology and Infectious
Disease). The raw data from Affymetrix Human Gene Chip 1.0 ST were analyzed with
AltAnalyze software [392] by applying thresholds for gene expression changes with fold

change (FC) 2 1.5 and a statistical significance niveau of p < 0.05.

2.2.22 MIR122 promoter analysis by luciferase reporter assay

Luciferase reporter assays are a tool for the investigation of gene expression changes at the
transcriptional or post-transcriptional level. One of the main applications for which luciferase
reporter assays are used, is the analysis of cloned promoter DNA fragments. This approach
allows to evaluate whether a cloned fragment may drive or inhibit the expression of luciferase
in a given environment (e.g. in a specific cell-type or under a certain treatment). The output
of the luciferase assay is a chemiluminescent signal, measured from the lysates of cells which
were transfected with a luciferase reporter plasmid. The signal intensity of the luminescence
can be considered as proportional to the amount of luciferase in the samples. Typically, two
luciferase plasmids are used in this type of assay: The Firefly luciferase plasmid serves as the
actual reporter plasmid that encodes the DNA sequence of interest, while Renilla luciferase
plasmid is co-transfected for data normalization. Firefly and Renilla luciferases both catalyze
related enzymatic reactions, but they differ in their substrate specificity and they catalyze
reactions at different pH. The luciferase reporter plasmid pGL4.10[/uc2] that was used in this
study encodes for a Firefly luciferase but lacks an active promoter. To study the activity of
different constructs of the human MIR122 promoter, cloning of the desired sequences into
the Firefly plasmid was conducted as described in paragraph 2.2.11. The recombinant
plasmids were then transfected together with pRL-SV40 (Renilla plasmid) into Huh-7 and
luciferase activity was measured after stimulation of cells with a panel of different cytokines

and growth factors.
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Promoter analysis by Dual-Luciferase® Reporter Assay

The responsiveness of human MIR122 promoter constructs to treatment with a panel of
cytokines and growth factors was investigated in Huh-7. For this purpose, 1 ug of promoter
plasmid was co-transfected with 10 ng pRL-SV40 in presence of 3 ug linear 25 kDa
polyethyleneimine (PEI, Polysciences Inc., Warrington, USA) as transfection reagent. Hereby,
PEI (1 mg/mL in water, sterile filtered) was diluted in 50 pL Tris-buffered saline (TBS, 50 mM
Tris base pH 8.2, 150 mM NaCl, sterile filtered) and pipetted on top of plasmid DNA. The
transfection solution was gently flickered to ensure proper mixing of the reagents, incubated
15 min/ RT and diluted with 450 pL FCS-free DMEM/ Ham’s F-12 medium. Huh-7 cells cultured
in 12-well plates (60,000 cells/ well) were prepared for transfection by washing with 1 mL PBS
and addition of 0.5 mL FCS-free transfection medium. The transfection mixtures were
pipetted dropwise on top of the cell layer. After 5 h incubation time, transfection medium was
replaced by fresh culturing medium. The next day, cells were synchronized in starvation
medium (FCS-free DMEM/ Ham’s F-12) for another 24 h. Then, Huh-7 cells were stimulated
with growth factors and cytokines as listed in Table 2.12. Control cells were kept in starvation
medium for the same period. Following stimulation for 24 h, Huh-7 cells were subjected to

lysis and Dual-Luciferase® Reporter Assay as described below.

Table 2.12: Growth factors and cytokines for Huh-7 cell stimulation.

Concentration

Cytokine [ng/mL] Cat. no. Manufacturer
Transforming growth factor beta 1 (TGF1) 10 100-21 PeproTech

Bone morphogenetic protein 6 (BMP6) 50 120-06 PeproTech
Interleukin 6 (IL6) 50 10406 Sigma-Aldrich
Interleukin 10 (IL10) 10 19276 Sigma-Aldrich
Tumor necrosis factor alpha (TNFo) 10 ADI-908-066 | Enzo Life Sciences
Interferon beta (IFNp) 1.000 [U/pL] IFO11 Merck Millipore
Platelet-derived growth factor-BB (PDGF-BB) | 20 P4056 Sigma-Aldrich

Dual-Luciferase® Reporter Assay

Promega’s Dual-Luciferase® Reporter Assay was conducted in accordance with the
manufacturer’s instructions. For this purpose, Huh-7 cells were washed with PBS and lysed in
150 pL 1x Passive Lysis Buffer (Promega) for 15 min/ RT. The cell lysates were collected in
reaction tubes, centrifuged at 10,000 g/ 2 min/ 4 °C to remove cell debris and supernatants

were transferred in fresh reaction tubes. The chemiluminescence assay was performed in
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white opaque 96-well plates with 50 uL cell lysate and 50 pL of both, LARII reagent (Firefly
luciferase substrate) and Stop and Glo reagent (Renilla luciferase substrate), in a GloMax®
Multi Plus Multiplate Reader (Promega) according to the preset protocol with an integrity time
of 10 seconds for each read. Data were normalized by calculating ratios of Firefly/ Renilla

activities to correct for possible variations in transfection efficiencies.

2.2.23 Validation of miR-122 target genes using Dual-Luciferase® Reporter Assay

A luciferase reporter-based approach was applied in this thesis to verify a direct miR-122-
target 3'"UTR interaction. This assay utilizes a modified Firefly luciferase plasmid derived from
pGL3 Promoter Vector (Promega) that allows for basal luciferase mRNA and protein
expression. Previously, the reporter plasmid was modified in a way that the multiple cloning
site (MCS) of the vector was re-cloned to the 3"-end of the Firefly luciferase mRNA

(schematically depicted in Figure 2.3; and described by Castoldi et al. [307]).
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Figure 2.3: lllustration of pMir(+) and pMir(-) Firefly luciferase plasmids for miR-122 target gene
validation. The multiple cloning site (MCS) of pGL3 Promoter Vector was cloned to the 3’-end of the
Firefly luciferase gene as described by Castoldi et al. [307]. The pMir(+) vector contains the MCS in
original orientation, while the pMir(-) harbors the MCS in inverse orientation. AmpR: ampicillin-
resistance gene.

In this way, two plasmids were generated, one with the MCS in original sense
orientation [pMir(+)] and the other with the MCS in antisense orientation [pMir(-)] serving as
negative control vector [307]. Following cloning of recombinant plasmids encoding the 3’"UTRs
of putative miRNA target genes (Sections 2.2.12 and 2.2.13), the plasmids were transfected
into human embryonic kidney cells (HEK293) in presence or in absence of miR-122 mimic,
respectively. If the cloned 3'"UTR of the putative target gene harbors functional binding sites
for miR-122, luciferase mRNA is silenced by miR-122. As a result, in comparison to cells

transfected with plasmid only, a reduction of luciferase protein level is observed,
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accompanied by reduced chemiluminescence measured in lysates of cells simultaneously
transfected with plasmid and miR-122 mimic. Recombinant pMir(-) plasmids were also
transfected in presence or absence of miR-122 to exclude unspecific effects of miR-122 on
luciferase translation. HEK293 were chosen as model organism, because they lack endogenous
miR-122 and, therefore, changes in luciferase activity can clearly be attributed to

overexpression of miR-122 with miR-122 mimic.

Co-transfection of luciferase reporter plasmids and miR-122 mimics into HEK293 cells

For co-transfection of luciferase reporter plasmids in presence or absence of miR-122 mimics,
HEK293 cells were seeded in sterile 12-well plates to a confluency of ~60% (typically 70,000
cells/ well). Transfection was performed with either Lipofectamin™ 3000 (Thermo Fisher
Scientific) or with Xfect™ MIRNA Transfection Reagent and Xfect™ Tranfection Reagent
(Takara Bio Europe). The transfection was carried out with 300 ng Firefly plasmid DNA, 6.25 ng
pRL-SV40 Renilla luciferase plasmid in presence or absence of 25 pmoles miR-122 mimic
according to the manufacturer’s instructions. The transfection medium was replaced by fresh
culturing medium after 5 h. HEK293 cells were incubated for 24 or 48 h and then harvested

for Dual-Luciferase® Reporter Assay as described in the Section 2.2.22.

2.2.24 Bioinformatic tools and online databases

Genomic DNA sequences of human MIR122 gene, its promoter regions as well as sequences
of miR-122 target gene 3'UTRs were downloaded from Ensembl Genome Browser (release
GRCh38.p3 at http://www.ensembl.org/index.html). miRNA sequences were acquired from
miRBASE (release 22.1, October 2018, www.mirbase.org). Virtual cloning and analysis of
nucleic acid sequences were performed with CLC Genomics Workbench (Version 3.6.5). Primer
sequences for the cloning of MIR122 promoter constructs and G6PDH 3'UTRs were designed
with Primer3web version 4.1.0 software (http://primer3.ut.ee/). Cloning primers for In-Fusion
Cloning Plus system were designed using Takara’s web-based In-Fusion Cloning Primer Design
Tool (https://www.takarabio.com/learning-centers/cloning/in-fusion-cloning-tools). The
sequences for qPCR primers were received from Universal Probelibrary Assay Design Center
(https://lifescience.roche.com/ en_de/brands/universal-probe-library.html#assay-design-
center). The melting temperatures for all miRNA and mRNA primers were calculated with

OligoAnalyzer 3.1 (https://eu.idtdna.com/calc/analyzer). Primers for PCR amplification were
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designed with respect to their secondary structure and the potential occurrence of homo- or
heterodimers. The gPCR data were exported with QuantStudio™ Real-Time PCR Software or
with StepOne Software v2.3 (Thermo Fisher Scientific). QPCR data sets were analyzed using
gBase software v 1.3.5 and reference genes were selected based on the GeNorm algorithm
[390]. miRWalk (http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/) and RNA22 version
2.0 (https://cm.jefferson.edu/rna22/) were used for target prediction of human miR-122
[264]. Microarray data obtained from hepatic RNA isolated from MIR122 transgenic mice
(GSE27713 and GSE31453; [295]) as well as from tumor tissue and adjacent non-tumor tissue
of HCC patients (GEO repository; GSE45050; [393]) were downloaded from the Gene
Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/). Microarray raw
data were analyzed with AltAnalyze software version 2.0.8.1 by Dr. Castoldi [392]. Gene
Ontology term analysis for microarray data were performed using the GO-Elite algorithm
implemented in AltAnalyze, while GO-term analysis for proteome data were received from
GOirilla (http://cbl-gorilla.cs.technion.ac.il/) [394]. Conservation of human MIR122 promoter
sequence and  flanking  sequence was visualized with ECR  Browser
(https://ecrbrowser.dcode.org). Data from luciferase assays were exported using Instinct®

Software (version 3.1.3, Promega).

2.2.25 Statistical information

Statistical analyses were carried out by using GraphPad Prism 5.03 software. Quantitative
variables were described as percentages or means * standard error of the mean (SEM).
Statistical analyses for the comparisons between two groups were performed by applying
unpaired, two-tailed student’s t-test (parametric test). Correlation between two groups was
calculated using Pearson correlation. Comparison between three (or more groups) were
carried out by using one-way ANOVA (parametric test) or by applying multiple t-test when
appropriate. Analyses resulting in p-values p < 0.05 were considered as statistically significant.
For the statistical evaluation of MIR122 promoter assays, multiple t-test was applied with a

false discovery rate (FDR) of 0.5% (p < 0.005).
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3. Results

3.1 De novo identification of miRNA targets by polysomal profiling

With the aim to identify novel miR-122 target gene candidates on a transcriptome-wide scale,
polysomal profiling was conducted. This method allows for the investigation of differences in
the translational turnover of mMRNAs and was already described as useful tool for miRNA target
identification [235—238]. For this purpose, polysomes were fractionated from Huh-7 cells after
miR-122 overexpression or miR-122 inhibition as described in Section 2.2.21. During the
fractionation of the individual samples, nucleic acids were monitored photometrically.
Figure 3.1 A shows one representative illustration of the UV:ss profile of fractionated
polysomes isolated from cytosolic extracts of miR-122 overexpressing Huh-7 cells. Nucleic
acids were present in the fractions A2 — A17. While fractions A2 to A9 contained polysomes of

different density, monosomes were present in fraction A9 — A13. (Figure 3.1 A).

Eukaryotic mRNA translation is initiated by the recruitment of the 40S ribosomal
subunit together with various transcription factors to the mRNA, resulting in the formation of
the 48S initiation complex [219]. Therefore, to study the miR-122-mediated effects on the
translatome of Huh-7 cells, the sucrose fractions containing monosomes as well as the
ribosomal subunits were collected together with the fractions carrying polysomes of different
density. Hence, RNA from fractions A2 — A13 were recovered from the sucrose gradients and
visualized by capillary electrophoresis (Bioanalyzer). Total RNA isolated from mammalian
samples typically generates two prominent peaks in the Bioanalyzer electropherogram,
representing the cytoplasmic 28S ribosomal RNA (peak size ~4700 nucleotides) and the 18S
ribosomal RNA (~1900 nucleotides). Figure 3.1 B illustrates a representative Bioanalyzer
electropherogram of RNAs isolated from polysomal fractions A2 to A13 of Huh-7 cells.
Remarkably, the amounts of 28S and 18S RNA differed in between the polysomal fractions.
The signal intensity of 28S RNA declined in the sucrose fractions with lower density (from A2
to A12). On the other hand, only minor amounts of 185 RNA were present in fractions A3 — A5,
while amounts of 185 RNA increased from A6 — A12. In the lower molecular size range, 5S RNA
was most prominently present in fraction A13. The electropherogram indicated that

polysomes of different density may be differentially composed.
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Figure 3.1: Isolation and fractionation of polysomes from Huh-7 cells. Polysomes were isolated from
Huh-7 cells transfected with miR-122 mimic for 48 h. Cells were lysed in presence of cycloheximide
and cytosolic extracts were separated on 10-50% sucrose gradients by ultracentrifugation.
Polyribosomes were fractionated and RNA was isolated from each fraction and subsequently
quantified. A) Representative UV absorbance profile (A =254 nm) of nucleic acids associated with
polyribosomes. The collected fractions are depicted as A1 — A17. The sucrose gradient is indicated as

blue color scale. B) Electropherogram from Agilent Bioanalyzer illustrates the presence of ribosomal
RNAs in fractions A2 — A13.

3.1.1 Detection of polysome-associated microRNAs and mRNAs from miR-122
overexpressing and miR-122 inhibited Huh-7

To evaluate whether manipulation of cellular miR-122 levels changes the association of
miRNAs to polysome fractions, RNA was isolated from fraction A2 — A13 and the miRNA

content was quantified by miQPCR.
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Figure 3.2: Analysis of miRNA and mRNA distribution across polysomes isolated from Huh-7 treated
with miR-122 mimic or miR-122 inhibitor. Polysome-associated RNAs from Huh-7 cells treated with
miR-122 mimic (red) or miR-122 inhibitor (green) were isolated 48 h post transfection, purified and
quantified by gPCR. A) Analysis of miR-122 and miR-192 distribution across polysome fractions. B)
Relative distribution of miRNA-122 target mRNA SLC7A1 (left) and control transcript TFR2 mRNA
(right). Representative illustration of a single experiment out of three experiments performed for
microarray analyses. Blue color scales illustrate the direction of the sucrose gradients.

Figure 3.2 A illustrates the relative amounts of miR-122 and miR-192 across polysomal
fractions isolated from Huh-7 after miR-122 overexpression or miR-122 inhibition. The

overexpression of miR-122 in Huh-7 efficiently increased the amount of polysome-associated
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miR-122 in every fraction. Moreover, in miR-122 overexpressing cells, this miRNA was highly
enriched in light polysomal fractions (A10 — A13), indicating that miR-122 mainly co-sediments
with poorly translated mRNAs. On the other hand, no substantial differences in the levels or
the relative distribution of polysome-associated miR-192 were found when comparing
polysome fractions isolated from miR-122 overexpressing to those isolated from miR-122
inhibitor (antagomiR-122) treated Huh-7 cells. These data indicate that miR-122
overexpression increased the levels of polysome-bound miR-122, but did not essentially affect

the association of other miRNAs to polysomes.

The suitability of the polysomal profiling for miRNA target gene identification was
investigated by measuring the amount and the distribution of polyribosome-associated
mRNAs. For this purpose, mRNA levels of the validated miR-122 target high affinity cationic
amino acid transporter 1 (SLC7A1, also known as CAT1) were assessed across polysomes
isolated from miR-122 mimic and antagomiR-122 treated Huh-7 cells. As control, mRNA levels
of the transferrin receptor 2 (TFR2), which is known to be unaffected by miR-122 [278, 307],
were likewise quantified (Figure 3.2 B). Higher levels of SLC7A1 mRNA were measured in all
polysomal fractions isolated from Huh-7 cells treated with miR-122 inhibitor compared to
those fractions isolated from miR-122 mimic transfected cells (Figure 3.2 B, left panel). In
addition to that, SLC7ZA1 mRNA was highly present in fractions derived from heavier
polysomes (fraction A2) upon miR-122 knockdown with antagomiR-122 inhibitor. In contrast,
as depicted in Figure 3.2 B neither the total amount of TFR2 mRNA nor its relative distribution
across the polysomes were substantially affected by overexpressing or by inhibiting cellular

miR-122.

The increase of the SLC7A1 mRNA in the polysomal fractions in response to miR-122
inhibition compared to miR-122 overexpression indicated that higher amounts of SLC7A1
mRNA were actively transcribed. Moreover, the enrichment of SLC7A1 mRNA in the fractions
derived from heavier polysomes implied that mRNA translation was relatively enhanced in the
cells with reduced miR-122 content compared to miR-122 overexpressing cells. Overall, the
presented data demonstrated that the analysis of polysomes is a suitable tool for identifying

miRNA targets.
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3.1.2 Microarray analysis of polyribosomal pools for genome-wide identification of miR-122
target gene candidates

With the aim to gain insight into the molecular networks which are regulated by miR-122,
transcriptome analysis of polysome-bound mRNA was conducted. For this purpose,
polysomes were fractionated from Huh-7 transfected with miR-122 mimic (overexpression) or
miR-122 inhibitor (antagomiR), respectively. RNAs isolated from individual fractions were
pooled as illustrated in Figure 3.3 A and are herein referred to as “heavy’ polysomal pools
(fractions A2 — A5), ‘'middle” polysomal pools (fractions A6 — A9) and ‘light” pools (fractions
A10 - A13). The RNAs pooled from miR-122 mimic or from antagomiR-122 transfected Huh-7
cells were then subjected to microarray analyses. The levels of polysome-associated mRNAs
in a given polysomal pool were compared in cells treated with miR-122 mimic to those treated
with antagomiR-122. Furthermore, levels of mRNAs across the polysomal pools were
compared with regard to their relative distribution across light, middle or heavy polysomal

pools in a given treatment (i.e. in miR-122 mimic or in antagomiR-122 transfected cells).
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Figure 3.3: lllustration of expected target mRNA shift on polysomes in response to miR-122
modulation. Polysomes from Huh-7 cells treated with miR-122 mimic and miR-122 inhibitors were
analyzed for de novo identification of miR-122 target gene candidates. Overexpression of miR-122
causes translational repression of miR-122 target mRNA, initiating a shift of mRNAs from heavier to
lighter polysomes (indicated as red arrow). In contrast, the inhibition of miR-122 releases target
transcripts from miR-122-mediated repression, accompanied by an increase in mRNA translation.
Target mRNAs, therefore, shift from lighter towards heavier polysomes (direction indicated as green
arrow). A) Scheme of the mRNA distribution shift on fractionated polysomes of Huh-7 cells after
overexpression (red arrow) and inhibition (green arrow) of miR-122. B) Schematic illustration of
polyribosomes in sucrose gradients with shifting miR-122 target amounts.
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Potential miR-122 targets shift from high-density (highly transcribed) towards lower-
density pools (less transcribed) upon miR-122 overexpression or from lower-density (low
transcribed) towards higher density pools (higher transcribed) in response to antagomiR-122
treatment. Alternatively, miR-122 target candidates might be associated in lower abundance
in polysomal pools isolated from miR-122 overexpressing compared to miR-122
downregulated cells, illustrating a lower overall transcriptional activity in response to high

miR-122 levels (Figure 3.3).

3.1.3 Transcriptome analysis of polysome-associated mRNAs isolated from Huh-7 cells
overexpressing miR-122

Microarray analyses were conducted on RNAs isolated from polysomal pools of miR-122
mimic transfected cells to study the changes of the Huh-7 translatome in response to elevated
miR-122 levels. Since miR-122 overexpression was expected to lower the translation of its
target transcripts, target mRNA candidates were expected to be more abundant in light
polysomal fractions. Therefore, levels of polysome-bound mRNAs in miR-122 mimic treated
Huh-7 cells were evaluated with a specific focus on those transcripts that revealed a reduced

translational activity.

The heat maps presented in Figure 3.4 Aindicate that miR-122 overexpression in Huh-7
profoundly affected the cellular translatome. When comparing mRNA levels in the middle
(pool 2) against the heavy (pool 1) polysomal pool, 532 mRNAs were associated with heavier
polysomes, 2,023 mRNAs co-sedimented with lighter polysomes, while 22,415 transcripts did
not show any differential distribution (Figure 3.4 B, left panel). The evaluation of transcripts
in middle and light (pool 3) polysomes revealed that 3,144 messengers associated with heavier
polysomes, while 3,111 transcripts co-sedimented with lighter polyribosomes and no changes
were observed for 18,715 transcripts (Figure 3.4 B, middle panel). The direct comparison of
the heavy to the light polysomal pools showed that 912 transcripts were associated with
heavier polysomes, 1,992 transcripts were found with higher abundance in the light polysomal
pools, and the distribution of 22,066 transcripts was found unchanged (Figure 3.4 B, right

panel).
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Figure 3.4: Microarray analysis of mRNA distribution across polysomes isolated from miR-122
overexpressing Huh-7 cells. Polysomes were fractionated from Huh-7 cells treated with miR-122
mimic for 48 h. Following RNA isolation from the purified fractions, RNA was pooled to create a heavy
polysomal RNA pools (pool 1, fractions A2 —A5), middle polysomal RNA pools (pool 2, fractions
A6 — A9) and light polysomal RNA pools (pool 3, fractions A10 — A13). RNA from the polysomal pools
was hybridized to Affymetrix arrays (human Genechip 1.0 ST Array, n = 2). Data were analyzed by
AltAnalyze using a cut-off of 1.5-fold change and significance level of p < 0.05 (one-way ANOVA). A)
Heat map representing the differential distribution of mRNAs in polysomal pools using a Cousine
Matrix to generate hierarchical tree of gene clusters. Signal intensities are expressed on a logarithmic
scale (base 2). B) Pie charts representing the numbers of transcripts significantly regulated between
different pool comparisons. Left pool 2 vs. pool 1, middle pool 2 vs. pool 3, right pool 3 vs. pool 1.

Potential miR-122 target genes co-sediment with lighter polysomal pools in response
to miR-122 overexpression. Therefore, those mRNAs that were identified to be more
abundant in the lighter polysomal pools were further analyzed. The miRWalk prediction tool
was utilized to correlate all predicted miR-122 targets to those mRNAs that were found in the

lighter polysomes after miR-122 overexpression. For this purpose, a data set from miRWalk

65



3. Results

was downloaded which lists all predicted miR-122 target genes that were identified by at least
two independent prediction algorithms and that may be targeted by miR-122 at their 3'UTR,
their 5°"UTR or their coding-sequence. Using these criteria, a large proportion of mRNAs found
in the lighter polysomal pools in response to miR-122 overexpression were identified as
predicted miR-122 target by miRWalk (Appendix Figure 7.1 A). In total, 37.8% genes identified
from the heavy vs. the middle polysomal pool (pool 1 vs. pool 2), 25.8% of the genes identified
from comparing middle versus light pools (pool 2 vs. pool 3), and 31.3% analyzed in the heavy
compared to the light polysomal pools (pool 1 vs. pool 3) were annotated as predicted

miR-122 target genes by the chosen algorithm (Appendix Figure 7.1 A).

3.1.4 Transcriptome analysis of polysome-associated mRNAs isolated from antagomiR-122
transfected Huh-7 cells

Transfection of antagomiR-122 in Huh-7 cells strongly reduces the cellular miR-122 availability
(Appendix Figure 7.2), thus releasing target messengers from the translational inhibition.
Subsequently, the translation of miRNA target transcripts is increased and this change in the
translational turnover is observed as shift of mRNA from lighter towards heavier polysomes

(displayed in Figure 3.3).

The changes of the Huh-7 translatome in response to antagomiR-122 transfections of
Huh-7 cells are visualized in Figure 3.5. Microarray analysis of the polysome-associated mRNAs
in the heavy (pool 1) compared to the middle (pool 2) polysomal pools identified that 879
messengers associated with the heavier polysomes and 1,484 transcripts co-sedimented
together with the lighter polysomes (Figure 3.5 B, left panel). Differential mRNA distributions
in the middle compared to the light (pool 3) polysomal pool was found for 2,308 transcripts,
which associated with heavier polysomes, and for 2,135 mRNAs which co-sedimented with
the lighter polysomal pools (Figure 3.5 B, middle panel). The most pronounced changes were
observed in light compared to heavy polysomal pools, with 3,066 transcripts associated with
heavier polysomes and 2,972 transcripts with lighter polysomes (Figure 3.5 B, right panel).
Target mRNA candidates for miR-122 are believed to associate with heavier polysomes in
response to miR-122 overexpression. In order to assess whether predicted miR-122 target
genes were identified in the group of mMRNAs co-sedimented in the heavier polysomal pools,
an intersection with the predicted miR-122 target genes from the miRWalk algorithm was

performed. Remarkably, among the transcripts associated with heavier polysomes in the
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comparison of heavy to middle polysomal pool, 52.6% of transcripts were identified as
predicted miR-122 target genes by the miRWalk prediction tool (Appendix Figure 7.1 B). In the
comparison of middle to heavy polysomes 52.9% of transcripts were assigned as predicted
miR-122 target genes. Among the transcripts associated with heavy polysomes identified from
comparing heavy to light polysomal pools, 54.4% of all genes were predicted miR-122 target

(Appendix Figure 7.1 B).

A)
Middle Heavy Middle Light Light Heavy
(Pool 2) (Pool 1) (Pool 2) (Pool 3) (Pool 3) (Pool 1)

Log:z (Signal Intensity) Log: (Signal Intensity) Log: (Signal Intensity)
-0.9 +0.9 -1.5 +1.5 -1.6 +1.6
B) 22607 20527 18932

(90.5%) (82.2%) (75.8%)

879 2308
(3.5% 1484 (9.2%) 2135 3066 2972
=P (6.0%) (8.6%) (12.3%) (11.9%)
[ unchanged [l associated with heavier polysomes [ associated with lighter polysomes

Figure 3.5: Microarray analysis of mRNA distribution across polysomes isolated from Huh-7 cells
treated with miR-122 inhibitor. Polysome-associated RNA was recovered from Huh-7 cells treated
with miR-122 inhibitor for 48 h. The RNA was pooled to generate heavy polysomal RNA pools (pool 1),
middle polysomal RNA pools (pool 2) and light polysomal RNA pools (pool 3) and hybridized to
Affymetrix arrays (human Genechip 1.0 ST Array, n = 2). Data analysis was carried out by AltAnalyze
(fold change > 1.5, significance level p < 0.05 using one-way ANOVA). A) Differential distribution of
mMRNAs associated with polysomal pools in antagomiR-122 transfected Huh-7 cells illustrated as heat
map. Signal intensities are expressed on a logarithmic scale (base 2). B) Pie charts representing the
numbers of transcripts significantly regulated between different pool comparisons. Left pool 1 vs. pool
2, middle pool 2 vs. pool 3, right pool 1 vs. pool 3.
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3.1.5 Comparison of mRNA distribution across polysomal pools derived from miR-122
enriched and miR-122 inhibited Huh-7 cells

As shown for SLC7A1 mRNA (Figure 3.2), an upregulation of miR-122 is accompanied by a
reduction of target mRNA levels bound to individual polysomal fractions. Therefore, the
microarray data received from polysomal profiling were further analyzed, whereby the
composition of individual pools was compared in miR-122 mimic transfected to

antagomiR-122 transfected cells.

Figure 3.6 visualizes the altered mRNA distribution in the individual polysomal pools
isolated from Huh-7 cells after miR-122 overexpression or miR-122 inhibition. In the heavy
pool, 609 messengers were downregulated in miR-122 overexpressing cells, while 315 were
upregulated in response to miR-122 overexpression compared to miR-122 inhibition
(Figure 3.6 B, left panel). In the polysomal pool of middle density, 221 mRNAs were
upregulated and 164 transcripts were downregulated in miR-122 overexpressing compared to
miR-122 inhibited cells (Figure 3.6 B, middle panel). The transcript distribution in the light
density pool identified 331 upregulated and 304 downregulated transcripts (Figure 3.6 B, right

panel).

The intersection of all downregulated transcripts in response to miR-122
overexpression with the miRWalk prediction algorithm identified that 37.8% (heavy pool),
43.2% (middle pool), and 42.8% (light pool) of all transcripts were assigned as predicted

miR-122 target genes, respectively (Appendix Figure 7.1 C).

In summary, microarray analysis identified a large number of transcripts with altered
MRNA levels across polysomes isolated from Huh-7 transfected with either miR-122 mimic or

with antagomiR-122.
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Figure 3.6: Microarray analysis of mRNA associated with heavy, middle or light polysomes isolated
from Huh-7 cell treated with miR-122 mimic or inhibitor. Polysomes were fractionated from Huh-7
cells treated with miR-122 mimic or miR-122 inhibitor for 48 h. RNA isolated from individual polysomal
fractions was pooled into heavy (pool 1), middle (pool 2) and light polysomal RNA pools (pool 3). RNA
was then hybridized to Affymetrix arrays (human Genechip 1.0 ST Array, n =2). Data analysis was
performed using AltAnalyze by applying a cut-off of 1.5-fold change and significance level of p < 0.05
(one-way ANOVA). A) Heat map representing the differential association of mMRNAs to polysomal pools
using a Cousine Matrix to generate hierarchical tree of gene clusters. Left panel heavy pool (pool 1),
middle panel middle polysomes (pool 2), right panel light polysomal pool (pool 3). Signal intensities
are expressed on a logarithmic scale (base 2). B) Pie charts representing the numbers of transcripts
significantly regulated in polysomal pools upon miR-122 overexpression compared to inhibition.

3.1.6 Gene Ontology analysis identified gene networks which are regulated by miR-122
Overall, the polysomal profiling by microarray identified a total of 12,877 unique transcripts
which showed the expected target mRNA shift across the polysomes, indicating a direct or an

indirect regulation by miR-122. With the aim to gain a better understanding of the functional
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consequences accompanied by changes of endogenous miR-122 levels, a Gene Ontology
enrichment (GO) analysis was performed for miR-122-responsive genes using GO-Elite. This
algorithm identifies genetic networks by determing common transcription factors which
modulate the expression of a subset of regulated genes (in this case the miR-122-responsive

genes identified by polysome profiling).
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Figure 3.7: GO-Elite analysis of regulated transcripts across polysomal pools in response to changes
of miR-122 levels in Huh-7 cells. GO-Elite searches for connections between regulated transcripts to a
number of validated transcription factors. A) GO analysis of regulated mRNAs on polysomes isolated
from miR-122 overexpressing Huh-7. B) GO analysis of regulated transcripts on polysomes isolated
from antagomiR-122 treated Huh-7. C) GO-Elite analysis of regulated transcripts in heavy pool 1 (left)
and light pool 3 (right) isolated from miR-122 overexpressing versus miR-122 inhibited Huh-7 cells.
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As illustrated in Figure 3.7, GO-Elite identified that a substantial number of miR-122-
responsive transcripts are regulated by common transcription factors (TFs), such as Yin Yang 1
(YY1), Forkhead box P3 (FOXP3), E2F transcription factor 4 (E2F4), and nuclear respiratory
factor 1 (NRF1). These transcription factors appear to control a large network of genes which
are responsive to changes in cellular miR-122 levels (Figure 3.7). Therefore, the function of
the identified TFs was further studied by applying literature mining research (Table 3.1).
Notably, screening recent publications revealed that all of the identified TFs have previously
been described to play role in the pathogenesis of diverse liver diseases. For instance, the
transcription factors E2F4, FOXP3, HNF1A and B, JARID2, NANOG, NRF1, PDK1, SRF, THRA and
YY1 are involved in the pathogenesis of hepatocellular carcinoma. NANOG, PDK1, SRF and YY1
are linked to viral hepatitis type B or C infections (Table 3.1). In light of the fact that miR-122
is deregulated in these kind of liver malignancies, the presented data may be indicative for a
link between abberations of miR-122 levels and dysregulations of the transcription factor-

mediated networks in the context of liver diseases.

Table 3.1: Literature mining research for identifying links between transcription factors upstream to
miR-122-responsive transcripts and liver diseases. GO-Elite analysis revealed that miR-122 regulates
a high number of transcripts that are regulated by certain transcription factors. Recent publications
were screened to reveal a possible association between these transcription factors and liver diseases
known to be accompanied by changes of endogenous miR-122 levels.

Transcription factor Symbol Association with liver disease  References
E2F transcription factor 4 E2F4 HCC [395-397]
Forkhead box P3 FOXP3 liver Inflammation [398, 399]
hepatic fibrosis [398]
HCC [400]
HNF1 homeobox A HNF1A hepatic neoplasm/ adenomas | [401-403]
HCC [404-408]
HCV [409]
HNF1 homeobox B HNF1B HCC [404, 410-412]
cholestasis [413—415]
Jumoniji and AT-rich interaction JARID2 HCC [416]
domain containing 2
Nanog homeobox NANOG | HCC [417-419]
HCV [420]
HBV [421]
Nuclear respiratory factor 1 NRF1 NASH [422, 423]
NAFLD [423, 424)
hepatic neoplasia [422]
HCC [425]
Pyruvate dehydrogenase kinase 1 | PDK1 HCC [426-428]
HBV [428]
HCV [429, 430]
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Table 3.1 (continued)

Transcription factor Symbol Association with liver disease  References
RE1 silencing transcription factor | REST cholangiocellular carcinoma [431]
Serum response factor SRF HCC [432—436]
fibrosis [437, 438]
Thyroid hormone receptor, alpha | THRA HCC [439-442]
Yin Yang 1 YY1 steatosis [443-446]
HCC [447-450]
HBV [451-453]
NAFLD [446]

With the purpose to investigate whether similar networks may be affected by changes
of miR-122 levels in other experimental conditions, microarray data sets of MIR122 transgenic
mice were downloaded from the Gene Expression Omnibus (GEO) repository and analyzed by
GO-Elite. One data set compared the gene expression profiles of healthy liver tissues from 2
months old MIR122 KO animals compared to healthy liver tissues from wild type mice (data
set GSE27713; [295]). Another data set investigated the expression profiles of HCC tumor
tissues from MIR122 KO mice (11 or 14 months of age) to those of healthy liver tissues from
matching wild type animals (data set GSE31453, Table 3.2 C; [295]). Of note, the genetic
networks downstream to the transcription factors YY1 and FOXP3 were found altered in all
animal models. While networks downstream to E2F4 were found deregulated in HCC tissue
vs. healthy liver tissue in 14 months old mice, NRF1-regulatory networks were only altered in

11 months old mice (Table 3.2 C).

miR-122 is known to be downregulated in the liver of HCC patients [317, 318].
Therefore, it was aimed to assess whether a link between the aforementioned transcription
factors could also be identified in human HCC samples. A genome-wide study comparing gene
expression profiles of human grade Il HCC to surrounding non-tumor liver tissue (data set
GSE45050; [393]) was downloaded and accordingly analyzed. In agreement with the data
obtained from polysomal profiling and from the re-analysis of MIR122 KO mice, a significant
enrichment for genes regulated by the transcription factors YY1, FOXP3 and NFR1 was found
in the HCC tissue compared to adjacent non-tumor tissue (Table 3.2 D). Altogether, these data
reveal that conserved molecular networks are similarly regulated in response to altered
miR-122 levels in both, human and mouse livers, as well as in human hepatoma cells (Huh-7)

transfected with either miR-122 mimic or inhibitor.
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Table 3.2. Regulation of transcription factor-driven molecular networks in response to alterations of
miR-122 levels and in mouse or human HCC. GO-Elite algorithm was utilized to identify transcription
factors that regulate subsets of miR-122-responsive genes. Analysis of gene expression profiles on
polyribosomes isolated from A) miR-122 mimic or B) antagomiR-122 transfected Huh-7 cells.
C) Re-analysis of microarray data of RNA isolated from MIR122 KO or wild type mice. (left) Healthy
liver tissues of MIR122 KO versus wild type mice before tumor development (GEO repository:
GSE31453; [295]). HCC tissue of MIR122 KO mice compared to healthy liver tissue of wild type control
animals of (middle) 11 months or (right) 14 months old animals (GSE27713; [295]). D) Re-analysis of
gene expression changes in tumor tissue compared to adjacent non-tumor tissue isolated from HCC
patients (GEO repository: GSE45050; [393]). The table summarizes the total number of regulated genes
downstream to the individual transcription factors (indicated as n). The relative amount of miR-122-
responsive genes in relation to the total number of genes associated with transcription factors is
expressed in %. Statistical analysis was carried out by Fisher's test.

A) Polysomes isolated from miR-122 overexpressing Huh-7
heavy vs. middle heavy vs. light middle vs. light
YY1 n=114 (14.6%) n=111(14.2%) n=113 (14.5%)
E2F4 n=30 (13.6%) n.s. n=43 (19.5%)
FOXP3 | n=120 (12.9%) n=81 (8.7%) n =190 (20.5%)
NRF1 | n=77 (12.6%) n.s. n=133 (21.7%)
B) Polysomes isolated from antagomiR-122 treated Huh-7
heavy vs. middle heavy vs. light middle vs. light
YY1 n=43 (5.5%) n=131 (16.8%) n=14 (1.8%)
E2F4 | n=16 (7.2%) n=44 (19.9%) n=6 (2.7%)
FOXP3 | n.s. n=177 (19.1%) n=29 (3.1%)
NRF1 n=43 (7.0%) n =125 (20.4%) n=15 (2.5%)
MIR122 KO mice
Q) (GEO repository accession no. GSE31453 and GSE27713; [295])
KO vs. wild type HCC tissue KO mice vs. HCC tissue KO mice vs.
(healthy liver tissue, healthy liver wild type healthy liver wild type
2 months) (11 months) (14 months)
YY1 n=18 (2.9%) n=5 (0.8%) n=28 (4.5%)
E2F4 n.s. n.s. n=10 (5.1%)
FOXP3 | n=78 (8.2%) n=47 (4.5%) n=113 (11.9%)
NRF1 n.s. n=10 (2.0%) n.s.
Human grade lll HCC
D) (GEO repository accession no. GSE45050; [393])
HCC tissue vs. adjacent non-tumor tissue
YY1 n=67 (9.3%)
E2F4 n.s.
FOXP3 | n=98 (11.0%)
NRF1 n=70 (12.5%)
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3.1.7 Functional link between miR-122-responsive transcripts

By means of GO-Elite analysis, it was identified that a large number of genes downstream to
the transcription factors E2F4, FOXP3, YY1, and NRF1 were responsive towards changes of
cellular miR-122 levels (Figure 3.7 and Table 3.2). Interestingly, molecular networks regulated
by these transcription factors appear to be concordantly affected on Huh-7 polysomes as well
as in murine and human HCC tumors. Hence, the microarray data obtained from polysome
profiling were studied with a focus on those miR-122-responsive mRNAs which were under

the control of FOXP3, YY1, NRF1 or E2F4 (as visualized in Figure 3.8).

Infection
R lated i i !
egu a_e GO-Elite Multlple Predicted FC> 1.5 inflammation,
transcripts comparisons targets cancer

Figure 3.8: Workflow for the evaluation of polysome analysis for de novo identification of miR-122
target candidates. Overall 12,877 regulated transcripts were identified by polysomal profiling,
whereby 1,193 were under the control of the transcription factors E2F4, YY1, NRF1, and FOXP3. Out of
these genes, 393 transcripts showed the expected target gene shift in two or more comparisons of
polysomal pools. Using the miRWalk target prediction tool, 118 predicted miR-122 target candidates
were identified, whereas 78 showed changes of mRNA levels higher than 1.5-fold (FC > 1.5). Recent
publications revealed a connection between putative miR-122 target genes and processes which are
known to involve miR-122, such as “liver disease’, ‘cancer’, “inflammation’ or “infection’.

Overall, 1,193 out of 12,877 unique transcripts were found to be under the control of
E2F3, FOXP3, YY1 or NRF1. Of those, 393 transcripts were significantly altered in at least two
polysome comparisons (i.e. in different polysomal pools) or conditions (i.e. upon miR-122
overexpression vs. depletion). Among this subset of genes, 30.0% (118) were predicted as
miR-122 target transcripts by the miRWalk algorithm, of which 78 transcripts showed a fold
change of at least 1.5. In order to investigate whether the remaining genes were linked to the
known functions of miR-122, a literature mining research was conducted. Specifically, text
mining included processes such as the regulation of lipid or cholesterol metabolism, iron
homeostasis or the regulation of cell cycle, in which miR-122 plays a central role [292, 297,
307]. Furthermore, pathological processes such as viral infections [338, 349], liver disease
[316, 454] or processes associated with the pathogenesis of cancer [317] were included in the
research. As miR-122 was found to play a role in hepatic inflammation [294], it was also
investigated whether target gene candidates were associated with signaling pathways that

contribute to either pro- or anti-inflammatory liver phenotypes, including the TGFB signaling
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pathways or the antiviral interferon signaling pathway. Overall, 45 miR-122 target gene
candidates were found associated with the aforementioned biological processes as

summarized by Table 3.3.

Table 3.3: miR-122-responsive target gene candidates and processes associated with miR-122
function such as ‘inflammation’, “infection’, ‘liver disease” or “cancer” according to the literature.

Gene Transcription
symbol ENSEMBL ID factor Association with key words  References
ATRX ENSG00000085224 | YY1 carcinogenesis [455—-459]
HCC [460]
BAG1 ENSG00000107262 | YY1 carcinogenesis [461-463]
HCC [464]
BAX ENSG00000087088 | YY1 HCC [465-467]
NASH [468, 469]
HCV [470, 471]
CCDC43 ENSG00000180329 | YY1 carcinogenesis [472]
CD47 ENSG00000196776 | FOXP3 HCC [473-476]
CMTM7 ENSG00000153551 | FOXP3 cancer [477-480]
HCC [478, 481]
DEDD ENSG00000158796 | YY1 cancer metastasis [482, 483]
TGFp signaling [484]
DIXDC1 ENSG00000150764 | FOXP3 cancer cell, invasion, [485—-488]
metastasis, proliferation
HCC [489]
DSG2 ENSG00000046604 | FOXP3 HCC [490, 491]
HBV [490]
cancer [492—-494]
EEA1 ENSG00000102189 | FOXP3 HCV [495-497)
F2RL2 ENSG00000164220 | FOXP3 HCC [498, 499]
FKBP1A ENSG00000088832 | FOXP3 HCC [500]
HCV [501]
iron homeostasis [502]
TGFp signaling [503]
G3BP2 ENSG00000138757 | NRF1 carcinogenesis [504-506]
HCV [507]
HCC [508]
GOLGA2 ENSG00000167110 | NRF1 HCC [509]
cancer cell invasion [510, 511]
HCFC1 ENSG00000172534 | YY1 NASH [512]
cell cycle [513]
HSPE1 ENSG00000115541 | NRF1 HCC [514, 515]
HBV [515]
cancer [516, 517]
JAK1 ENSG00000162434 | NRF1 HCC [518-520]
HBV (519, 521]
KIF1B ENSG00000054523 | E2F4 HCC [522-524]
HBV [525]
KIF3A ENSG00000131437 | NRF1 cancer [526, 527]
HCC [528]
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Table 3.3 (continued)

Gene Transcription
symbol ENSEMBL ID factor Association with key words  References
KPNAG6 ENSG00000025800 | YY1 cytokine signaling [529]
oxidative stress [530]
HBV [531]
KPNB1 ENSG00000108424 | FOXP3 HCC [532, 533]
HCV [534, 535]
HBV [536]
MINK1 ENSG00000141503 | FOXP3 TGF signaling [537, 538]
oxidative stress [538, 539]
Whnt signaling [540, 541]
NUP210 ENSG00000132182 | FOXP3 PBC [542-545]
PAHA1 ENSG00000122884 | NRF1 fibrosis [546]
PCGF2 ENSG00000277258 | FOXP3 cancer [547-550]
PDCD2 ENSG00000071994 | FOXP3 cytokine signaling [551]
cancer cell proliferation [552, 553]
EMT [554]
PDCD4 ENSG00000150593 | NRF1 HCC [555-557]
fibrosis [558]
HBV [559]
POLR2F ENSG00000100142 | NRF1 cancer [560, 561]
RAD50 ENSG00000113522 | NRF1 tumorigenesis [562]
HCC [455, 563]
HCV [564]
RNF26 ENSG00000173456 | YY1 cancer [565]
IFN signaling [566]
RNMT ENSG00000101654 | FOXP3 HCC [567]
ROCK2 ENSG00000134318 | FOXP3 HCC [568-571]
CCC [572]
HCV [496]
SMAD7 ENSG00000101665 | FOXP3 TGFB signaling [573, 574]
HCC [575-577]
HBV (574, 578]
SMAP2 ENSG00000084070 | FOXP3 HCV [579]
HBV [580]
SMG5 ENSG00000198952 | YY1 viral infection [581]
P-bodies [212]
SPRED2 ENSG00000198369 | FOXP3 HCC [582, 583]
TGP signaling [584]
liver injury [585, 586]
STAT6 ENSG00000166888 | FOXP3 inflammation [587]
HCV [588]
HCC [589]
TBC1D22B | ENSG0O0000065491 | YY1 HCV [590]
TNPO1 ENSG00000083312 | FOXP3 fibrosis [591]
Whnt signaling [591]
HCV (534, 592]
HCC [593-595]
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Table 3.3 (continued)

Gene Transcription

symbol ENSEMBL ID factor Association with key words  References

U2AF2 ENSG00000063244 | NRF1 HCC [596]
tumorigenesis [597]

UBIAD1 ENSG00000120942 | YY1 cancer [598-600]
cholesterol/ lipid [599, 601]
metabolism

UQCRB ENSG00000156467 | YY1 HCC [602, 603]
mitochondria function [603]

WNK4 ENSG00000126562 | FOXP3 tumorigenesis [604]
TGFp signaling [605]

WSB2 ENSG00000176871 | FOXP3, YY1 cytokine signaling [606, 607]
cancer [608]

XRCC5 ENSG00000079246 | NRF1 HBV [609]
HCC [563, 609—

612]

3.1.8 Analysis of miR-122 target gene candidates in response to miR-122 overexpression

In this study, microarray analysis of polyribosomal RNA was employed for de novo

identification of miR-122 target gene candidates. By means of GO analysis and by screening

the recent literature, 45 potential miR-122 target candidates were determined of which 32

were randomly selected for qPCR analysis. The levels of those selected mRNAs were studied

in Huh-7 transfected with miR-122 mimic for either 24 or 48 h.

The Figure 3.9 indicates successful overexpression of miR-122 in the target cells.

Cellular levels of miR-122 were elevated by 306.6-fold (p = 0.006) at 24 h and by 48.6-fold

(p =0.029) at 48 h post transfection.
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Figure 3.9: Quantitative analysis of cellular miR-122 levels in miR-122 mimic transfected Huh-7 cells.
Huh-7 cells were transfected with miR-122 mimic for 24 or 48 h. Control cells were mock-transfected
in absence of miR-122 mimic. Following RNA isolation, miRNAs were quantified by miQPCR. Levels of
miR-122 were normalized to miR-192 for each sample and are displayed as fold change (+ standard
error of the mean [SEM]) relative to control of 5 independent experiments. Asterisks indicate
significant differences to control (student’s t-test with significance level * p < 0.05; ** p < 0.01).

Next, the levels of selected target mRNAs were investigated by qPCR. miR-122
overexpression in Huh-7 cells caused a reduction of the relative amount of a number of mRNAs
after 24 h (Figure 3.10 A) or after 48 h (Figure 3.10 B). The validated miR-122 target SLC7A1
(alias CAT1) mRNA was downregulated to 27.7% (+ 5.1%; p <0.001) and to 22.3% (+ 3.6%;

p < 0.001) relative to the respective mock-transfected control after 24 h or 48 h, respectively.

Furthermore, the mRNA expression of BAG1, BAX, CCDC43, CD47, DIXDC1, DSG2,
F2RL2, G3BP2, KPNA6, KPNB1, NUP210, P4HA1, PCGF2, PDCD4, and of TBC1D22B were
significantly downregulated in miR-122 overexpressing cells 24 h post transfection compared
to control cells. A tendency towards downregulation was further observed for HCFC1
(91.1% + 3.2%; p =0.071). Moreover, 48 h after miR-122 mimic transfection, a significant
downregulation of the transcript levels of CMTM7, HCFC1, KIF3A, PCGF2, PDCD2, RNF26,
SPRED2, and TNPO1 was measured, whereas KPNA6 (p = 0.080), KIF1B (p = 0.080) and MINK1
(p = 0.074) mRNA levels tended to decrease.
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Figure 3.10: Levels of putative miR-122 target mRNAs in Huh-7 cells treated with miR-122 mimic.
Huh-7 cells were transfected with miR-122 mimic for A) 24 h or B) 48 h, while control cells were mock-
transfected in absence of miR-122 mimic. RNA was isolated and mRNAs were quantified by using qPCR.
Levels of selected transcripts were normalized to death effector domain containing (DEDD) mRNA,
which was identified as most stable gene based on GeNorm algorithm. Relative mRNA levels are
expressed as percentage to control. Data represent average + SEM of 4 — 5 independent experiments.
Asterisks indicate significant differences to control (student’s t-test with significance level * p < 0.05;
** p < 0.01; *** p <0.001).

In order to investigate whether the target gene candidates mentioned above contain
binding motifs for miR-122, a binding site analysis was conducted. For this purpose, the 3’"UTRs
of the aforementioned mRNAs were analyzed using RNA22. Based on the complementarity of
the miRNA and the transcript, the folding energy released upon formation of the

miRNA-mRNA heteroduplex, and to a lesser extent the cross-species conservation of the
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3'UTR, RNA22 screens for potential MREs in a given target sequence [264]. Multiple potential
binding sites were identified in the 3’"UTRs of miR-122 target gene candidates. While the
majority of MREs contain non-canonical or atypical binding sites, a number of canonical

binding sites were also identified, including two in the 3"UTR of DIXDC1 (Appendix Figure 7.3).

Altogether, these data suggest that miR-122 overexpression in Huh-7 resulted in the
downregulation of transcript levels of 22 individual genes, thus indicating that these

transcripts may be directly targeted by miR-122.

3.1.9 Analysis of E2F4, NRF1, and YY1 mRNA levels in response to miR-122 overexpression

The data presented in this work indicated that 22 mRNAs may be directly regulated by
miR-122. As shown by GO analysis, the expression of genes encoding for these identified
target candidates is known to be under the control of the transcription factors E2F4, NRF1,
FOXP3 or YY1. In order to assess whether miR-122 overexpression may also exert a direct
effect on the expression of these transcription factors, mRNA levels of E2F4, YY1 and NRF1
were quantified in Huh-7 transfected with miR-122 mimic. Due to very low levels of FOXP3

mMRNA, relative quantification by qPCR failed to produce reliable data and is, therefore, not

shown here.
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Figure 3.11: Analysis of E2F4, YY1, and NRF1 mRNA in miR-122 overexpressing Huh-7 cells. RNA was
isolated from miR-122 mimic or mock transfected control cells A) 24 h and B) 48 h post transfection
and mRNA levels of the transcription factors E2F4, YY1, and NRF1 were quantified by qPCR. Levels of
selected transcripts were normalized to DEDD and the relative mRNA amounts are expressed as
percentage to control. Data represent average + SEM of 6 independent experiments. Asterisks indicate
significant differences to control (student’s t-test with significance level ** p <0.01; *** p < 0.001).
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As shown in Figure 3.11, mRNA levels of E2F4 were significantly downregulated 24 h
(86.1% + 2.6%; p = 0.002) and 48 h (87.2% * 3.6%; p = 0.016) after transfection with miR-122
mimic compared to control. A significant reduction of NRF1 mRNA (69.7% + 10.1%; p = 0.033)
was observed 48 h after miR-122 transfection. In contrast, the relative amount of YYI mRNA
remained unaffected by miR-122 overexpression at both time points (Figure 3.11). Altogether,
the data presented herein suggested that miR-122 may regulate the mRNA of E2F4 and NRF1,
but not of YY1. However, it remained unclear whether the observed effects were triggered by
a direct interaction of miR-122 with the mRNAs of E2F4 and NRF1, or whether other yet

unknown mechanisms might be involved.

3.2 Proteome analysis of miR-122 overexpressing and miR-122 down-

regulated Huh-7 cells

3.2.1 Identification of miR-122-responsive proteins using mass spectrometry

Several studies reported that changes in the transcriptome do not mandatorily mirror the
exact changes in the cellular proteome [613], making it hardly possible to predict functional
consequences only on the basis of transcriptome studies. Therefore, mass spectrometry was
conducted to study the effect of miR-122 mimic or antagomiR-122 treatment on the cellular

proteome in Huh-7 cells.

Overall, 1,960 proteins were quantified in Huh-7 as visualized in Figure 3.12 A. As
evident from the hierarchical clustering, the overexpression of miR-122 caused distinct
alterations in the protein abundances in the investigated cell line compared to scrambled
oligonucleotide transfected control. In contrast, only minor differences were observed in
Huh-7 treated with antagomiR-122 compared to scrambled control. As a result, the Euclidean
algorithm was not capable of discriminating between scrambled control and antagomiR-122

treated samples (Figure 3.12 A).

The alterations in protein abundancies in response to changes of miR-122 levels are
shown in Figure 3.12 B. Overall, 504 proteins showed significant alterations among the three
conditions (false discovery rate [FDR] < 5%). The proteomic data are separately displayed to
show changes in the protein abundance in miR-122 overexpression compared to control

samples (mimic vs. scrambled), the effect of miR-122 inhibition versus control (antagomiR vs.
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scrambled), and changes in protein amounts in miR-122 enriched vs. miR-122 downregulated

cells (mimic vs. antagomiR-122).
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Figure 3.12: Quantitative proteomic analysis of Huh-7 cells transfected with miR-122 mimics,
miR-122 inhibitor (antagomiR) or scrambled oligos. Cells were transfected with miR-122 mimic,
inhibitor or scrambled oligo for 48 h. Following purification and quantification, proteins were
subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS). A) Unsupervised
hierarchical clustering of the quantified proteins. Z-Score shows downregulated proteins in green
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shades, while upregulated proteins are displayed in red shades. B) Volcano blots demonstrating
differential protein levels in Huh-7 cells treated with miR-122 mimic vs. scrambled control (upper
panel), miR-122 mimic vs. antagomiR treatment (middle panel), and antagomiR vs. scrambled control
(lower panel). Protein levels are presented on a logarithmic scale (base 2) on the abscissa, while
p-values are illustrated as negative log; value on the ordinate. Cut-off levels for fold changes are
depicted as perpendicular blue line (FC > 1.5), while the cut-off for statistical significance (p < 0.05
[FDR]) is depicted as horizontal blue line. Significantly downregulated proteins are labeled in green and
significantly upregulated proteins are labeled in red.

Albeit the majority of proteins showed only minor changes in the relative protein
abundance, the treatment of Huh-7 cells with miR-122 mimic was accompanied by a
significant elevation of the relative amounts of 405 proteins and a reduction of 86 proteins
(mimic vs. scrambled; p < 0.05). When protein amounts of miR-122 overexpressing to miR-122
downregulated cells were compared, 275 proteins were found significantly upregulated, while
86 proteins were found with lower abundance (mimic vs. antagomiR; p < 0.05). In contrast,
miR-122 inhibition had minor effects and only caused the significant upregulation of 42
proteins and downregulation of 3 proteins (scrambled vs. antagomiR; p <0.05). When
applying a threshold of at least 1.5-fold for the changes in relative protein abundancies
(proteins highlighted in red or green in Figure 3.12 B), 95 significantly upregulated proteins
and 45 significantly downregulated proteins were identified in miR-122 enriched cells (mimic
vs. scrambled; FC> 1.5, p <0.05). When comparing miR-122 overexpressing to miR-122
inhibited cells, 32 proteins were found more abundant and 43 proteins less abundant (mimic
vs. antagomiR; FC > 1.5, p < 0.05). The transporter protein SLC1A5 was the only protein to be
significantly upregulated more than 1.5-fold in miR-122 depleted cells compared to scrambled
controls (scrambled vs antagomiR; FC > 1.5, p < 0.05), indicating that the miR-122 inhibition
had only minor effects on the cellular proteome in Huh-7. Of note, endogenous miR-122 levels
in Huh-7 were relatively low, so it was assumed that the inhibition of miR-122 had negligible

effects on cellular protein content compared to miR-122 overexpression.

In order to evaluate whether similar or distinct proteins were altered in response to
miR-122 mimic and to antagomiR treatment, a comparison of all regulated proteins was
conducted. For this purpose, proteins which were inversely correlated with miR-122
(i.e. proteins found with lower abundance in miR-122 overexpressing cells or proteins which
were upregulated in response to miR-122 inhibition, Figure 3.13 A) and proteins found to be
concordantly regulated with miR-122 were overlapped (Figure 3.13 B). In total, 133 unique

proteins were found inversely correlated with the levels of miR-122. The relative abundance
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of 86 proteins was significantly lower in miR-122 enriched cells compared to either scrambled
control (mimic vs. scrambled) or to antagomiR-122 treated cells (mimic vs. antagomiR),
respectively (Figure 3.13 A). Furthermore, 42 proteins were found in higher abundance in
antagomiR vs. scrambled treated controls (Figure 3.12 and Figure 3.13 A). Interestingly, very
similar protein changes were observed in miR-122 mimic versus scrambled control as well as
in miR-122 mimic versus to antagomiR treated cells. In contrast, proteins modulated in
response to miR-122 inhibition (antagomiR) compared to scrambled control were different

from those protein changes induced by miR-122 overexpression.

A) Proteins inversely correlated with miR-122 B) Proteins correlated with miR-122
Downregulated Downregulated Upregulated Upregulated
miR-122 mimic vs. miR-122 mimic vs. miR-122 mimic vs. miR-122 mimic vs.
antagomiR ; scrambled antagomiR . scrambled

les g1 131 |
3 12
Upregulated
antagomiR 35 . Downregulated
vs. scrambled antagomiR( 3

vs. scrambled

Figure 3.13: Intersections of miR-122-responsive proteins identified by mass spectrometry in Huh-7
cells. A) Number of proteins that were found inversely correlated with miR-122 in Huh-7 cells treated
with either miR-122 mimic, miR-122 inhibitor (antagomiR) or scrambled control. B) Overlap of proteins
which exhibited a positive correlation with miR-122 (i.e. proteins with higher abundance upon miR-122
overexpression or lower abundance in response to miR-122 depletion).

3.2.2 Gene Ontology analysis of miR-122-responsive proteins

To gain a better understanding of the functions of miR-122 and the possible consequences
associated with miR-122 deregulation, GO term enrichment analysis was performed using the
GOrilla software. Since miRNAs are considered as fine-tuning mechanism for gene expression,
all proteins identified as significantly regulated were included in this study (p <0.05),
independent of the fold change. The GO enrichment was carried out with an emphasis on

common biological process and cellular components associated with the altered proteins.

GO analysis revealed that in particular processes linked to metabolic functions were
substantially affected in response to miR-122 overexpression (Figure 3.14). Specifically,
processes associated with glucose metabolism, as well as nucleoside monophosphate and

carboxylic acid metabolic processes were significantly reduced in cells transfected with
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miR-122 mimic versus antagomiR-122 (Figure 3.14 A). On the other hand, terms associated
with metabolic processes involving small molecule or organic substances were highly enriched

in miR-122 mimic compared to antagomiR-122 treated cells (Figure 3.14 A).
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Figure 3.14: Gene Ontology (GO) analysis of significantly regulated proteins in miR-122
overexpressing (mimic) versus miR-122 reduced (antagomiR) Huh-7 cells. GOrilla Gene Ontology
enrichment tool was utilized to investigate the six most significantly depleted (green) and enriched
(red) GO terms. Numbers of proteins associated with a given term are illustrated in green
(downregulated term) and red (upregulated term). A) GO analysis with respect to biological processes.
B) GO analysis with an emphasis on cellular components.
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The cellular component analysis indicated that miR-122 overexpression negatively
affected the proportion of GO terms associated with the cytoplasmic parts and the cytosol, as
well as extracellular components, such as vesicles, exosomes and organelles (Figure 3.14 B).
On the other hand, GO terms associated with mitochondria and intracellular as well as
membrane-bound organelles were significantly enriched in response to miR-122
overexpression (Figure 3.14 B). Overall, the presented analyses point to a so far unknown role
for miR-122 in controlling the cellular secretome as well as suggesting a possible role for this
miRNA in modulating diverse metabolic processes associated with oxidative and energetic

metabolism.

Remarkably, the analysis of proteins altered in miR-122 mimic compared to scrambled
oligonucleotide transfections (mimic vs. scrambled) delivered very similar GO terms regarding
the cellular components and the biological processes affected by miR-122 overexpression

versus antagomiR-122 (Appendix Figure 7.4).

3.2.3 Functional analysis of miR-122-responsive proteins in Huh-7

The evaluation of the Huh-7 proteome in response to changes of the cellular miR-122 allowed
for the quantification of 1,960 proteins and enabled the assessment of the functional
alterations accompanied by deregulation of miR-122. In order to identify potential miR-122
target candidates, the focus of further analysis was set to the 133 proteins found to be
significantly and inversely correlated with the miR-122 levels, as given by Figure 3.12 and
3.13 A. Among those, the prediction algorithm miRWalk identified 97 significantly regulated
proteins as potential miR-122 target candidates, whereby 50 proteins were characterized by

fold changes larger than 1.5 (Figure 3.15).

97 50
Quantified Inversely Predicted EC> 1.5 Liver
proteins correlated targets ' diseases

with miR-122

Figure 3.15: Workflow for the analysis of proteomic data from Huh-7 cells treated with miR-122
mimic, miR-122 inhibitor and scrambled oligo transfected controls. In total, 133 proteins were
inversely correlated with miR-122. Among those, 97 were identified as target candidates by the
miRWalk target prediction algorithm. In order to screen for the most pronounced changes, a cut-off
for the fold change was set to 1.5 (FC > 1.5) and proteins were further selected with respect to their
known association to those liver diseases that are accompanied by deregulated levels of miR-122.
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Various liver diseases are accompanied by aberrant levels of the liver-specific miR-122,
such as hepatic inflammation [294], viral infection [338, 349], liver fibrosis and cirrhosis [316,
454] as well as hepatocellular carcinoma [317, 318]. To gain a better understanding of the
potential contribution of miR-122 dysregulation in the pathogenesis of chronic liver diseases,
literature mining was carried out to evaluate links between the 50 selected proteins and the

aforementioned diseases (summarized in Table 3.4).

Table 3.4: Functional association of miR-122-responsive proteins and liver pathogenesis. Proteins
identified by mass spectrometry showing inverse correlation with miR-122 were selected for further
analysis. Among those proteins, 97 were identified as predicted miR-122 targets by miRWalk
algorithm. Literature mining research was carried out to unravel functional links between miR-122-
responsive proteins, whereby 20 proteins were found to be deregulated in liver diseases.

UniProt ID Symbol Gene name Disease Reference
Q53EZ4 CEP55 centrosomal protein 55 HCC [614]
000299 CLIC1 chloride intracellular channel 1 HCC [615, 616]
P21291 CSRP1 cysteine and glycine rich protein 1 HCC [617]
Q9UBC2 EPS15L1 |epidermal growth factor receptor HCC [618]
pathway substrate 15 like 1
P07148 FABP1 fatty acid binding protein 1 HCC [619, 620]
Q8WUP2 FBLIM1 | filamin binding LIM protein 1 HCC metastasis | [621]
P11413 G6PDH | glucose-6-phosphate dehydrogenase | HCC [594, 622, 623]
HBV
P21266 GSTM3 | glutathione S-transferase mu 3 HCC [624—-626]
ASH
P46940 IQGAP1 |1Q motif containing GTPase activating | HCC [627, 628]
protein 1
P52732 KIF11 kinesin family member 11 HCC [526, 629—-631]
P18858 LIG1 DNA ligase 1 HCC [632, 633]
HCV
Q13952 NFYC nuclear transcription factor Y subunit | HBV [634]
gamma
P55786 NPEPPS |aminopeptidase puromycin sensitive |HCC [632]
P14618 PKM pyruvate kinase, muscle HCC [383, 635—-637]
Q15758 SLC1A5 |solute carrier family 1 member 5 HCC [638, 639]
Q01650 SLC7A5 | solute carrier family 7 member 5 HCC [639—-642]
Q99523 SORT1 sortilin 1 HBV [643, 644]
014907 TAX1BP3 | tax1 binding protein 3 NAFLD [645]
P04183 TK1 thymidine kinase 1 HCC [646, 647]
P04818 TYMS thymidylate synthetase HCC [648-650]

Abbreviation: ASH: alcoholic steatohepatitis
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Overall, a total of 20 proteins was described as associated with liver diseases. More
specifically, independent studies indicated that 16 of these proteins have been reported as

linked to the pathogenesis of HCC.

3.2.4 QPCR and Western blot analyses of miR-122-responsive proteins in Huh-7

Among those proteins identified by mass spectrometry, seven proteins (CLIC1, CEPS5S5,
EPS15L1, G6PDH, KIF11, SLC1A5, and TK1) were reported as significantly upregulated in the
tumor tissue of HCC patients (see Table 3.4). This observation reinforces the hypothesis that
miR-122 deregulation might play a direct role in the pathogenesis of HCC. In order to evaluate
whether miR-122 may directly regulate the levels of those target candidates, Huh-7 cells were
transfected with miR-122 mimic and the mRNA levels of potential targets were assessed 48 h

post transfection (Figure 3.16).

48 h post transfection
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Figure 3.16: Analysis of mRNA levels of miR-122 target candidates identified by proteomics in Huh-7
cells treated with miR-122 mimic. Huh-7 cells were transfected with miR-122 mimic or mock
transfected for 48 h. RNA was isolated and mRNAs were quantified by gPCR. Levels of selected
transcripts were normalized to DEDD mRNA and expressed as percentage of control. Data represent
average = SEM of 3 independent experiments. Asterisks indicate significant differences to control
(unpaired student’s t-test with a significance level *** p < 0.001).

As detailed in Figure 3.16, compared to control treated cells, the relative mRNA
amounts of all seven investigated miR-122 target gene candidates were significantly lower in

miR-122 mimic transfected Huh-7 cells. The levels of CEP55 mRNA decreased to 38.9%
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(£ 1.3%; p < 0.001), CLICI to 71.3% (+ 1.7%; p < 0.001), EPS15L1 to 62.5% (+ 2.1%; p < 0.001),
G6PDH to 23.8% (+ 2.6%; p < 0.001), KIF11 to 53.6% (+ 2.0%; p < 0.001), SLCIA5 to 18.5%
(£ 0.8%; p <0.001), and TK1 to 45.5% (+ 1.9%; p < 0.001).

Furthermore, to assess the effect of miR-122 overexpression on the protein levels as
well as to further validate the proteome data obtained from mass spectrometry, Western blot
analyses were carried out to evaluate the differential protein amounts of G6PDH, EPS15L1,

and CEP55 (Figure 3.17).
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Figure 3.17: Analysis of G6PDH, EPS15L1, and CEP55 protein amounts in response to changes of
miR-122 levels in Huh-7. Cells treated with miR-122 mimic (red) or miR-122 inhibitor (green) were
harvested 48 h post transfection. Protein lysates were quantified and subjected to Western blot
analysis. A) Immunoblot for human G6PDH in lysates from miR-122 overexpressing (red) and miR-122
inhibited (green) Huh-7 cells (left panel). Quantification of protein expression changes for G6PDH (right
panel). B) Representative immunoblot and relative quantification of EPS15L1 and CEP55 protein in
response to miR-122 modulation in Huh-7 cells. Signal intensity for GGPDH, EPS15L1 and CEP55 were
normalized to B-actin for each sample. Data represent average + SEM of 4 — 7 biological replicates per
group. Asterisks indicate significant differences between groups (student’s t-test with significance level
**p<0.01; *** p<0.001).
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The immunoblotting analyses from Figure 3.17 showed a significant downregulation of
G6PDH and EPS15L1 protein levels in response to miR-122 overexpression compared to
miR-122 inhibition. The evaluation of signal intensities indicated a 2.3-fold (p <0.001)
downregulation of G6PDH as well as a downregulation of 2.1-fold (p = 0.005) for EPS15L in
response to miR-122 overexpression, respectively. In contrast, protein levels of CEP55 were
not altered in Huh-7 treated with miR-122 mimic or miR-122 inhibitor. This latter finding could
either indicate that CEP55 has a long half-life and reduction in protein levels is not yet
detectable at 48 h time point or that small changes in protein levels may not be detected by

immunoblotting and different methodological approaches must be employed.

3.3 Validation of miR-122 target gene candidates

3.3.1 Binding site analysis for miR-122 in the 3"UTRs of target gene candidates

By means of proteome analysis and immunoblotting, several miR-122 target gene candidates
could be identified, which have been described in association with either the development or
the progression of HCC in human (e.g. G6PDH, CLIC1, CEP55, EPS15L1, KIF11, SLC1A5, and TK1;
Table 3.4). In order to investigate whether these target gene candidates harbor functional
miR-122 binding sites in the 3"UTRs of their mRNAs, binding site analysis was conducted using
the miRNA target discovery algorithm RNA22.

Importantly, RNA22 computed 15 predicted MREs in the human 3’UTR sequences of
the putative target gene candidates. Figure 3.18 illustrates the computationally predicted
heteroduplex consisting of miR-122 and the predicted MRE in the analyzed 3"UTR of the given
transcript. Several distinct binding motifs were identified for miR-122, including ‘canonical’,
“atypical’, and ‘non-canonical” binding motifs. Notably, 4 predicted binding sites were
identified in the human 3’'UTR of G6PDH mRNA and in the 3'UTR of EPS15L1 mRNA,
respectively. The 3"UTR of the human SLCIA5 mRNA harbored three predicted miR-122 MREs,
while human 3’UTR of KIF11 encompassed two miR-122 MREs. Moreover, in the 3’'UTRs of

human CEP55, CLIC1, and TK1, one miR-122 binding site was found for each transcript.
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Binding site analyses of miR-122 with predicted target mRNAs
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Figure 3.18: Analysis of putative miR-122 binding sites on the 3°UTRs of human G6PDH, CEP55, CLIC1,
EPS15L1, KIF11, SLC1A5, and TK1. RNA22 computed several miR-122 MREs in the 3’"UTRs of human
miR-122 target candidates. Blue lines indicate predicted base pairing between miRNA and target
sequence, dashed blue lines indicate weaker hydrogen bonds between the nucleobases. The seed
sequence of miR-122 is illustrated in grey boxes and corresponding nucleic acids are displayed in red

font.
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Taken together, binding site prediction conducted by RNA22 identified numerous
potential miR-122 binding sites, suggesting that the translation of the genes of interest may

be directly modulated by miR-122.

3.3.2 Direct validation of putative miR-122 target gene candidates in HEK293

Previous analyses presented in this study revealed that miR-122 overexpression reduced the
mRNA and the protein levels of several target gene candidates (Figure 3.16 and Figure 3.17).
Taken together with the findings that several putative miR-122 MREs were found in the 3"UTRs
of the genes of interest (Figure 3.18), it was hypothesized that the levels of those mRNAs may
be directly modulated by miR-122 in humans. In order to experimentally verify the direct
interaction between miR-122 and the 3°UTRs, a luciferase-based reporter assay was
conducted (as described in detail in Section 2.2.23). The full length sequences of G6PDH,
CLIC1, CEP55, EPS15L1, KIF11, SLC1A5, and TK1 3'UTRs were cloned into pMir(+) reporter
plasmids as well as into pMir(-) negative control plasmids. The recombinant luciferase
plasmids were then transiently transfected into HEK293 in presence or in absence of miR-122,

respectively.

Figure 3.19 shows that the luciferase activity in cells co-transfected with pMir(+)_122
(positive control) in presence of miR-122 mimic was significantly reduced to 11.4% (+ 1.7%,;
p <0.001) after 24 h and to 24.2% (+ 6.0%; p < 0.001) after 48 h compared to the cells which
were transfected with pMir(+)_122 in absence of miR-122 mimic (Figure 3.19). These data
indicated that the product of pMir(+)_122 vector, which encodes for a luciferase mRNA
harboring a functional miR-122 MRE in its 3’"UTR, was subjected to translational repression by
increased miR-122 expression. In contrast, the translation of the product of pMir(-) 122
vector, which harbored the miR-122 binding site in the inverse orientation (negative control),
was not translationally inhibited by the co-transfection with the miR-122 mimic at both,

24 and 48 h. (Figure 3.19).
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Figure 3.19: Validation of human 3’UTRs as direct miR-122 target sites by luciferase assay. Full length
3"UTRs of human genes were cloned into luciferase plasmid pMir(+) and control plasmid with MCS in
inverse orientation pMir(-). As controls, the miR-122 perfect binding site was cloned in both plasmids
(pMir(+)_122 and pMir(-)_122). Recombinant plasmids were transfected in HEK293 cells either in
absence (black) or in presence of miR-122 (pale grey or blue). Luciferase activity was measured from
cell lysates A) 24 h or B) 48 h post transfection. Data are represented as percentage + SEM of 3-5
independent experiments. The luciferase activity for each plasmid transfection in absence of miR-122
was set to 100%. Asterisks indicate significant differences between groups (student’s t-test with
significance level * p < 0.05; *** p < 0.001).
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Moreover, a significant effect of miR-122 on the luciferase activity was observed in
cells transfected with pMir(+)_G6PDH plasmid for 24 h, but not in cells transfected with the
negative orientated pMir(-)_G6PDH plasmid. Compared to HEK293 cells transfected with
pMir(+)_G6PDH alone, the luciferase activity in cells overexpressing miR-122 was declined to
51.8% (+ 2.5%; p =0.002). Likewise, the overexpression of miR-122 significantly decreased
luciferase activity derived from pMir(+) CEP55 (62.8% + 4.2%; p < 0.001), pMir(+)_SLC1A5
(69.6% + 3.0%; p <0.001), and pMir(+)_CLIC1 (81.4% + 3.9%; p < 0.001) after 24 h. Of note,
while in presence of miR-122 the luciferase count from pMir(+) KIF11 was reduced to
(64.6% + 7.1%; p < 0.001) compared to control, the negative control plasmide pMir(-)_KIF11-
derived luciferase was slightly increased after 24 h (112% + 2.7%). Furthermore, the luciferase
encoded by pMir(+)_TK1 was significantly downregulated (24.3% + 5.9%; p = 0.03) in presence
of miR-122 after 48 h but not after 24 h. In contrast, the luciferase count from

pMir(+) _EPS15L1 was not significantly affect by simultaneous overexpression of miR-122.

To summarize, the observed changes in luciferase activity were attributed to the
binding of miR-122 to the luciferase transcript, leading to miRNA-mediated repression and,
thus, to reduced luciferase protein levels. Therefore, the luciferase data provided compelling
evidence for a direct interaction between miR-122 and the cloned 3’UTRs as illustrated in

Figure 3.19.

3.3.3 Analysis of miR-122 and G6PDH mRNA levels in human hepatocellular carcinoma tissue
One of the identified miR-122 targets, glucose-phosphate dehydrogenase (G6PDH), was of
particular interest, since this gene encodes for the rate-limiting enzyme in the pentose
phosphate pathway [651, 652]. Numerous studies reported the upregulation of G6PDH in
various cancer types, including HCC [653, 654]. Strikingly, G6PDH was found significantly
upregulated in the liver of patients suffering from chronic HBV infection [655], a disease which
is considered as main risk factors for the development of HCC [656]. In contrast, the hepatic
expression of miR-122 is frequently downregulated in patients chronically infected with HBV
as well as in HCC patients [317, 318, 346, 657]. Therefore, it was investigated whether a
correlation between miR-122 and G6PDH exist. For this purpose, RNA was isolated from 7

tumour tissue samples of CHB patients (referred to as "HBV-HCC’) and from 21 tumor samples
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of HCC patients without viral infection (subsequently termed as “non-viral HCC’; Table 2.1) and

levels of miR-122 and G6PDH mRNA were determined by qPCR (Figure 3.20).
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Figure 3.20: Quantification of hepatic miR-122 and G6PDH mRNA levels in HCC tissue of patients with
or without HBV infection. Total RNAs were isolated from HCC tissue of patients with HBV infection
(HBV-HCC; n = 7) or without viral infections (non-viral HCC: n = 21). A) Relative expression of miR-122
in HCC patients with or without HBV infection. Levels of miR-122 were normalized to miR-192 for each
sample. B) Profiling of GGPDH mRNA normalized to HPRT1 as reference gene. Statistical analysis was
conducted by using unpaired student’s t-test.

Although the levels of GGPDH mRNA in the HCC tissue of HBV-HCC patients showed a
tendency towards upregulation compared to the non-viral HCC cohort (Figure 3.20 B), no
significant changes of the hepatic miR-122 levels were measured in the two groups
(Figure 3.20 A). A possible explanation for this could reside in the limited number of samples
which could be introduced in these studies. However, when miR-122 and G6PDH mRNA levels
were directly correlated using linear regression as illustrated in Figure 3.21, significant
changes between the HBV-HCC and the non-viral HCC group were found. While an inverse
correlation between miR-122 and G6PDH mRNA levels was determined in HCC tissues of
patients with viral hepatitis type B (R?=0.610; p = 0.038), neither negative nor positive
correlation was found in cancer specimens of patients suffering from HCC without viral

infection (R?< 0.001, not significant).
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Figure 3.21: Correlation between miR-122 and G6PDH levels in HCC tissue of patients with or without
HBV infection. Total RNAs were isolated from HCC tissue from patients with HBV (HBV-HCC; n=7) or
without HBV infection (non-viral HCC; n = 21) and analyzed by gPCR. A) Correlation in tumor tissue
from HCC patients with HBV infection. B) Correlation of miR-122 and G6PDH mRNA in tumor tissue
obtained from HCC patients without viral infection.

In summary, the data presented here support the hypothesis that miR-122 directly
regulates G6PDH mRNA (Figure 3.19). Moreover, an inverse correlation of miR-122 and
G6PDH messenger levels was identified in tumor tissue of HCC patients with HBV infection,

but not in HCC tissue of individuals without HBV infections.

3.4 Regulation of miR-122 by cytokines and growth factors

The liver-specific miR-122 is mainly expressed in hepatocytes and regulated by a number of
liver-enriched transcription factors such as the family of hepatocyte nuclear factors HNF4a
and HNF3 [119, 658]. In humans, the gene encoding for miR-122 is located on chromosome
18, and — in contrast to many other miRNAs — MI/R122 encodes for a monocystronic primary
transcript whose expression is driven by its own promoter [119, 282, 659]. Despite the amount
of studies focusing on the complex mechanisms by which miR-122 is regulated, only little is
known about the mechanisms that may contribute to miR-122 dysregulation at the onset of
liver diseases. It is well known that acute or chronic liver diseases are characterized by
alterations in various growth factors and anti- or pro-inflammatory cytokines such as TNFa,
TGFB or cytokines of the interleukin family (e.g. IL6 or IL10; [660]). Therefore, the aim of this
study was to elucidate the effects of immunoregulatory cytokines and growth factors on the

activity of the human MIR122 promoter and, subsequently, on the miR-122 biosynthesis.
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3.4.1 Characterization of the human MIR122 promoter

With the aim to improve our understandings of the miR-122 regulation, promoter constructs
of the human MIR122 gene were designed. For this purpose, the MIR122 promoter as
described by Li et al. (pGL4_hsa 0.75kb; [119]) was cloned into luciferase reporter plasmids
lacking a functional promoter (pGL4.1 Basic vector). Moreover, three additional promoter
constructs were cloned; one encompassing the most conserved moiety of the MIR122
promoter (pGL4_hsa 0.18kb; Appendix Figure 7.5) and constructs encompassing the
promoters” upstream flanking sequences with (pGL4_hsa 1.7kb) or without the promoter
(pGL4_hsa 0.95kb) as illustrated in Figure 3.22 and Appendix Figure 7.5. The recombinant
plasmids encoding the human MIR122 promoter constructs were transfected into Huh-7 cells
and the basal activities of the inserted promoter fragments were assessed by monitoring the
luciferase activity in the transfected cells after 24 h. The luciferase activity, which is
proportional to the relative amounts of luciferase produced in the transfected cells, was
calculated based on a chemiluminescent signal measured from cell lysates upon addition of

luciferase substrate.

Figure 3.22 illustrates the basal promoter activities of the human MIR122 constructs.
The basal luciferase activity of the promoter encompassing the promoter element increased
with the length of the inserted promoter relative to the pGL4.1 Basic vector. While the activity
of pGL4_hsa 0.18kb only tendencially raised to 262% (+ 73%) without reaching significance,
the activity of pGL4_hsa 0.75kb significantly increased to 1447% (+ 436%; p = 0.011), and the
activity of pGL_hsa 1.7kb was significantly elevated to 18,734% (+ 3,473%; p < 0.001) relative
to the promoter-less pGL4.1 Basic vector. However, the promoter activity of the core-
promoter-less construct pGL_hsa 0.95kb was not affected in comparison to the pGL4.1 Basic
vector, indicating that the 0.75kb promoter fragment is crucial for driving luciferase gene

expression.
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Figure 3.22: Basal activity of human MIR122 promoter constructs. Promoter constructs encoding
different lengths of the human MIR122 promoter (0.18kb, 0.75kb, 0.95kb, 1.7kb) were generated by
PCR amplification and cloned into promoter-less luciferase reporter plasmids (pGL4.1 Basic). The
promoter sequence of the human MIR122 gene as identified by Li et al. [119] is illustrated as red bar,
while the flanking sequence is illustrated as blue bar. Promoter plasmids were transfected in Huh-7
cells and basal promoter activities were measured 24 h after transfection by quantifying luciferase
activity using the Dual-Luciferase® Reporter Assay Kit. Data represent average luciferase activity in
percentage of pGL4.1 Basic vector + SEM for 3 —4 independent experiments. Asterisks indicate
significant differences to pGL4.1 Basic vector (one-way ANOVA with Dunnett’s multiple comparison
test with significance level * p < 0.05; *** p < 0.001).

In order to explore signaling pathways that potentially regulate the activity of the
human MIR122 promoter constructs and, thereby, the miR-122 expression, the effects of liver
disease-associated cytokines and growth factors on the activity of the promoter constructs
were assessed. For this, cells were transfected with vectors encompassing the different
promoter constructs and stimulated with either TGFB31, BMP6, IL6, IL10, TNFa, IFNB, or

PDGF-BB, respectively.

The activity of the highly conserved promoter construct pGL4_hsa 0.18kb was not
significantly affected by any of the cytokines or growth factors included in this study
(Figure 3.23). The promoter-less construct pGL4_hsa 0.95kb showed a significant response to
PDGF-BB treatment which reduced the promoter activity to 93.1% (+ 2.7%; p = 7.8x107 [FDR]).
In contrast, the activity of the promoter containing construct pGL4_hsa 0.75kb increased in
response to IL10 by 24.0% (+ 9.3%; p = 6.2x10 [FDR]) and TNFa stimulation by 16.6% (+ 5.3%;
p = 1.1x10™ [FDR]), respectively. Moreover, the pGL4 hsa 0.75kb as well as the longest

construct pGL4_hsa 1.7kb responded to TGFB1 treatment with reduced promoter activity of
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63.2% (*+ 13.4%; p = 3.3x107° [FDR]; pGL4_hsa 0.75kb) and 52.6% (+ 8.0%; p = 4.9x10™* [FDR];
pGL4_hsa 1.7kb). In contrast, the bone morphogenetic protein 6 (BMP6), which belongs to
the TGFB family, tendencially increased the activity of pGL4_hsa 1.7kb to 127.0% (+ 11.6%),

although significance was not reached (p = 0.02 [FDR]).
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Figure 3.23: Response of the human MIR122 promoter to cytokine and growth factor stimulations.
Four promoter constructs encompassing different lengths of the human MIR122 promoter were
transfected into Huh-7 cells. After transfection, cells were synchronized by starvation in FCS-free
medium for 24 h and then treated with selected cytokines TGFB1 (10 ng/mL), BMP6 (50 ng/mL), IL6
(50 ng/mL), IL10 (10 ng/mL), TNFa (10 ng/mL), IFNf (10° U/mL), and PDGF-BB (20 ng/mL) for another
24 h. Control cells were kept in serum-free medium (untreated control). Cells were lysed and luciferase
activities were quantified by using Promega’s Dual-Luciferase® Reporter Assay Kit. Data represent
average luciferase activity for each plasmid in percentage of untreated control + SEM of 3 independent
experiments. Asterisks indicate significant differences to control (grouped analysis using unpaired
multiple t-test applying a false discovery rate (FDR) * p < 0.005; **p < 0.001).

Taken together, these data indicate that cytokines and growth factors differentially
affected the promoter activity of the human MIR122 gene. While the data suggested that IL10,
TNFa and to some extent BMP6 rather exerted an activating effect on the MIR122 promoter,

TGFB1 inhibited the activity of the MIR122 promoter.
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3.4.2 Investigation of miR-122 biogenesis in human hepatoma cells in response to TGFf1
stimulation

The promoter analyses conducted in this study indicated that cytokines and growth factors
may differentially regulate the activity of the human MIR122 promoter. However, as gene
transcription is a highly complex process with multiple regulatory levels, changes in promoter
activity may not necessarily reflect the alterations of miR-122 at the transcriptional level.
Therefore, relative expression changes of both, the primary miR-122 transcript (pri-miR-122)
as well as the mature miR-122, were investigated upon stimulation of human hepatoma cells

Huh-7 with TGFB1.

As illustrated in Figure 3.24, The mRNA levels of the TGF[3-responsive gene Hepcidin
(HAMP) were significantly upregulated in Huh-7 cells after stimulation with 5 ng/mL
TGFB1 (290.7% + 38.9%; p < 0.001) or 10 ng/mL TGFP1 (267.1% £ 52.6; p < 0.001) compared
to control cells. The mRNA of the TGFp-responsive gene SMAD family member 7 (SMAD7) was
significantly elevated to 332.1% (+ 45.1%; p <0.001) in response to 5 ng/mL TGFB1 and to
274.2% (£ 27.3%; p < 0.001) in response to 10 ng/mLTGFP1 compared to control treated cells
after 3 h. Moreover, a significant upregulation of SMAD7 mRNA was observed after 6 h,
reaching mRNA levels of 262.8% (+ 52.0%; p <0.001) and 278.1% (+ 65.7%; p <0.001) in
response to 5 ng/mL or 10 ng/mL TGFB1, respectively. While, levels of mature miR-122 were
not altered after 3 or 6 h of TGFP1 stimulation, the relative expression of primary miR-122
transcript was reduced to 71.3% (+ 9.5%; p < 0.001) after treatment with 5 ng/mLTGFB1, and
to 65.4% (£ 13.0%; p < 0.001) after treatment with 10 ng/mL TGFB1 for 3 h. The observed
downregulation of pri-miR-122 was sustained after 6 h in TGFB1-stimulated cells compared to
control cells, whereby 5 ng/mL TGFB1 resulted in downregulation of pri-miR-122 to 59.4%
(£ 4.6%; p <0.001) and 10 ng/mL TGFB1 caused reduction of pri-miR-122 levels to 58.7%
(£ 6.4%; p <0.001).
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Figure 3.24: Analysis of pri-miR-122 levels upon stimulation of Huh-7 cells with TGFB1. Huh-7 cells
were synchronized in serum-free medium for 24 h and incubated with TGFB1 (5 or 10 ng/mL) for 3 h
or 6 h, respectively. Control cells were kept in serum-free medium for the same duration. Following
RNA isolation, relative mRNA levels were quantified using qPCR. A) Hepcidin (HAMP) mRNA, B) SMAD
family member 7 (SMAD7) mRNA, C) pri-miR-122, and D) mature miR-122. QPCR data were normalized
to the most stable gene identified in the data set (-actin) using gBase software, while miR-122 was
measured by miQPCR and normalized to miR-192 levels. Values are illustrated as relative expression
in percentage of control + SEM of 5 independent experiments. Asterisks indicate significant differences
to control (one-way ANOVA using Dunnett’s multiple comparison test with significance level
*** p <0.001).

Altogether, the presented data indicated that the transcription of pri-miR-122, was
reduced in response to TGF31 stimulation of Huh-7 cells, albeit no alterations in the relative
expression of the mature miR-122 were observed after 3 or 6 h. Based on these observations,
it was hypothesized that TGFB1 may affect the de novo transcription of miR-122 rather than

modulating the stability of the mature miR-122.
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3.4.3 Effects of TGFf receptor 1 inhibition on the biogenesis of miR-122 in Huh-7 cells

To address the question whether the canonical TGFB receptor-mediated signaling pathway is
involved in promoting the observed downregulation of pri-miR-122, the effect of a TGF
receptor inhibitor was tested in Huh-7 cells. For this purpose, Huh-7 cells were treated with
SB431542, a small molecule inhibitor that selectively inhibits TGFP receptors type 1 [661].
Following pre-incubation with SB431542, cells were stimulated with TGFB1 in presence of

inhibitor for 3 hours and mRNA levels of HAMP, SMAD?7, and pri-miR-122 were assessed.
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Figure 3.25: Inhibition of TGFf1 signaling pathway in human hepatoma cells. Huh-7 cells were starved
in serum-free medium for 24 h and incubated with TGFj receptor type 1 inhibitor SB431542 (5 uM or
10 puM) for 3 h. The cells were then stimulated with TGF1 (5 ng/mL) in presence of inhibitor for
another 3 h, respectively. Control cells were treated with DMSO, the solvent of SB431542, in serum-
free medium as vehicle control. The mRNA levels for A) HAMP, B) SMAD7 and C) pri-miR-122 were
measured by qPCR. Data were normalized to -actin using gBase software. Values are illustrated as
relative expression in percentage of control + SEM of 5 independent experiments. Asterisks indicate
significant differences to control (one-way ANOVA using Dunnett’s multiple comparison test with
significance level ** p <0.01; *** p < 0.001).
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As presented in Figure 3.25, the significant upregulation of HAMP mRNA after 3 h
stimulation with 5 ng/mL TGFB1 (254.8% + 45.5%; p < 0.001) was abolished in the presence of
5 uM or 10 uM of SB431542. Likewise, TGFB1-induced upregulation of SMAD7 mRNA (229.3%
1+ 51.5%; p < 0.001) was inhibited in the presence of 5 and 10 uM SB431542. In addition, the
downregulation of pri-miR-122 to 59.2% (+ 9.1%; p < 0.001) observed upon stimulation with
5ng/mL TGFB1 for 3 h was completely prevented in Huh-7 stimulated in presence of

SB431542.

Taken together, the presented data indicate that TGF31-mediated downregulation of
pri-miR-122 was sensitive to inhibition of TGF[3 receptors type 1, indicating that the canonical
TGFB signaling pathway might play role in regulating miR-122 transcription in human Huh-7

cells.
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4. Discussion

The discovery of the ‘'miRNome” in the early 2000s, has fundamentally changed our
understanding of post-transcriptional gene regulation and has drawn considerable attention
to the function of individual miRNAs. One prominent member of this family of short ncRNAs
is miR-122, a miRNA highly enriched in liver that accounts for up to 46% of all miRNAs in
hepatocytes according to most recent sequencing data [662]. Yet, the expression of miR-122
is not limited to hepatocytes but also occurs in different cell types like hepatic stellate cells or

primary fibroblasts, albeit in low abundances [546, 663].

The function of miR-122 has intensively been studied in the past two decades. miR-122
modulates diverse liver processes including the biosynthesis of hepatic lipids and the
cholesterol metabolism as well as the function of mitochondria, thus contributing to liver
homeostasis [292, 319]. Moreover, there is compelling evidence that miR-122 dysregulation
directly contributes to the development and progression of chronic liver diseases [312, 313,
315, 317, 318]. For instance, miR-122 exerts pronounced tumor-suppressive effects in vitro
and a lowering of miR-122 is frequently observed in liver tumor tissue of HCC patients [294,

317, 658].

So far, the molecular mechanisms linking aberrant miR-122 expression to the
pathogenesis of liver diseases remain largely elusive. The present study was therefore carried
out to gain insight into the mechanisms modulating miR-122 transcription, as well as to
identify gene networks which are regulated by miR-122. For this purpose, transcriptome as
well as proteome analyses were conducted in Huh-7 cells after transfection of miR-122 mimic
or miR-122 inhibitor. Furthermore, the responsiveness of the human MIR122 promoter
constructs to stimulation with liver disease-associated cytokines and growth factors was

investigated by reporter gene assays.

4.1 Regulation of miR-122 biosynthesis in response to cytokines and growth factors

The miRNA-122 is encoded by a single genetic locus located on chromosome 18 in humans as
well as in mice [278]. Its transcription is controlled by a RNA polymerase Il promoter which
encompasses binding motifs for several transcription factors of the hepatocyte nuclear factor

family, such as HNF1a, HNF3B, HNF4a, HNF6, and CCAAT-enhancer binding element protein
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C/EBPa [119, 282, 284]. MIR122 gene expression is further controlled via epigenetic
mechanisms including DNA methylation and histone modifications [285-288]. Albeit being
among the best characterized miRNAs, the detailed mechanisms causing a decline of miR-122
expression in individuals suffering from acute or chronic liver diseases are not fully

understood.

Cytokines are proteins that are produced mainly by immune cells and that regulate the
immune response in health and disease. Acute as well as chronic liver diseases are frequently
accompanied by an upregulation of cytokine or growth factor serum levels, including TNFa,
IL10 and TGFP [664]. Several studies reported that miR-122 regulates cytokine-mediated
signaling pathways. For instance, miR-122 enhances endogenous type | interferon (IFN)
signaling by targeting suppressor of cytokine signaling 3 (SOCS3), thus promoting antiviral
defense mechanisms triggered by IFNs [343, 344]. A recent study further suggests that
miR-122 amplifies IFN signaling by targeting tyrosine kinases that activate STAT3, which in turn
counteracts IFN signaling [665, 666]. Moreover, in hepatic stellate cells miR-122 inhibits the
production of pro-inflammatory cytokines, such as IL6 and IL1B, through silencing PKR-
activating protein (PACT) [667]. Despite these evidences supporting the effect of miR-122 on
cytokine signaling, the regulatory activity of cytokines on miR-122 expression is largely

unknown.

This study therefore aimed to investigate whether immunoregulatory cytokines and
growth factors affect miR-122 biogenesis. It was shown that TNFa, IL10, and to some extent
BMP6 increase the activity of the human MIR122 promoter (Figure 3.23). In contrast, TGFB1
significantly reduced the promoter activity of the human MIR122, whereby IFNB showed a
tendency to decrease the activity of the same promoter construct (Figure 3.23). Of particular
interest are the findings that TGFB1 administration to Huh-7 cells significantly decreased
miR-122 de novo transcription, although levels of mature miR-122 remained constant within
the time course of the experiments (Figure 3.24). Similar differences between miR-122 and
pri-miR-122 expression changes were shown by Gatfield and collaborators who demonstrated
a circadian regulation of pri-miR-122 transcription accompanied by inverse changes in
miR-122 targets [280]. Yet, miR-122 levels stayed unchanged throughout the day, probably
due to the high stability of the mature miR-122 [280]. As possible explanation, Gatfield et al.
proposed that miRNAs remain stably assembled to RISC complexes once they are bound to

target mRNA. Thus, it was speculated that the amount of newly synthesized miR-122, rather
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than the total levels of cellular miR-122, may be the crucial factor determining the efficiency

of miRNA-mediated gene silencing [280].

The TGFB1-induced downregulation of pri-miR-122 was blocked in the presence of
TGFB receptor type 1 inhibitor SB431542, indicating that the canonical signaling through TGF
receptor type 1 may contribute to the inhibition of miR-122 transcription (Figure 3.25). The
molecular mechanism underlying the repressive effects of TGFB1 on MIR122 transcription will
require further examination, but it was recently reported that TGFB1 suppresses the
transcription factor HNF4a [668]. Thus, it could be hypothesized that TGFB1-induced
inhibition of HNF4a may contribute to the reduced transcription of miR-122. Of note, a recent
study showed that miR-122 antagonizes TGF( signaling by targeting either TGF51 mRNA (in
human) or TGFp receptor mRNA (in mice) [669]. Taken together with the results presented
here, it is proposed that miR-122 and TGFB1 regulate one another through a regulatory circuit

(Figure 4.1).
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Figure 4.1: Proposed model for the modulation of miR-122. (I) miR-122 transcription is under the
control of cytokines and growth factors, e.g. IL10, TNFa, BMP6 and TGFB. miR-122 was shown to inhibit
TGFB signaling pathway by directly targeting TGFB1 or TGFB receptor mRNA [669]. (ll) Thus, it is
suggested that TGFB1 and miR-122 may regulate one another. (lll) Following its biogenesis, mature
miR-122 accumulates in the cytosol where it inhibits the translation of target genes. (IV) Data
presented in this study indicate that miR-122 fine-tunes the expression of genes downstream to the
transcription factors Forkhead box P3 (FOXP3), Yin Yang 1 (YY1), nuclear respiratory factor 1 (NRF1),
and E2F transcription factor 4 (E2F4).
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Remarkably, a literature mining suggests that levels of miR-122 and TGFB1 are
inversely correlated in patients with liver diseases, such as NAFLD, PBC, HCC, and viral
hepatitis (Table 4.1). Based on these findings, one could hypothesize that the upregulation of
TGFB1 that occurs during acute or chronic liver injury may contribute to a downregulation of
miR-122. In line with this, it was shown that TGFB1l-exposure of hepatic stellate cells
significantly reduced miR-122 levels which was accompanied by an elevation of pro-fibrogenic
gene expression and a pro-fibrotic phenotype [437]. Moreover, TGFB1 is known to promote
HCC invasion as well as metastatic potential of HCC cells and phase |l trials are ongoing to
assess the safety of TGFB1 inhibitors in cohorts of HCC patients [670]. It would be of great
interest to assess the effect of these inhibitors on miR-122 levels and to evaluate the potential
contribution of miR-122 towards counteracting HCC growth and development in vivo. Initial
studies demonstrate that miR-122 overexpression sensitizes hepatoma cells to anti-cancer
drugs, such as Sorafenib or Doxorubicin [298, 299, 385], thus the upregulation of miR-122

could offer a promising tool for inhibiting tumor growth.

Table 4.1: Aberrant expression of miR-122 and TGFB1 in human diseases based on recent
publications. Downregulation of miR-122 levels ({/) and increased TGFf1 mRNA levels (1) are
illustrated as arrows.

Disease miR-122 Reference TGFB1 Reference
HBV J [346] ™ [578, 671, 672]
HCC/ HBV J [318, 319] ™ [673, 674]
NAFLD J [312, 326, 675] ™ [578, 676]
Fibrosis N [316] " [677, 678]

HCC J [297, 317, 318, 376] ™ [679, 680]

PBC J [314] ™ [681]

Despite novel insights into the regulation of miR-122 biogenesis presented here, the
regulatory activities of cytokines on miR-122 expression remain contradictory. While Rivkin et
al. demonstrated that TNFa activates miR-122 promoter [682], which is in agreement to the
increased promoter activity in response to TNFa administration illustrated in this work, Li et
al. have reported that TNFa indirectly inhibits miR-122 expression through the repression of
C/EBPa [683]. Overall, these contradictory findings indicate that complex interactions are at
play and more comprehensive studies are required to decipher the regulatory interactions

linking miR-122 biogenesis and signaling pathways triggered by cytokines. In addition, the
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physiological function of pri-miR-122 upregulation in response to BMP6, TNFa, and IL10 as
observed in this study require further investigation. Elevated levels of BMP6 ameliorate
fibrosis in NAFLD patients [684]. Hence, it would be of interest to investigate whether BMP6-
induced upregulation of miR-122 expression may contribute to the reported anti-fibrotic

effect of BMP6 in patients with NAFLD.

4.2 Polysome profiling identified large regulatory networks downstream to miR-122

Polyribosomes are a complex consisting of ribosomes bound to actively-translated mRNA and
the nascent polypeptide chains [230, 231]. Polysomes associated with highly translated
mRNAs are denser than polysomes associated with poorly translated mRNAs. The
fractionation of polyribosomes is a widely-used technique to study the cellular translatome in
various samples and experimental settings [271, 685—-687]. Importantly, miRNAs cosediment
with their polyribosome-associated target mRNAs, which makes the analysis of polysomes a
useful technique to determine potential miRNA target genes on a genome-wide scale [232,

235-238].

In the work presented in this thesis, polyribosomal profiling combined with genome-
wide microarray analyses of polysome-associated mRNAs were conducted to study the effect
of miR-122 overexpression or miR-122 inhibition on the translatome of Huh-7 cells
(Figures 3.4 —3.6). Altogether, 12,877 transcripts (51.6% of all transcripts identified by
microarray chip analyses) were found significantly regulated across the different polysomal
pools. An intersection with the miRWalk target prediction tool recognized that a subset of
25.8 - 54.5% of regulated transcripts were potential miR-122 targets (Appendix Figure 7.1).
These findings indicated that the modulation of miR-122 levels had the potential to affect the
translation of a large number of transcripts in Huh-7 cells. Using bioinformatic tools, it was
identified that a substantial number of miR-122-responsive genes were under the
transcriptional control of common transcription factors, among others the hepatocyte nuclear
factors HNFla or HNF1B (Figure 3.7 and Table 3.1). Interestingly, the expression of miR-122
itself is modulated by the activity of liver-enriched transcription factors such as HNFla which
directly bind to the MIR122 promoter and trigger pri-miR-122 transcription [119, 282]. This
positive regulation is crucial for the gradual activation of miR-122 transcription during liver

development [278, 282]. Taken together with the observation that miR-122 modulates the
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expression of genes downstream to HNFla (Figure 3.7 B), it is conceivable that one of the
functions of miR-122 is to fine-tune the action of liver-enriched transcription factors in order

to balance out the hepatic gene expression during embryogenesis and in the adult liver.

The relevance of miR-122 for the maintenance of liver physiology is further
strengthened by the fact that deregulation of this miRNA is associated to the pathogenesis of
liver diseases [312, 313, 315, 317, 318]. In line with this, data presented in this study indicate
that miR-122-responsive genes as well as the transcription factors that regulate subsets of
these genes are tightly related to liver malignancies such as fibrosis, hepatic inflammation,
viral infections, and HCC (Table 3.1 and Table 3.3). For instance, in mouse models of liver
fibrosis, the transcription factor serum response factor (SRF) promotes the production of
reactive oxygen species and drives the expression of pro-fibrotic genes (e.g. collagen type | or
alpha smooth muscle actin) in hepatic stellate cells [437, 688]. This pro-fibrotic phenotype was
attenuated by hepatic stellate cell-specific knockout of SRF [437, 438]. Moreover, SRF was
identified as direct target for miR-122 in hepatic stellate cells as well an in human hepatoma
cell lines [298, 437]. These data point towards a link between miR-122 downregulation and

SRF upregulation during fibrogenesis [316, 437].

A detailed analysis of the miR-122-responsive network by polysomal profiling
identified 1,193 genes that were controlled by the transcription factors YY1, E2F4, FOXP3, and
NRF1 (Figure 3.7 and Figure 3.8). These transcription factors as well as their target genes, are
frequently upregulated and hence inversely correlated with hepatic miR-122 levels in patients
with chronic liver diseases (Table 3.1). Hepatic FOXP3 mRNA levels for example are elevated
during liver inflammation in patients with chronic HBV and HCV as well as in NAFLD patients
and individuals suffering from autoimmune disease [398]. Interestingly, FOXP3 mRNA levels
correlate with the degree of inflammation and significantly decrease in the remission state
compared to the diseased state [398, 399]. Wang et al. described that FOXP3 protein is
undetectable in healthy liver tissue, but present in 70% of HCC tumor tissues associated with
liver cirrhosis, indicating a potential role in the progression of HCC [400]. In addition to FOXP3,
the transcription factor E2F4 was also described in the context of liver cancer. E2F4 modulates
the cell cycle progression by acting as translational repressor to maintain cell cycle arrest,
whereas in cancer tissue E2F4 was described to function primarily as oncogene [397]. Several
genetic and epigenetic alterations were associated with E2F4 in HCC and a recent study

reported that E2F4 mRNA is significantly elevated in HCC tissue and associated with poor
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prognosis [395-397]. While mRNA levels of FOXP3 were too low for proper quantification in
Huh-7 cells, in this study it was shown that miR-122 overexpression significantly reduced
mRNA abundance of E2F4 mRNA after 24 and 48 h (Figure 3.11). Collectively, these data
support the conclusion that miR-122 and E2F4 regulatory networks are tightly linked to each

other.

Another transcription factor identified to regulate miR-122-responsive genes is YY1.
The upregulation of YY1 contributes to the development of fatty liver diseases in obese mouse
through the inhibition of the farnesoid X receptor (FXR), which in turn transcriptionally
regulates enzymes of the triglyceride metabolism [443, 689]. Both, the overexpression of YY1
as well as the downregulation of FXR were confirmed in the liver of NAFLD patients [443, 689].
Interestingly, He et al. demonstrated a significant correlation between FXR downregulation
and miR-122 suppression in HCC tissue as well as in cancer cell lines, and further validated
miR-122 as transcriptional target gene of farnesoid X receptor [690]. In addition, a significant
upregulation of YY1 occurs in HCC tissue compared to para-tumor tissue and YY1 was found
to facilitate lipid metabolism in HCC cell lines [447, 450]. Based on these studies, it is
conceivable that the upregulation of YY1 and the downregulation of FXR accompanied by the
reduction of miR-122 may be interconnected in the pathogenesis of fatty liver diseases and
liver cancer. A recent study suggests that miR-122 directly targets YY1 mRNA at the 3'UTR
[445], indicating that YY1 and miR-122 might constitute a regulatory circuit. However, the data
presented here did not confirm a direct effect of miR-122 on the relative expression of YY1
mMRNA (Figure 3.11). These inconsistent findings may be explained by different concentrations
that were used for studying the effect of miR-122 on target gene expression, since a 8-fold
higher concentration of miR-122 mimic was used in the study of Wu et al. compared to the

experiments performed for this thesis [445].

As illustrated in Figure 3.7, modulation of miR-122 levels affects the expression of
genes downstream to the nuclear respiratory factor NRF1. Knockout studies in mice provide
evidence for a crucial role of murine NRF1 during embryogenesis due to high embryonic
lethality in transgenic animals [422]. Moreover, in the adult liver, the inactivation of NRF1
results in liver steatosis, inflammation, fibrosis, and tumor development [422]. NRF1 is a key
regulator of mitochondrial biogenesis and an important player of the antioxidant defense
[691, 692]. Interestingly, the overexpression of miR-122 triggered a significant downregulation

of NRF1 mRNA expression in Huh-7 after 48 h (Figure 3.11). Together with the fact that
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miR-122 regulated genetic networks downstream to NRF1 as shown in this work, these
findings shed new light on the function of miR-122 in the regulation of oxidative stress

response as well as the maintenance of mitochondria function [288, 319].

With the purpose of seeking corroboration for the findings presented in this thesis,
microarray data from MIR122 knockout and wild type mice [295] as well as from human HCC
tissue and adjacent healthy tissue [393] were downloaded from the GEO repository. The data
sets were reanalyzed using the identical parameters employed for the analysis of the
polysomal profiling. As outlined in Table 3.2 C, the hepatic expression of genes regulated by
YY1 and FOXP3, E2F4, and NRF1 was significantly altered in healthy liver tissue from MIR122
knockout mice versus wild type control. Moreover, similar networks were enriched in HCC
specimen of MIR122 knockout mice compared to healthy liver tissue of matching wild-type
controls. In good agreement with this, re-analysis of transcriptome data from human HCC
tissue versus surrounding healthy liver tissue revealed that the expression of genes
downstream to FOXP3, NRF1, and YY1 was significantly enriched in tumor tissue (Table 3.2 D;
[393]). Based on these results, it is proposed that very similar regulatory networks are affected
in miR-122 depleted animals, in human HCC tissue and in the human hepatoma cell line Huh-7
following modulation of miR-122 levels with miRNA mimics or inhibitors. These data also
suggest that the regulation of transcription factor-driven networks may be partially conserved

across human and mice.

To further study the effect of miR-122 on the genes downstream to the
aforementioned transcription factors, mRNA levels of selected target gene candidates were
assessed in response to miR-122 overexpression (Figure 3.10). Overall the majority of genes
were found significantly or tendentially reduced at the mRNA level after miR-122 mimic
transfection. Using RNA22, numerous potential binding motifs were determined in the 3’UTRs
of the selected target gene candidates (Appendix Figure 7.3), encouraging the idea that
miR-122 may directly regulate these transcripts. Of note, among the putative target genes
identified by polysomal profiling included in this thesis, a few genes have already been
validated as direct miR-122 target genes. For instance, P4HA1 that encodes for the alpha-1
subunit of the prolyl 4-hydroxylase and that participates in collagen maturation is directly
downregulated by miR-122 in hepatic stellate cells, thus preventing excessive collagen
production [546]. A decline of miR-122 accompanied by an increase in PAHA1 at the mRNA

and the protein level was further observed in the liver of CCls-induced fibrotic mice [546].
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Taken together, the results obtained from polysomal profiling suggest that miR-122
regulates large networks comprising the genes downstream to the transcription factors YY1,
E2F4, FOXP3, and NRF1. Based on these data, it is hypothesized that miR-122 downregulation
as observed in patients with chronic liver diseases, together with a consequent dysregulation
of YY1, E2F4, FOXP3, and NRF1l-dependent transcription, may be one of the molecular
mechanisms linking miR-122 to the pathogenesis of liver diseases (Figure 4.1). Nevertheless,
future studies are required to elucidate the downstream networks of miR-122 in detail. It
would be of special interest to investigate which mechanisms drive the debalancing of the
miR-122 regulatory network. Furthermore, intensive work will be necessary to discriminate
which miR-122-responsive genes are directly targeted by miR-122 and which are deregulated

based on indirect mechanismes.

4.3 Direct targeting of disease-associated proteins by miR-122
The miRNA-mediated target gene repression results in the reduction of target protein. Since
the underlying mechanisms are diverse and may imply either a translational repression or the
degradation of messengers, miRNA target identification is hardly possible based only on
transcriptome analyses. Moreover, changes of the cellular transcriptome and the cellular
proteome may not be identical due to different kinetics underlying the synthesis as well as the
degradation of both, mRNA and protein [613]. To investigate the effects of miR-122
overexpression and miR-122 inhibition on the protein level of Huh-7, proteome analyses were
carried out in this study. Altogether 504 proteins were quantified in Huh-7 of which 133
proteins were inversely correlated with respect to the cellular levels of miR-122, meaning that
they were found in higher abundance in response to miR-122 inhibition or in lower abundance
after miR-122 overexpression (Figure 3.12 and 3.13). Of note, the comparison of microarray
data with proteome data revealed a partial overlap of the two approaches. For instance, the
miR-122-responsive proteins G6PDH, FBLIM1, LAMC1, SORT1, CLIC1, and SLC1A5 were also
identified as miR-122-responsive genes by microarray analyses conducted on polyribosomes
isolated from Huh-7 (Appendix Figure 7.6).

A Gene Ontology term enrichment analysis with regard to biological processes as well
as cellular components was conducted to gain insight into the functional consequences of
miR-122 deregulation (Figure 3.14 and Appendix Figure 7.4). The GO analysis of the identified

miR-122-responsive proteins suggested that overexpression of miR-122 downregulates
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proteins participating in glycolysis, and oxoacid metabolic processes. The latter includes all
processes involving keto acids such as pyruvate according to the Gene Ontology Browser [693].
These findings are in line with already known functions of miR-122, since miR-122 targets
glycolytic genes such as pyruvate kinase M2, aldolase A, or phosphofructokinase 2 [383].
Among the proteins found to be upregulated in miR-122 mimic transfected cells, an
enrichment for proteins of metabolic processes was noted. These data compare well with
previous studies showing a decline in hepatic fatty acid and cholesterol synthesis in miR-122
knockout animals [292, 694]. The GO enrichment analysis for terms regarding cellular
components revealed an involvement of miR-122-responsive proteins in the modulation of
mitochondria functionality or biogenesis. These findings are consistent with a recent
publication illustrating that miR-122 is crucial for the maintenance of mitochondrial metabolic
functions and that a reduction of miR-122 expression as found in HCC specimen heavily
impairs mitochondria integrity [319]. It was further demonstrated that the overexpression of
miR-122 downregulates proteins associated with extracellular vesicles and exosomes. Albeit
the implication of this finding remains elusive, it is interesting to note that levels of
extracellular miR-122 are upregulated in rat serum following partial hepatectomy and that
elevated serum levels of miR-122 are considered as promising biomarker for drug-induced

liver injuries and HCC in humans [695-697].

Next, the proteins with an inverse correlation with miR-122 levels were further
investigated as these encompass proteins that are potentially silenced by miR-122 through
direct interactions. Remarkably, among those 133 proteins, 73% were identified as predicted
miR-122 targets by the target prediction algorithm miRWalk. A substantial number of these
proteins has been described as dysregulated in the livers of patients with different types of
liver diseases, e.g. HCC (Table 3.4). For instance, kinesin family member 11 (KIF11) and the
centrosomal protein CEP55 which are involved in mitosis or in cytokinesis, respectively, are
significantly upregulated in HCC tissue compared to healthy liver tissue [614, 629]. Thymidine
kinase 1 (TK1), an enzyme participating in DNA synthesis expressed during the S phase of cell
division [698], is elevated in serum and in cancerous tissue of HCC patients [646, 647]. The
increase of serum TK1 levels is already detected at early clinical stage, making TK1 an
attractive biomarker for early diagnostic and prognosis of cancer progression [699, 700].
Moreover, the epidermal growth factor receptor (EGFR) substrate EPS15L1 (or EPS15R; [701])

was downregulated at the protein level in response to miR-122 overexpression in Huh-7 cells.
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EPS15L1 as well as the EGFR substrate EPS15 are concordantly induced in human HCC tissue,
probably via the action of HNF4a [618]. Niehof et al. hypothesized that EPS15L1 and EPS15
trigger receptor internalization of activated EGFR, thus increasing its recycling and turnover
and thereby amplifying EGFR-driven tumorigenesis [618, 702]. Furthermore, a number of
transporter proteins were identified as miR-122-responsive proteins. For instance, the
intracellular chloride channel 1 (CLIC1) was shown to act as oncogene by promoting cancer
cell proliferation [616, 703, 704]. Another member of the group of transporter proteins is the
neutral amino acid transporter SLC1A5 (ASCT2), an importer that preferentially uptakes
glutamine into cells [705, 706]. Glutamine is not only a substrate for protein synthesis, but
also a critical regulator of cell growth and proliferation [707]. The underlying mechanisms
mediating the proliferative effect of glutamine are highly diverse and embrace the induction
of volume-sensitive signaling cascades and of antioxidant defense strategies via glutathione
synthesis [707-709]. Therefore, the availability of glutamine may be an essential factor
determining the growth and the metastatic potential of cancer cells [707]. Besides glutamine,
rapidly dividing cancer cells consume great amounts of nucleosides for nucleic acid synthesis
and NADPH for oxidative stress defense. Remarkably, proteome analysis revealed an inverse
correlation between miR-122 and glucose-6-phophate dehydrogenase (G6PDH), the key
enzyme of the pentose phosphate pathway [651, 652]. The major products of this pathway
are ribose-5-phosphate, NADPH and glutathione, hence G6PDH is a crucial factor limiting the
nucleic acid synthesis and the oxidative stress defense [651, 652]. G6PDH is a well-known
oncogene and elevated G6PDH levels are observed in various cancer types, including breast,
lung, colon, and liver cancers [654, 710]. Notably, G6PDH has been proposed as therapeutic
target in HCC as suppression of G6PDH is sufficient to inhibit cancer cell migration and invasion

[622].

These data collectively indicate that miR-122 may modulate the expression of various
processes that, if unbalanced, may contribute to either cancer development or progression or
both, such as cytokinesis, signal transduction as well as cellular metabolism. This hypothesis
is strengthened by the observation that miR-122 overexpression results in the decline of
mRNA levels and partially of protein levels of the aforementioned target gene candidates
(Figure 3.16 and Figure 3.17). Reporter gene assays provide evidence for a direct interaction
of miR-122 with the 3°UTRs of human G6PDH, TK1, CLIC1, CEP55, KIF11 and SLC1A5

(Figure 3.19). These findings are in agreement with studies proposing SLC1A5 as miR-122
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target gene candidate [711, 712] and with a very recent publication validating G6PDH as direct
target of miR-122 in Huh-7 cells [713]. In contrast, albeit downregulation of EPS15L1 on mRNA
and protein levels was observed, and even though various predicted miR-122 binding motifs
were identified in the EPS15L1 3’"UTR (Figure 3.18), the luciferase assay did not confirm a direct
effect of miR-122 (Figure 3.19). However, it must be considered that the functional interaction
of miRNA-mRNA depends in part on the ratio of both components as well as the binding
affinity to one another [714, 715]. Since levels of target 3’"UTR sequences are relatively high
abundant in cells transfected with recombinant reporter plasmids, one could speculate that

efficient miR-122 repression of EPS15L1 3"UTR may require higher amounts of miR-122 mimic.

4.4 Possible implications of miR-122 mediated G6PDH regulation in hepatitis B virus
infections

Hepatitis B is a contagious liver disease with worldwide distribution. While the majority of
adults recover from acute hepatitis B infection, 5% are at risk of developing a chronic
manifestation of hepatitis B. The likelihood for a chronic hepatitis B (CHB) is strongly
correlated with young age at first exposure to the virus and HBV infections in early childhood
may become chronic in up to 90% of all cases [716]. CHB patients have a significantly elevated

probability to develop secondary chronic liver diseases such as cirrhosis and subsequently HCC
[717].

A growing number of evidence points to a virostatic effect of miR-122 on hepatitis B
replication in vitro and in vivo [315, 318, 319, 338, 339]. Different aspects of the antiviral effect
of miR-122 have already been described, such as the activation of p53 signaling pathways via
the suppression of Cyclin G1, or the induction of IFN signaling through silencing of SOCS3 [315,
344). However, the downregulation of hepatic miR-122 expression in CHB carriers suggest that
HBV is able to circumvent miR-122-mediated antiviral defense by decreasing miR-122 stability.
This is achieved by HBV through suppressing poly(A) polymerase Gld2 and by sequestering
miR-122 through binding to viral mRNA [338, 346, 348]. Moreover, independent studies have
shown that the viral HBx protein has the ability to amplify TGFB-induced signaling pathways
[718-720]. Liu and colleagues demonstrated that HBx protein triggers the proteasomal
degradation of protein phosphatase magnesium dependent 1A (PPM1A) which terminates
TGFB-dependent signaling cascades by dephosphorylating the effectors proteins SMAD2 and
SMAD3 [720]. Taken together with the observed TGFB-mediated downregulation of miR-122
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transcription in this study (Figure 3.24), it is now proposed that HBV-driven enhancement of
TGFpB1 signaling could be one of the factors contributing to miR-122 deficiency in the liver of
CHB patients (Figure 4.2). Furthermore, the downregulation of miR-122 may further amplify
TGFpB1 signaling, since miR-122 was shown to target TGFB1 or TGF receptor in mouse and
human (Figure 4.1 and Figure 4.2) [669].
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Figure 4.2: Proposed contribution of miR-122 in the pathogenesis of HBV-associated HCC. (I) Data
presented in this thesis indicate that miR-122 transcription is inhibited by TGFf1 and (ll) that miR-122
targets the oncogene glucose-6-phosphate dehydrogenase (G6PDH) mRNA. (lll) In HBV infected
hepatocytes, it was shown that the viral HBx protein enhances TGFB1 signaling [718—720], which may
result in depression of endogenous miR-122 in HBV infected hepatocytes. Through this mechanism,
HBx may indirectly downregulate miR-122 levels and reduce the antiviral effects of miR-122 [338, 346,
348]. (IV) The downregulation of miR-122 may release TGFS1 mRNA from miR-122-mediated
inhibition, thus amplifying TGFB1-dependent signaling cascades [669]. (V) It was reported that HBx
activates G6PDH expression via the induction of the transcription factor NRF2 [655]. (VI) The
upregulation of G6PDH enhances cell survival via the activation of anti-apoptotic proteins like Bcl2/
Bcl-xL and by accelerating the pentose phosphate pathway [651, 652, 721]. The downregulation of
miR-122 and the coincident upregulation of GGPDH may be one of the mechanisms promoting the
transformation of hepatocytes to a malignant phenotype.

The present study adds novel insights into the functional role played by miR-122 in the
regulation of G6PDH in CHB patients. In hepatocytes, the viral HBx protein triggers G6PDH
expression by induction of the transcription factor NRF2 [655]. The expression of G6PDH is
significantly elevated in the liver of CHB patients [655]. G6PDH is a well-known oncogene
which mediates metabolic changes observed in cancer cells via the activation of the pentose
phosphate pathway [651, 652]. In addition, an enhancement of G6PDH results in an increased
expression of anti-apoptotic factors including Bcl-2 and Bcl-xI [721], hence further promoting

cell growth and tumor development [721]. Therefore, G6PDH has been proposed as
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therapeutic target in HCC, since suppression of G6PDH is sufficient to inhibit tumor
progression [622]. In line with this, Dore et al. examined that G6PDH deficiency decreases the
risk for HCC development in humans [710]. Here, it was demonstrated that miR-122 levels
inversely correlate in tumor specimen of HCC patients with viral hepatitis B infection, whereas
no correlation was found in patients without viral infections (Figure 3.21). Furthermore,

G6PDH was shown to be a direct target of miR-122 (this study and [713]).

Taken together, the deficiency of hepatic miR-122 as observed in CHB carriers may be
another mechanism contributing to an increase of G6PDH levels in the liver of CHB patients.
As a possible consequence of G6PDH elevation, metabolic changes may be triggered which
participate in the early events of hepatocyte transformation and eventually increase the

likelihood for the development of HCC (Figure 4.2).

4.5 Outlook

In conclusion, the present study places miR-122 into a central position in the regulation and
fine-tuning of liver homeostasis. It is proposed that alterations in the signaling pathways
driven by cytokines and growth factors may be one of the factors contributing to miR-122
dysregulation. As a possible result, the decoupling of miR-122 from its regulatory networks
including those controlled by YY1, FOXP3, NRF1, and E2F4 may be one of the molecular
mechanisms participating in the complex cellular changes that are involved in the
pathogenesis of chronic liver diseases. The work presented in this thesis provides new insights
into the molecular mechanisms governing the transcription of human MI/R122 and the
potential consequences for the liver function that may result from alterations of hepatic
miR-122 levels. Yet, more work is required to understand the effects of miR-122 in the liver
and the contribution of miR-122 dysregulation at the onset of liver disease. Specifically, it
would be necessary to develop experimental models dedicated to evaluate how the
biogenesis of miR-122 is affected during the pathogenesis of chronic liver diseases. In addition,
new studies and methodological approaches would be required to elucidate in detail the

effects of alterations of miR-122 levels on the hepatic homeostasis.
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A) Intersection between predicted miR-122 target genes (miRWalk) and genes whose
mRNAs were found associated to lighter polysomes in miR-122 overexpressing Huh-7 cells
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B) Intersection between predicted miR-122 target genes (miRWalk) and genes whose
mRNAs were found associated to heavier polysomes in miR-122 depleted Huh-7 cells
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C) Intersection between predicted miR-122 targets (miRWalk) and genes whose mRNAs
were found downregulated in polysomal pools in miR-122 overexpressing compared to
miR-122 depleted Huh-7
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Figure 7.1 Intersection between predicted miRNA target genes and genes regulated on polysomes
upon miR-122 overexpession or inhibition. Venn diagrams illustrate the number of genes whose
transcripts were found significantly regulated in polysomes isolated from Huh-7 cells treated with
miR-122 mimic or miR-122 inhibitor. A) Genes associated with lighter polysomes in miR-122
overexpressing cells. B) Genes associated with heavier polysomes in miR-122 inhibitor transfected
cells. C) Genes with lower abundance in polysomal pools when comparing miR-122 mimic to miR-122
inhibitor transfected cells.
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Figure 7.2 Quantitative analysis of cellular miR-122 levels in antagomiR-122 transfected Huh-7 cells.
Huh-7 cells were transfected with antagomiR-122 for 48 h. Control cells were mock-transfected in
absence of miR-122 inhibitor. Following RNA isolation, miRNAs were quantified by miQPCR. Levels of
miR-122 were normalized to miR-192 for each sample and are displayed as fold change (+ standard
error of the mean [SEM]) relative to control of 4 independent experiments. Asterisks indicate
significant differences to control (student’s t-test with significance level *** p < 0.001).
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Figure 7.3 Binding site analysis of miR-122 target gene candidates identified by polysomal profiling.
RNAZ22 identified several miR-122 MREs in the 3’"UTRs of human miR-122 target candidates. Blue lines
indicate predicted base pairing between miRNA and target sequence, dashed blue lines indicate
weaker hydrogen bonds between the nucleobases. The seed sequence of miR-122 is illustrated in grey
boxes and nucleic acids are displayed with red font.
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Figure 7.3 continued
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Figure 7.3 continued
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Figure 7.3 continued
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Figure 7.3 continued
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A) GOrilla analysis for biological processes
(miR-122 vs. scrambled)

purine ribonucleoside monophosphate metabolic process
purine nucleoside monophosphate metabolic process
nucleoside phosphate biosynthetic process

nucleoside phosphate metabolic process

nucleoside monophosphate biosynthetic process
nucleoside monophosphate metabolic process

cellular process

small molecule metabolic process
primary metabolic process

organic substance metabolic process
cellular metabolic process

upregulated downregulated

metabolic process

50 0 50 100 150 200 250 300 350 400
Number of regulated proteins

B) GOrilla analysis for biological components
(miR-122 vs. scrambled)

cytoplasmic part
vesicle

ﬁﬂ

=

extracellular exosome
extracellular vesicle

cytosol

extracellular organelle
mitochondrion

mitochondrial part

organelle
membrane-bounded organelle
organelle part

intracellular organelle part

=

s

|i|

upregulated downregulated

100 50 0 50 100150200 250 300 350400
Number of regulated proteins

Figure 7.4 Gene Ontology analysis of significantly regulated proteins in miR-122 overexpressing
(mimic) versus scrambled control cells. GOrilla GO enrichment tool was utilized to investigate the six
most significantly depleted (green) and enriched (red) GO terms. Numbers of proteins associated with
a given term are illustrated in green (downregulated term) and red (upregulated term). A) GO analysis
with respect to biological processes. B) GO analysis with an emphasis on cellular components.
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ECR alignment of human MIR122 promoter and flanking sequence
Chr18: 56,112,999 - 56,113,659 (human assembly GRCh37)

MIR122 promoter

(~651 bp)
J

I

' = x Mouse

- M= Rat

. #€ = Macaque
‘ .‘ Chimpanzee

Highest
Conservation
(~180bp)

Figure 7.5 Sequence conservation of human MIR122 promoter constructs and flanking sequence. The
MIR122 promoter was identified by Li et al. [119]. Evolutionary Conservation of Genomes (ECR)
Browser was used to align the human MIR122 promoter and flanking sequence to the mouse (assembly
mm10), rat (assembly rn4), macaque (assembly rheMac2), and chimpanzee (assembly panTro3)
genome. The section illustrated above shows the human genomic location 56,112,999 — 56,113,659
on chromosome 18 (release GRCh37/ hg19).
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A) Intersection between proteins inversely correlated with miR-122 and genes whose
mRNAs were found associated to lighter polysomes in miR-122 overexpressing Huh-7 cells
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B) Intersection between proteins inversely correlated with miR-122 and genes whose
mRNAs were found associated to heavier polysomes in miR-122 depleted Huh-7 cells
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C) Intersection between proteins inversely correlated with miR-122 and genes whose
mRNAs were found downregulated in polysomal pools in miR-122 overexpressing
compared to miR-122 depleted Huh-7
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Figure 7.6 Intersection between proteins inversely correlated with miRNA levels and genes regulated
on polysomes upon miR-122 overexpession or inhibition in Huh-7 cells. Venn diagrams illustrate the
number of genes whose transcripts were found significantly regulated in polysomes isolated from
Huh-7 cells treated with miR-122 mimic or miR-122 inhibitor (microarray) and the 133 proteins
identified as inversely correlated with miR-122 levels (proteomics). A) Genes associated with lighter
polysomes in miR-122 overexpressing cells. B) Genes associated with heavier polysomes in miR-122
inhibitor transfected cells. C) Genes with lower abundance in polysomal pools when comparing
miR-122 mimic to miR-122 inhibitor transfected cells.
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