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Zusammenfassung

Zusammenfassung

Leberzellen sind durch ihre kritische anatomische Lage mit dem PortalgefaBsystem und dem
restlichen Blutkreislauf in stetiger Verbindung. Folglich sind sie groBen Konzentrations-
verdnderungen von geldsten Stoffen wie Aminosduren, Gallensauren und Glukose
ausgesetzt. Die geldsten Stoffe erzeugen einen osmotischen Gradienten und induzieren eine
transmembrane Wasserbewegung. Damit das urspriingliche Zellvolumen wiederhergestellt
werden kann, erfolgt eine adaptive Reaktion, welche eine passive Wasserbewegung induziert.
Veranderungen des Zellvolumens sind wichtige Regulatoren von Zellfunktionen und der damit
einhergehenden Genexpression. Sie kdénnen als eine Art Transmitter als Reaktion auf
verschiedene Stimuli, wie die durch die Hormone Insulin und Glukagon, wirken.
Zellvolumenanderungen durch eine Verschiebung der Osmolaritét treten auch bei einer
Vielzahl von Krankheiten auf, wie der Leberzirrhose und der hepatischen Enzephalopathie.
Der mechanische Stimulus, welcher auf die Leberzellen durch Hypoosmolaritat ausgelbt wird,

tritt ebenfalls bei regenerativen Prozessen in der Leber auf.

In der Vergangenheit konnte gezeigt werden, dass eine Zellschwellung, welche durch
Hypoosmolaritat induziert wird, zu einer erhéhte Zellproliferation fuhrt. Mit dem Ziel, eine
Beteiligung von microRNA Prozessen zu identifizieren, welche durch Zellschwellung induziert
werden, wurden Leberperfusionen durchgefuhrt. AnschlieBend wurden diese Uber
Transkriptomanalysen und quantitativer PCR untersucht. In der vorliegenden Doktorarbeit
konnten spezifische Veranderungen auf Transkriptomebene als eine direkte Reaktion auf
Hypoosmolaritat gezeigt werden. Weiterhin konnte die microRNA miR-141-3p als eine
osmotisch sensitive microRNA identifiziert werden. Durch die Bindung an die 3'UTR der mRNA
von spezifischen Genen, wie der Cyclin-abhdngigen Kinase 8 (Cdk8), ibt miR-141-3p einen
antagonistischen Effekt auf Prozesse wie die Zellproliferation aus. Eine Untersuchung von
isolierten primaren Hepatozyten zeigte ebenfalls eine Heraufregulation der miR-141-3p nach
einer Zellschwellung. Durch Inhibitor-Perfusionen konnte nachgewiesen werden, dass
miR-141-3p Uber den MAP-Kinase-Weg durch die Kinasen Erk-1/2 und p38MAPK reguliert wird.
Weiterhin konnte eine Beteiligung der miR-141-3p und deren Zielgen Cdk8 an regenerativen

Prozessen der Leber nach einer partiellen Hepatektomie nachgewiesen werden.

Die vorgelegte Arbeit weist der microRNA miR-141-3p eine mdgliche Schllsselrolle bei der
Zellproliferation zu. Die hier aufgezeigten Befunde legen die Vermutung nahe, dass
miR-141-3p durch die Modulierung von spezifischen Zielgenen eine Terminierung von
proliferativen Effekten hervorruft, um die Zelle vor einer mdglichen Entstehung eines
hepatozellularen Karzinoms (HCC) zu bewahren.

Vi



Summary

Summary

Liver cells are connected to the portal vasculature and the rest of the bloodstream by their
critical anatomical location. Consequently, they are exposed to large concentration changes
of solutes such as amino acids, bile acids, and glucose. These solutes create an osmotic
gradient which induces transmembrane water movement. In order for the original cell volume
to be restored, an adaptive response occurs that induces passive water movement. Alterations
of cell volume are important regulators of cell function and associated gene expression. They
can act as a type of second messenger in response to various stimuli, such as those produced
by hormones like insulin and glucagon. Cell volume changes due to a shift in osmolarity also
occur in a variety of diseases, such as liver cirrhosis and hepatic encephalopathy.

In the past, it has been shown that cell swelling induced by hypoosmolarity leads to increased
cell proliferation. With the aim to identify an involvement of microRNAs in processes induced
by hypoosmolarity, liver perfusions were performed and subsequently investigated via
transcriptome analyses and quantitative PCR. In the present PhD thesis, specific changes at
the transcriptomic level as a direct response to hypoosmolarity were shown. Furthermore, the
microRNA miR-141-3p was identified as an osmotically sensitive microRNA. By binding to the
3'UTR of the mRNA of specific genes, such as cyclin-dependent kinase 8 (Cdk8), miR-141-3p
exerts an antagonistic effect on processes such as cell proliferation. An examination of isolated
primary hepatocytes also showed upregulation of miR-141-3p under hypoosmolarity. Inhibitor
perfusions demonstrated that miR-141-3p is regulated via mitogen-activated protein kinases
Erk-1/2 and p38MAPK, Furthermore, miR-141-3p and its target gene Cdk8 were shown to be
involved in the regenerative process of the liver after partial hepatectomy was conducted.

Taken together, the present study assigns a possible key role to the microRNA miR-141-3p in
cell proliferation. The findings revealed here suggest that miR-141-3p induces termination of
proliferative effects by modulating its specific target genes to protect the cell from possible
hepatocellular carcinoma (HCC) development.

VI



1. Introduction

1. Introduction

The liver forms the main organ for the metabolism in mammalian organisms. Numerous
physiological processes take place in the liver, including macronutrient metabolism, immune
system support, blood volume regulation and the detoxification of compounds by removing
xenobiotics through metabolic conversion and biliary excretion [1,2]. The liver is also a main
regulator of metabolic homeostasis, since it is responsible for the synthesis, storage and
redistribution of nutrients, carbohydrates, fats and vitamins [2]. The ability of the liver to store
glucose in the form of glycogen and to recover glucose back via the gluconeogenic pathway
is one critical function which provides the energy for the aforementioned processes [3].
Oxidizing and storing of excess lipids in other tissues, such as adipose, is also an important
function which is controlled by the liver [4,5]. The cell types residing in the liver are of different
embryological origin and include hepatocytes, which make up 60% to 70% of the liver cell
population, and 90% of total liver mass [6]. Non-parenchymal cells, like endothelial cells,
Kupffer cells, biliary epithelial cells (cholangiocytes), lymphocytes and hepatic stellate cells
account for 25% to 40% of the total liver cell population, or 10% of total liver mass [7]. The
second most abundant cell population of the liver represent cholangiocytes, as they form the
lining in the lumen of the bile ducts [8]. Hepatic stellate cells constitute a dynamic cell
population, which exist in an activated or quiescent state. In their quiescent state, stellate cells
store vitamin A in lipid droplets and are located on a basement membrane-like structure in the
so called ‘space of Disse’[9,10]. Each of these aforementioned cell types have unique
functions, which cooperatively regulate hepatic functions. A broad range of metabolic functions
are directly affected by cell volume changes, e.g. glycogen synthesis [11-14], glycolysis [15],
proteolysis [16—18], glutamine breakdown [19], urea synthesis [19—21] and lipogenesis [14].
Hepatocellular hydration state also affects protein synthesis, whereas cell shrinkage inhibits,
but cell swelling stimulates protein synthesis [22,23]. Cell swelling is considered as an anabolic
signal, while cell shrinkage leads to a catabolic signal, stimulating protein breakdown under
the premise that the proteolytic activity is not already at full capacity [16,24—26]. There is a
close relationship between hepatocellular hydration and autophagic proteolysis in the liver,
whereas an increase in cellular hydration by 1% inhibits proteolysis by roughly 2% [25,27].

1.1.1 Mechanisms of cell volume control

Cell volume is determined by intracellular osmolarity and extracellular tonicity, whereas
changes in cell volume are usually initiated by fluctuation in intracellular or extracellular
osmolarity. These changes are always associated with diffusion of water molecules across the
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cell membrane (J,), which in turn is driven by a hydrostatic (Ap) and osmotic (Ax) pressure

gradient.

Both pressure gradients depend on the hydraulic conductivity of the cell membrane (Lp):
Jv= Lp(Ap - AR)

Most cells can counteract volume perturbations. This behavior is characterized by a regulatory
cell volume decrease (RVD), or a regulatory volume increase (RVI), as shown in Figure 1.1.
However, the hydration state of cells controlled by RVD or RVl may not completely reconstitute
the original hydration state. Therefore, cells are left in a slightly swollen or shrunken state [28].

A RVD B RVI
(hypoosmolarity) (hyperosmolarity)

Na*

CI

Figure 1.1 Mechanisms underlying regulatory cell volume decrease (RVD) and regulatory cell
volume increase (RVI) following hypoosmotic and hyperosmotic exposure in hepatocytes.
(A) Mechanism of RVD: activation of both K* and CI- channels resulting in K*/CI- symport out of the cell.
(B) Mechanism of RVI: parallel activation of Na*/H* exchange and CI/HCOs™ antiport. Activation of RVI
results in a net export of H* and HCO  ions, while Na* and CI- are imported. (Modified and adapted
from [28]).

Responsible mechanisms for RVD and RVI differ among cell types and species, but generally
involve the recruitment of ion transport systems into the plasma membrane [28—-30]. RVD in
rat liver is mainly accomplished by the release of cellular potassium, chloride and bicarbonate
ions into the extracellular space [31-35], followed by an activation of K* channels together with
anion channels [36]. Rat hepatocytes under the influence of cell swelling open non-selective
cation channels, which allow a cellular intake of for instance Ca?*ions [37], that results in an
activation of Ca?*-sensitive K* channels [38]. However, it is still under debate if hypoosmotic
hepatocyte swelling increases intracellular Ca%+ ion concentrations [25], since Ca?+-activated
K+ channels are not solely responsible for RVD. In contrast, in human lymphocytes, cell
swelling is not associated with an intracellular accumulation of Ca2* ion concentrations [39].

2
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There are also K* channels in isolated hepatocytes which do not require an enrichment of

intracellular Ca?* [40], but are rather activated by cell membrane stretching [41].

Under hyperosmotic conditions, RVI is initiated by simultaneous activation of Na*/H* and
CI/HCOs exchangers. In an experimental model of perfused rat livers, hyperosmotic exposure
leads to a cellular K+ uptake which leads to RVI[33,35]. Besides cell volume regulation by ionic
mechanisms, some cell types release or accumulate organic compounds in response to cell
swelling or cell shrinkage. These organic compounds, so-called ‘organic osmolytes’, do not
interfere with protein function even at high intracellular concentrations [42—44], e.g. inositol
and sorbitol [45,46], methylamines (betaine and a-glycerophosphocholine [47,48]), and certain
amino acids (taurines [49,50]). These osmolytes are able to create osmotic gradients in the

extracellular fluid of up to 1000 mmol/L [43].

1.1.2 Liver cell hydration

Changes in ambient osmolarity, increased amino acid uptake, hormone-induced or
toxin-induced ion fluxes across the plasma membrane have a direct impact on the liver cell
hydration [28,51,52]. The diffusion of water molecules across the cell membrane is largely
dictated by the osmotic pressure gradients [53-56], whereas an imbalance of intracellular and
extracellular osmolarity is compensated by diffusion of water molecules across cell
membranes. These changes in cell hydration, when inside a narrow physiological range, occur
within minutes and directly affect protein and carbohydrate metabolism and gene expression.
Despite the activity of cellular volume regulation mechanisms, these regulations are not
designed to maintain absolute cell volume constancy, but are rather intended to dampen the
effect of hazardous cell volume deviations which would result from cumulative substrate uptake
[57] or as a result of diseases [58—60]. Hormones, e.g. insulin, are potent modulators of liver
cell volume and impact volume-regulatory mechanisms, while creating a strong signal for
cellular metabolism and gene expression [15,28]. For instance, insulin can stimulate the
mitogen activated protein (MAP) kinase cascade through a tyrosine receptor-activated
signaling cascade. Following a series of protein phosphorylation, membrane ion transporters
such as Na*/H* antiporter and the basolateral Na/K-2Cl symporter (solute carrier family 12
member 2 (Slc10a2)) are activated which, subsequently, results in hepatocyte swelling as

described in section 1.1.1 [61].

1.1.3 Cell hydration modulates cell signaling function

Detection of changes in cell volume (the so called “osmosensing”) and how this information is
transmitted and finally results in altered hepatocyte function (known as “osmosignaling”), have
been in the spotlight of research for many years. In the past, macromolecular crowding
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(meaning the accumulation of proteins) [62,63], stretch-activated ion channels [64], and
histidine kinases were investigated, that might act as potential osmosensors [65]. In
hepatocytes, asBi-integrins were identified as osmosensors [66]. The asBi-integrins are
predominantly localized in the plasma membrane and are activated in response to
hypoosmotic or insulin-induced hepatocyte swelling [67—69]. asBi-integrins mediate cell-cell
and cell-extracellular matrix interactions. The integrin-mediated activation of downstream MAP
kinases can be fully inhibited by the addition of integrin-inhibitory peptides [70]. Subsequent
downstream metabolic events, like the stimulation of bile formation or the inhibition of
proteolysis, which are otherwise triggered by hypoosmotic cell swelling, remain inactive in
presence of integrin-inhibitory peptides. Studies confirmed that these peptides prevent
integrins from binding to tripeptide Arg-Gly-Asp attachment sites (RGD) of extracellular matrix
proteins, such as fibronectin, laminin, and collagen [71-73]. This impairment prevents the
dynamics of integrin/matrix interactions, which are needed for effective osmosensing and the
conversion of mechanical force into biochemical signals, called ‘mechanotransduction’ [74].
Downstream osmosignaling involves the activation of the focal adhesion kinase p125FAK (FAK)
[75,76], c-Src, the epidermal growth factor receptor (EGFR), and the mitogen-activated protein
kinases Erk (Erk-1 and Erk-2) and p38MAPK [66,77,78], as depicted in Figure 1.2. This signaling
pathway mediates RVD and inhibits proteolysis, while p38MAPK gctivation is required for
choleresis [66,79-81]. Cell proliferation has also been shown to correlate with an increase in
cell volume [68,82]. Hepatocyte shrinkage, however, leads to an accumulation of reactive
oxygen species (ROS) and triggers proapoptotic signaling via a short-term activation of the
CD95 death receptor as illustrated in Figure 1.2 [28,51]. In hepatocytes, cell shrinkage induced
by hyperosmolarity triggers an increase of the intracellular chloride concentration and a
volume-regulatory uptake of K*, Na*, CI- into the cell [52,83]. Accumulation of chloride ions in
the cytosol directly activates the vacuolar H*-ATPase, which results in an endosomal
acidification [84]. This acidification leads to an activation of acidic sphingomyelinase, paralleled
by a ceramide formation which increases the activation of NADPH oxidase (NOX) [85]. As a
byproduct of NOX activity, ROS were identified to trigger activation of c-Jun N-terminal kinase
(JNK) and the Src family kinase members Fyn and Yes [86,87]. This signaling pathway also
induces the proapoptotic microRNA family 15/107 [88]. Cholestasis is triggered by
hyperosmotic activation of Fyn due to retrieval of the bile salt export pump (Bsep) and multidrug
resistance associated protein 2 (Mrp2) from the canalicular membrane [86], while
sodium/taurocholate co-transporting polypeptide (NTCP) is recovered from the sinusoidal
membrane [87]. The proapoptotic state of the hepatocyte is triggered by the activation of Yes
and JNK and downstream CD95 activation [89,90].
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hepatocyte hepatocyte
swelling shrinkage

proliferation A \

inhibition of proteolysis cholestasis
choleresis @

apoptosis

Figure 1.2 Osmosignaling in response to hypoosmotic cell swelling and hyperosmotic cell
shrinkage in hepatocytes. (Left) Cell swelling in hepatocytes is sensed by transmembrane adhesion
receptor asB1-integrins through a mechanical stimulus. Signaling is transduced via focal adhesion kinase
(FAK) and c-Src into p38MAPK activation, which results in proliferation, inhibition of proteolysis and
choleresis. (Right) Cell shrinkage is accompanied by increase of the intracellular CI ion concentration.
Activation of the vacuolar H*-ATPase triggers a cytosolic acidification, enabling phosphorylation of
p47°Phox a regulatory subunit of NADPH oxidase (NOX). This results in the formation of reactive oxygen
species (ROS), which triggers JNK and downstream epithelial growth factor receptor (EGFR) activation.
Cell death 95 (CD95) tyrosine phosphorylation by EGFR activates the death-inducing signaling complex
leading to apoptosis. (Modified from [91,92]).

1.1.4 Cell swelling and proliferation

Osmotic cell swelling is linked to an accelerated cell proliferation [93], whereas hypertonic
shrinkage inhibits cell proliferation [94—97]. In fibroblasts, Ras oncogene expression is
accompanied by accumulation of intracellular Na* ions and export of H* ions out of the cell
which ultimately leads to an increased cell volume [98—100]. This increase in cell volume is
related to fluctuations of intracellular Ca?* ion concentrations [101]. These fluctuations in
intracellular Ca?* ion concentration cause a transient shrinkage, due to the activation of Ca?*-
sensitive potassium channels [102,103].

However, this process is followed by a sustained increase of cellular volume, due to a
depolymerization of actin filaments, since the end of actin filaments are modified by

5
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Ca?*-dependent gelsolin complex [101,104,105]. Na*/H* ion exchange accelerates Ras
oncogene expression, which in turn initiates cell proliferation [100,106,107]. However, in
certain cases, inhibition of the Na*/H* exchanger was not found to impede with cell proliferation,
indicating that the activity of ion channels and transporters is not a prerequisite for
swelling-induced cell proliferation [108—110]. Erk-1 and Erk-2, are both proteins which are
involved in cell cycle regulation and activated by cell swelling [111]. Erk-1 and Erk-2 share a
similarity of 84% in their amino acid sequence and also share a functional similarity [112],
hence they are usually referred to as Erk-1/2.

1.1.5 Proliferation of hepatocytes in liver regeneration

Adult hepatocytes normally do not undergo cell division but still maintain the ability to proliferate
in response injuries or infections. Removal of two thirds of the liver results in the enlargement
of the remaining liver until the original liver mass is restored as shown by Higgins and Anderson
in 1931 [113]. However, the word ‘regeneration’ can be falsely interpreted, since the severed
liver lobes do not grow back, but instead are replaced in a hyperplastic response by the
remaining liver cells. Once the original mass of the liver, adjusted and determined by the
demands of the organism, is restored, proliferation stops. The three phases of liver
regeneration consist of: priming stage, proliferative phase, and termination phase. In rats which
were subjected to partial hepatectomy (PHXx), the rate of DNA synthesis in hepatocytes is
increased after 12 h and peaks around 24 h [114]. During this time point, hepatocytes enter
the S phase of the cell cycle, whereas Kupffer and biliary epithelial cells start at around 48 h
after PHx. The biggest part of the increase in liver mass occurs 3 days after PHx and is
completed after 5 to 7 days[115]. During liver regeneration, liver cells endure both
compression and stretching, whereas cell division is accompanied by cell swelling [91,92].
These processes and signal mediations also share the same pathway which are triggered by
activation of asBs-integrins [69,91,116].

1.1.6 Cell hydration affects gene expression

Cell swelling and shrinkage influence the expression of a broad range of genes. In hepatocytes
subjected to hypoosmolarity, genes which are relevant for cell structure like tubulin ( Tubb) and
B-actin (Actb) are upregulated, whereas the tumor necrosis factor (TNF-a) is downregulated
[117-119]. The involvement of genes which participate in the structural integrity of cells, point
towards an involvement of the cytoskeleton in the molecular response to cellular hydration
[120]. A variety of genes encoding for heat shock proteins, that serve to stabilize other proteins
and that counteract the effects of increased extracellular salt concentrations, are upregulated
under cell shrinkage, e.g. genes encoding for heat-shock protein 70 (Hsp70) and heat-shock
transcription factor 1 (Hsf1) [121-123].
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1.1.7 Metabolic pathways affected by cell volume

Hormones can serve as mediators, which trigger volume regulatory mechanisms to exert their
sustained effects on cellular metabolism. For example, insulin and glucagon can impact the
cellular volume, thereby influence cell metabolism. Insulin has a direct effect on liver cell
volume and triggers a variety of metabolic functions, i.e. protein and glycogen synthesis, while
protein and glycogen degradation are inhibited [15,66,78]. In perfused rat livers,
insulin-induced cell swelling can be counteracted by the addition of glucagon. As a major
hormonal regulator of glucose metabolism, glucagon decreases cellular K+, Na*, and ClI- ion
concentrations by opening responsible ion channels and, thus, leading to cell
shrinkage [124,125]. However, glucagon and other Ca?*-mobilizing hormones also act as
modulators of mitochondrial matrix volume, whereas cytosolic and mitochondrial water spaces
are inversely affected. For example, liver cells exposed to glucagon undergo cell shrinkage but
simultaneously have swollen mitochondria [126].

Nutrients were also shown to impact cellular hydration state, resulting in the alteration of
protein, glycogen, and lipid metabolism. For instance, addition of glutamine and glycine to rat
liver perfusion media resulted in cell swelling to the same extent as under the influence of
hypotonic media, whereas both conditions resulted in an inhibition of proteolysis [16]. Other
amino acids, e.g. phenylalanine, proline, alanine, and serine also exert an anti-proteolytic
effect which is accompanied by cell swelling [127-129]. For example, in rat hepatocytes uptake
of L-alanine occurs through a secondary active transport system coupled with Na* ions [130].
Cellular accumulation of the Na* ions and alanine concentrations result in an osmotic driving
force which causes cell swelling [131]. However, macromolecular synthesis and breakdown
are not the only processes that are affected by the alteration of cell volume. In hepatocytes,
the information on metabolic effects, which originated by modifications of cellular volume, have
also been studied extensively [132—135].

1.1.8 Effect of cellular hydration on bile acid secretion

Several cellular functions, such as bile acid secretion, are controlled by the hepatocellular
hydration state. Conjugated bile acids are transported across the canalicular membrane by
Na*-dependent transporters (e.g. sodium-dependent bile salt transporter (Asbt, Slc10a2))
[136,137]. The canalicular excretion is predominantly accomplished by an ATP-dependent
transport system and is thought to be the overall rate-controlling step for transcellular bile acid
transport. In perfused rat livers, the rate of transcellular taurocholate transport critically
dependents on the hydration state of the hepatocyte [138,139]. Regardless of whether cellular
volume is altered by ambient osmolarity or influenced by amino acid uptake, taurocholate
excretion is inhibited by cell shrinkage but stimulated by cell swelling [138]. Here, an increase
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of the hepatocellular hydration of 10% roughly doubles the bile salt excretory capacity within
minutes [140]. However, this increase is not tied to changes in cellular ATP content, but can
be extinguished in the presence of colchicine which induces the disassembly of a-tubulin [24].
This effect ultimately leads to the depolymerization of the microtubule network. This points
towards a requirement for intact microtubules and suggests that the microtubule network is
required for the interaction between cellular hydration and taurocholate excretion into bile and
can be disrupted by colchicine [31,51,141]. Rapid changes in taurocholate secretion can be
partially explained by a microtubule-dependent insertion or retrieval of canalicular bile acid
molecules into or from the canalicular membrane [31,136,138,141].

1.2 The discovery of microRNAs

As a revolutionary discovery in the field of molecular biology, the first microRNA (miRNA) lin-4
was discovered in 1993 in Caenorhabditis elegans by the groups of Ambros and
Ruvkun [142,143]. Several years earlier, lin-4 gene was already characterized by the Horvitz’s
lab, where they discovered lin-4 as one of the genes that regulate temporal development of
C. elegans larvae [144]. In 1987, Horvitz's lab discovered a mutation in /in-4, that had an
opposite phenotype to a mutation in another gene, called /in-14[145,146]. Ambros and Ruvkun
later discovered that lin-4 is not a protein-coding RNA, but rather a small so called ‘non-coding
RNA'’ [147,148]. It was discovered that lin-14 is downregulated post-transcriptionally through
its 3’ untranslated region (UTR) and that lin-4 has a complementary sequence to that of the
3'UTR of lin-14 mRNA [149]. It was then proposed that /in-14 is regulated by lin-4 at the
post-transcriptional level [150]. Since then, new miRNAs are still being discovered [151] and
have been detected in nearly all animal model systems, while some were also shown to be
highly conserved across species [152—154]. Being recognized as regulators of gene
expression, miRNAs are short non-coding RNAs, with roughly 22 nucleotides in length.
miRNAs are transcribed from DNA sequences into primary miRNAs transcripts (pri-miRNAs),
are then processed into precursor miRNAs (pre-miRNAs), and finally into mature miRNAs. In
most cases, interaction with the 3’'UTR of target mRNAs is established and results in a
post-transcriptionally suppressed mRNA [155]. It has also been reported, that interaction of
miRNAs occur with other regions, including the 5’UTR, coding sequence and even with gene
promoters [156]. Under certain conditions, miRNAs were also shown to activate gene
expression [157]. Furthermore, recent studies have suggested that miRNAs are conveyed
between different subcellular compartments to control the rate of translation and even
transcription [158]. Many studies also detected extracellular miRNAs in biological fluids such
as plasma/serum [159,160], cerebrospinal fluid [161], saliva [162], and breast milk [163].
However, the exact functions of extracellular miRNAs are still awaiting further analyses.
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1.2.1 Biogenesis of miRNAs

The miRNA biogenesis starts with the synthesis of the transcripts by RNA polymerase Il or IlI
[164]. Depending on their genomic position, miRNAs can be classified into intragenic and
intergenic miRNAs [165,166]. For example, intragenic miRNAs, embedded within exons or
introns of protein coding genes on the same strand, are believed to be co-regulated with their
host genes by RNA polymerase Il. Intergenic miRNAs, which are located between genes, have
their own RNA polymerase Il or lll promoters. However, recent studies revealed that intragenic
and even intronic mMiRNAs are not always co-transcribed with their host genes [167,168]. Some
miRNAs are also co-transcribed from a single, long transcript, called clusters. These clusters
may have similar ‘seed regions’ (between nucleotides 2-8 from the miRNA 5’-end), and in this
case they are considered as a family [169].

1.2.2 The canonical pathway

The canonical pathway, as illustrated in Figure 1.3, is the dominant pathway by which miRNAs
are processed. The pri-miRNAs are processed into pre-miRNAs by the microprocessor
complex. Main components of the microprocessor complex consist of an RNA binding protein
DiGeorge Syndrome Critical Region 8 (DGCR8) and a ribonuclease Ill enzyme, Drosha [170].
DGCRS is responsible for the recognition of N6-methyladenylated GGAC and other motifs
within the pri-miRNA [171], while the pri-miRNA duplex is cleaved by Drosha at the base of the
unpaired RNA loop, a secondary structure which constitutes a hairpin [172]. This cleavage
results in a 2-nucleotide overhang at the 3’-end of the pre-miRNA which is necessary for the
binding to the nuclear transporter protein exportin-5 (XPO5)/RanGTP complex. Once the pre-
miRNA is exported out of the nucleus, it is processed by the RNAse Ill endonuclease Dicer in
the cytoplasm [170,173,174]. During this process the terminal loop is removed, resulting in a
mature miRNA duplex [175]. Depending on the orientation of the mature miRNA strand relative
to the position within the pri-miRNA transcript, the name of the mature miRNA is determined.
The 5p strand is located near the 5" end of the pri-miRNA hairpin and the 3p strand near the
3’ end. Both strands can be recruited into the Argonaute (AGO) family of proteins, which
requires the assistance of heat shock proteins such as HSP90 or HSP70, in an ATP-dependent
manner [176,177]. The mechanisms behind the selection of the mature miRNA is different
among AGO proteins, while the strand which is loaded into AGO is referred to as the ‘guide
strand’. The unloaded strand, which is called the ‘passenger strand’, is unwound. AGO2 may
cleave passenger strands of miRNAs which contain no mismatches to the guide strands and
initiate the degradation of the passenger strand by the cellular machinery. miRNA duplexes
with central mismatches or non-AGO2 loaded miRNAs may be unwound and further
degraded [164].
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Figure 1.3 MicroRNA biogenesis and mechanisms of action. Canonical miRNA biogenesis starts
with the pri-miRNA transcription by RNA polyemrase Il or lll. The microprocessor complex, consisting
of Drosha and DGCR8 produces the precursor-miRNA (pre-miRNA) by cleaving the stem sequence of
the pri-miRNA. The pre-miRNA is then exported into the cytoplasm via exportin-5 and processed by the
RNase Dicer to produce the mature miRNA duplex. Afterwards, the 5p or 3p strands of the mature
miRNA duplex may be loaded into Argonaute (AGO) family proteins to form the miRNA-induced
silencing complex (miRISC).

1.3 miRNA-mediated gene silencing

The guide strand of the mature miRNA and AGO proteins form the minimal miRNA-induced
silencing complex (miRISC) [178]. Due to its interaction with the complementary sequences
on target mRNA, the target specificity of miRISC is determined. The target site on the mRNA
which is recognized by the miRNA is called miRNA response elements (MRESs). In most cases,
a functional miRNA-MRE interaction is established by formation of hydrogen bound between
the 5’ sequence of the miRNA, the so called ‘seed region’ (between nucleotides 2-8) and the
mRNA [179,180]. Aiding the stability, additional paring at the 3’-end of the miRNA increase the
binding capacity of the miRNA target interaction [156]. Depending on the degree of MRE
complementarity to the miRNA, a miRISC-mediated translational inhibition with further target
mRNA decay or an AGO2-dependent slicing of target mRNA is determined [181]. Target
MRNA cleavage is induced by AGO2 endonuclease activity when a nearly complementary
miRNA-MRE interaction is present [181]. The remaining fragments are bound to be further
degraded by exosomes, a multi-protein complex, or by the activity of 5-to-3’ exonucleases,
e.g. XRN4 [182,183]. In animal cells, a multitude of not fully complementary miRNA-MRE
interactions were discovered [184]. Usually, the majority of MREs contain central mismatches
to their guide miRNA, preventing AGO2 endonuclease activity, but enable the binding of other
AGO proteins, e.g. AGO1, AGO3, AGO4 [185]. Here, the formation of the silencing miRISC
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complex is followed by the recruitment of the GW182 family of proteins at the GW182
C-terminal region [186]. GW182 contains multiple glycine-tryptophan (GW)-repeats [187,188]
and provides the framework needed for the recruitment of other effector proteins [189],
including the poly(A)-deadenylase complexes PAN2-PAN3 and CCR4-NOT [190]. The target
MRNA poly(A)-deadenylation is initiated by PAN2-PAN3 and finished by the CCR4-NOT
complex. Efficient deadenylation is supported by the interaction between the tryptophan (W)-
repeats of GW182 and poly(A)-binding protein C (PABPC) [184]. Decapping proteins such as
decapping protein 2 (DCP2) are responsible for the removal of the mRNA cap structure [189],
followed by an 5’ - 3’ degradation by exoribonuclease 1 (XRN1) [191].

1.3.1 Translational activation mediated by miRNAs

While most studies are focussing on the inhibitory effects of miRNAs on their targets, recently,
few studies reported that miRNAs may up-regulate the level of target mRNAs under certain
circumstances. AGO2 and other proteins related to the miRNA-protein complex (microRNPs)
were found to be associated with AU-rich elements (AREs) at 3'UTR, resulting in an enhanced
translation [192]. For instance, let-7 and several other miRNAs were associated with AGO2
and Fragile-x-mental retardation related protein 1 (FXR1) to activate translation during cell
cycle arrest, but also found to inhibit translational process in proliferating cells [192]. These
effects were also observed in quiescent cells such as oocytes [193,194]. Here, translational
activation by miRNAs is mediated by AGO2 and FXR1 as cofactor instead of GW182 [193].
During amino acid starvation, it was observed that miRNAs bind to the 5’UTR of mRNAs
encoding for ribosomal proteins [195], suggesting that under specific conditions miRNAs are
able to mediate translational upregulation.

1.4 miRNAs in cellular compartments

Multiple subcellular compartments have been identified to harbor miRISC and target mRNA,
including rough endoplasmic reticulum (rER) [196], the trans-Golgi network (TGN) [197], stress
granules (SG) [198], processing (P)-bodies [199], early/late endosomes [197], multivesicular
bodies (MVB) [200], lysosomes [200], mitochondria [201,202], and the nucleus [203,204].
Depending on the localization of miRISC-mRNA complexes, cofactors that facilitate
miRNA-mediated target regulation are accumulated. These effects result in a spatial
enrichment of mMRNA and miRISC concentrations promoting efficient post-transcriptional
regulation [196]. Early on, P-bodies were identified as possible sites for messenger
ribonucleoproteins (MRNP), containing mRNAs which were involved in miRNA-mediated
suppressive activity [205]. As cytoplasmic foci, they are depleted of ribosomes [205] and
accumulated with components of the enzymatic mMRNA degradation machinery, e.g. mRNA
decapping proteins, the CCR4-NOT complex, XRN1 and GW182 family proteins [206]. Recent
11
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studies observed that P-bodies enriched with active miRISC are associated with SYNE1
(nesprin-1) which helps binding Argonaute and other P-bodies components to micro-
tubules [207]. Mutation or interference through small interfering RNA (siRNA) of nesprin-1,
leads to disruption and significant decrease of miRNA suppression of target mMRNA and P-body
formation. Whereas, stabilization of microtubules through Taxol leads to translational inhibition
of hypoxia inducible factor 1 subunit alpha (HIF1A) mRNA with no mRNA decay, followed by
an accumulation of P-bodies [208]. It is still unknown to which degree P-bodies are necessary
for efficient miRNA-mediated suppression as mRNA degradation machinery exists diffusely
throughout the cytoplasm. It was also discovered that formations of miRISC fuse with
polysomes, which are complexes of mMRNA with multiple translating ribosomes. These
miRISC-polysome formations are found heterogeneously distributed in the cytoplasm or bound
to the cytoskeleton [209]. A recent study showed that miRISC formations may be bound to
membranous subcellular organelles, such as the rER [196]. The same group also reported that
rER-bound mRNA, destined for miRNA-dependent degradation, is processed by
deadenylation and degradation inside of endosomes and later may be recycled back into the
cytoplasm by miRISC [197].

1.5 Involvement of microRNAs in osmosensing and osmosignaling

Several studies showed that miRNAs also play a role in the modulation of the response to
alterations of cellular hydration. Santosa et al. demonstrated that miR-15a, miR-15b, and
miR-16 levels were significantly upregulated in hyperosmotic perfused rat livers [88]. Known
as tumor suppressor miRNAs, miR-15a, miR-15b, and miR-16 are members of the miR-15/107
family and serve key functions for repressing the expression of genes which are involved in
cell division and metabolism [210]. Interestingly, miR-15a, miR-15b, and miR-16 are
anticipated to regulate apoptosis by the inhibition of the anti-apoptotic genes Bcl2 apoptosis
regulator (Bcl2) and cyclin D1 (Ccnd1), as their interaction between the 3’'UTRs of both Bcl2
and Ccnd1 was already confirmed in rat, mouse, and human [211-213]. These data underline
the effects of hyperosmolarity in hepatocytes, which are known to induce a ligand-independent
CD95 death receptor activation, ultimately leading to apoptosis [90,214,215]. Furthermore, it
was shown that miRNAs play a role in the maintenance of osmotic homeostasis by participating
in the regulation of osmotic stress in zebrafish [216]. Flynt et al. demonstrated that miR-8 family
miRNAs modulate the expression of solute carrier family 9 member A3 (Slc9a3) mRNA, which
regulates Na*/H* ion exchange activity [217]. Additionally, miR-666 and miR-708, two miRNAs
induced by hyperosmolarity, were identified to regulate the expression of aquaporin-1
expression in mice [218]. As identified by Zhao et al., high salinity induced miR-196g and
miR-1960 levels which transiently inhibited nuclear transcription factor Y subunit alpha
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(NF-YA). Altogether, these data indicate that miRNAs can act as a crucial stress response and
enable a sensitive control of gene expression which is caused by environmental changes in

osmolarity.

1.6 Aim of the thesis

The present study was performed to gain further insight on hepatic miRNAs and to clarify their
potential physiological role in liver homeostasis, tissue development, and regeneration. For
this purpose, the role and involvement of miRNAs and their potential target gene candidates
were investigated in perfused rat livers under hypoosmotic conditions to further elucidate the
participation of miRNAs in osmosensing and osmosignaling. Previously, it was shown that
hyperosmotic exposure leads to an upregulation of members of the proapoptotic miR-15/107
family and subsequently to a downregulation of anti-apoptotic genes in perfused rat liver [88].
Therefore, for this study hypoosmotic perfused rat livers were investigated via Affymetrix gene
chip analysis. Genome-wide transcriptomic data sets were screened for dysregulated mMRNAs
and based on these results, target prediction analysis was conducted to identify potential
upstream miRNA regulators. Potential interaction of miRNAs with mRNAs, for which binding
motifs on dysregulated mRNAs could be identified, were validated by gPCR. Selected mRNAs
were further evaluated by stimulation experiments using isolated primary rat hepatocytes
transfected with specific miRNA mimic to test the responsiveness of mMRNAs to miRNA
overexpression. To address the involvement of miRNAs in the osmosignaling cascade,
inhibitor studies were performed. Altogether this thesis aimed to provide new insights into the
role of miRNAs and their target mMRNAs in osmosignaling under hypoosmotic exposure to the

liver.
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2. Materials and Methods

In the following sections the materials and methods used for the experiments presented in this
thesis are listed and explained. Reagents and chemicals that were used in the work for this
thesis are listed in the following sections, e.g. enzymes (Table 2.1.1), miRNA mimics and
transfection reagents (Table 2.1.2), cell culture media and supplements (Table 2.1.4), bacteria
and plasmids (Table 2.1.6). Standard laboratory chemicals were purchased from the
companies Carl Roth (Karlsruhe, Germany), Thermo Fisher Scientific (Schwerte, Germany),
Merck (Darmstadt, Germany), Biomol (Hamburg, Germany), or J.T. Baker (Deventer,
Netherlands), unless otherwise stated. Cell culture dishes were obtained from Eppendorf
(Hamburg, Germany) or Thermo Fisher Scientific (Schwerte, Germany). Sequences for primer
used in gPCR and molecular cloning are given in Table 2.1.8, Table 2.1.9 and Table 2.1.10.

2.1 Materials
Table 2.1.1 Enzymes for PCR, cDNA synthesis and cloning
Takyon™ gPCR Mastermix blue UF-NSMT- | Kaneka Eurogentec S.A.,
B0O710 Seraing, Belgium
Nhel-HF® R3142S New England BioLabs GmbH,
Frankfurt a.M., Germany
Sacl-HF® R3156S New England BioLabs GmbH,
Frankfurt a.M., Germany
Primescript™ Reverse Transcriptase 2680B Takara Bio Europe S.A.S,
Saint-Germain-en-Laye, France
Recombinant RNasin® — RNase Inhibitor | N2515 Promega GmbH,
Mannheim, Germany
T4 RNA Ligase, truncated K227Q MO0351L New England BioLabs GmbH,
Frankfurt a.M., Germany
0.05% Trypsin/ 0.02% EDTA (Invitrogen) | 25300054 Thermo Fisher Scientific Inc,
Schwerte, Germany

Table 2.1.2 Transfection reagents and miRNA mimics

Ambion pre-miR™-141 miRNA | MC10860 Thermo Fisher Scientific Inc,
precursor miR-141-3p mimic Schwerte, Germany
Lipofectamin™ RNAiMax 13778-150 Thermo Fisher Scientific Inc,
Schwerte, Germany
Lipofectamin™ 3000 L3000008 Thermo Fisher Scientific Inc,
Schwerte, Germany
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Table 2.1.3 Molecular biology Kkits

Dual-Luciferase®© Reporter Assay E1960 Promega GmbH, Mannheim, Germany
Fast-n-Easy Plasmid Mini-Prep Kit | PP-204L Jena Bioscience GmbH, Jena, Germany
In-Fusion HD Cloning Plus for | 638910 Takara Bio Europe S.A.S, Saint-
seamless DNA cloning Germain-en-Laye, France

QlAgen miRNeasy Kit 217004 Qiagen GmbH, Hilden, Germany
QlAgen Plasmid Midi Kit 12145 Qiagen GmbH, Hilden, Germany
QlAquick Gel Extraction Kit 28704 Qiagen GmbH, Hilden, Germany
QlAquick PCR Purification Kit 28104 Qiagen GmbH, Hilden, Germany

Table 2.1.4 Cell lines, media, and supplements

Cell lines:

Human embryonic kidney 293 cell (HEK293)

Provided by Prof. Dr. Verena Keitel
(Clinic of Gastroenterology, Hepatology
and Infectious Diseases, Dusseldorf,
Germany). Purchased from ATCC
(CRL-1573™),

Media and supplements:

Dexamethasone D8893 Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

DMEM (w/o sodium chloride) 41966029 Thermo Fisher Scientific Inc, Schwerte,
Germany

DMEM/ Ham’s F-12 31331093 Thermo Fisher Scientific Inc, Schwerte,
Germany

Fetal calf serum (FCS) S0615 Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

L-Glutamine solution 59202C Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Insulin solution (human) 19278 Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

Penicillin-Streptomycin 15140122 Thermo Fisher Scientific Inc, Schwerte,
Germany

William’s Medium E F1115 Biochrom GmbH, Berlin, Germany

Opti-MEM™ 31985062 Thermo Fisher Scientific Inc, Schwerte,
Germany
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Table 2.1.5 Inhibitors and supplements for liver perfusion experiments

Colchicine C-9754 Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany

PD098059 513000 Merck, Darmstadt, Germany

PD169316 SC-204168B Santa Cruz Biotechnology,
Dallas, USA

PP-2 529576 Merck, Darmstadt, Germany

Heparin A11726 AdooQ Bioscience, Irvine, USA

Rompun® (2%)

Zu.-Nr. # 6293841.00.00

Bayer
Germany

AG, Leverkusen,

Ketavet® (100 mg/mL)

Zu.-Nr. # 6187926.00.00

Pfizer Pharma GmbH, Berlin,
Germany

Table 2.1.6 Bacteria and plasmids

Stellar™  Competent Cells | 638920 Takara Bio Europe S.A.S,

(provided with In-Fusion HD Saint-Germain-en-Laye,

Cloning Kit) France

pGL3 Promoter Vector E1751 Promega GmbH, Mannheim,
Germany

pRL-SV40 E2231 Promega GmbH, Mannheim,

Germany

Table 2.1.7 Media, buffer, and solutions

Krebs-Henseleit buffer
(Perfusion medium)

115
25
5.90
1.18
1.23
1.20
1.25
0.30
2.10

mM
mM
mM
mM
mM
mM
mM
mM
mM

NaCl
NaHCO:;
KCI
MgCl.
NaH2PO4
NazSO4
CaClz
Pyruvate
Lactate

William’s E Medium
(Biochrom, Berlin, Germany)

5 mM
100 U/ml
0.1
100 nM
100 nM

10 %

mg/mi

supplemented with:

L-Glutamine
Penicillin
Streptomycin
Dexamethasone
Insulin

FCS

Collagenase solution

1.5 mM

Perfusion medium
1.0 mg/ml
0.2 mg/ml

Bovine serum albumin
Collagenase
CaClz

16




2. Materials and Methods

Table 2.1.8 Oligonucleotide sequences for miRNA profiling using miQPCR

miRNA Primer Primer Sequence 5’ — 3’
rno-miR-141-3p Forward acactgtctggtaaagatggg
Upm2A Reverse cccagttatggcecgttta

2.1.9 Primers for quantitative real-time PCR

Table 2.1.9 Oligonucleotide sequences of gPCR primers for rat mRNA

mRNA Primer Primer Sequence 5’ — 3’
Camsap1 Forward tgggtcagcagagtgaaaga
Reverse caaaaagaaatgtgcaaaactacg
Cdc25a Forward ggatgatggcttcatagacctt
Reverse ggggtctcctcatcattcttc
Cdk8 Forward gctcatcatgacctccgact
Reverse tgtgtctgatgtgagtactgtgga
DmxlI1 Forward gaggctttggcagtacttgg
Reverse ccaggatatcccagatctgact
Dstyk Forward caaatcctgcatccgacag
Reverse gccactgcctggttaagtct
Duoxa2 Forward ggctggagggcgttaatate
Reverse ttgtagtcaatggtctcgttcag
Eml4 Forward gcagacaccagttcaaccaa
Reverse gttacacagcctggcegttit
Gucyzc Forward accacagactccctaatgacg
Reverse aagacggcaatcatcagga
Luc7I3 Forward aattgctaagatctacaacctcgac
Reverse aaaagctccgcacacttcac
Msantd2 Forward tgccagtttcaaagagaacg
Reverse caatattctgcatggtgtctcg
Nags Forward tcgatctatgtctctgaggggta
Reverse cggctggagctcactacaa
Prmtt1 Forward tgtcaaagccaataagttagacca
Reverse tgatgtccaccttctccaca
Rab30 Forward cctagtccgacgattcactca
Reverse gggtgatggagcgaaatct
Rps6 Forward ggaagcgcaagtctgtccga
Reverse aggtcccaaccgacgaggcea
Scnnia Forward actgtctgcacccttaatcctt
Reverse gtgatgcggtccagctct
Slc39a10 Forward catcatcgagcactgcatcc
Reverse cttgagttgcagccagtcag
Tfeb Forward ccgaaatgcagatgcctaa
Reverse gggtcaccactgtacacgttc
Timp1 Forward cagcaaaaggccticgtaaa
Reverse tggctgaacagggaaacact
Zmpste24 Forward ttcagcttctggtcaggactc
Reverse cagagtgggttggctgtcat
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2.1.10 Primer sequences for molecular cloning

Oligonucleotide sequences include recognition sequences for restriction enzymes and were
cloned using the In-Fusion recombinase system, which require a sequence homology between
the insert and the vector (blue font).

Table 2.1.10 Oligonucleotide sequences for cloning miR-141-3p target gene 3’'UTRs

Amplified sequence Primer | Sequence 5’ -3’
miR-141-3p Forward | aatcgataggtaccgccatctttaccagacagtgttactagcccgggcetcga
(original sense) tcgagceegggctagtaacactgtetggtaaagatggeggtacciatcgatt
binding-site Reverse
miR-141-3p Forward aatcgataggtaccgtaacactgictggtaaagatggctagcccgggcetcga
(antisense) tcgagcccgggctagecatctttaccagacagtgttacggtacctatcgatt
binding-site Reverse

Cdk8 (original sense) Forward aatcgataggtaccggetgtgetggagtetgte

tcgagcccgggctagattcagaatacttgtgtcattcatg

3'UTR Reverse
Cdk8 (antisense) Forward aatcgataggtaccgattcagaatactigtgtcattcatg
TUTR e tcgagccecgggcetaggcetgtgetggagtcetgte
2.2 Methods

2.2.1 Animal models

This study and all experimental protocols were approved by the local authorities and the
methods were carried out in accordance with the guidelines of the Institutional Animal Care
and Use Committee of the University Hospital Dusseldorf. Techniques that involve living
animals were approved by local officials (LANUV, Landesamt fir Natur, Umwelt- und
Verbraucherschutz, Recklinghausen, Nordrhein-Westfalen, AZ 84-02.04.2015.A287 and AZ
9.93.2.10.34.07.163) and all animals received care according to the German animal welfare

act by indicated persons (see below).

2.2.2 Rat liver perfusion

Male Wistar rats with a body weight of 160 -180 g were anesthetized with 0.1 mL xylazin
(Rompun® - 2%) and 0.4 mL ketamine (Ketavet® - 100 mg/mL) by intraperitoneal injection. A
dose of 50 U of heparin was injected intravenously in the femoral vein of the hind leg to prevent
clotting during the preparation. The vena cava inferior, the hepatic portal vein and the splenic
vein were fixed by loose ligatures and a small incision was made, roughly the size at one third
of the portal vein was made with microscissors, to insert a small cannula. After insertion of the
cannula, the loose ligatures were tied up and the liver was flushed by perfusion medium (Table
2.1.7) with an estimated flow rate of 4 mL/min per g liver weight. To prevent the liver from

overflow-induced swelling the abdominal aorta and vena cava were cut through to create a
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drainage via the suprahepatic inferior caval vein right below the ligature, while the ligature of
the intrahepatic vena cava inferior was closed tightly. A cannula was placed into the
suprahepatic part of the vena cava via the right atrium, so the flow was drained via the
suprahepatic inferior caval vein. After preparation of the liver, the system was preperfused for
an initial 20 min with perfusion medium. Afterwards, the perfusion medium was either
continued with normoosmotic (305 mosm/L) medium or replaced by hypoosmotic perfusion
medium (225 mosm/L). Hypoosmotic perfusion medium was prepared by lowering the NaCl
concentration of the Krebs-Henseleit buffer to 75 mM. For inhibitor studies, addition of
inhibitors to the influent perfusate was performed by dissolution of the compounds in Krebs-
Henseleit buffer. Following the preperfusion, normoosmotic medium or hypoosmotic medium
was supplemented with 500 nM PD098059 (Calbiochem, Darmstadt, Germany), 250 nM PP-2
(Calbiochem, Darmstadt, Germany), 250 nM PD169316 (Santa Cruz Biotechnology,
Heidelberg, Germany) or 500 nM colchicine (Thermo Fisher Scientific, Darmstadt, Germany),
respectively. Over a time course of up to 180 min, liver tissue was dissected in a fractionated

manner and snap frozen in liquid nitrogen.

2.2.3 RNA isolation from rat liver tissue and cells

Total RNA from liver tissue and primary rat hepatocytes was isolated by phenol/chloroform
extraction, followed by spin column clean up. For this purpose, snap frozen liver tissue was
mortarized and lysed by addition of 1 mL Qiazol Lysis Reagent (79306, Qiagen) for 3 min by
constant vortexing. For RNA isolation from cultured primary rat hepatocytes, cells were
washed and rinsed with PBS (Pan Biotech) and exposed to 800 uL of Qiazol Lysis Reagent
for 3 min. Afterwards, 600 pL of Qiazol was transferred into clean reaction tubes. To separate
and extract the RNA from protein and genomic DNA 200 pL of chloroform were added.
Following a short vortex procedure, the samples were centrifuged at 10.000 g for 10 min at
4 °C. Afterwards, the aqueous phase containing the RNA was separated and transferred into
clean reaction tubes. By adding 1.5x volumes of 100% ethanol the RNA was precipitated, and
RNA purification was performed using the miRNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The RNA amounts and quality were measured
photometrically by using the DropSense16 spectrometer (Trinean, Gentbrugge, Belgium).

2.2.4 mRNA and miRNA expression analysis by microarray

The extracted and purified RNA samples from rat liver perfusion tissue were sent to the
Biologisch-Medizinisches Forschungszentrum (BMFZ) of the Heinrich Heine University in
Dusseldorf for transcriptome analysis by gene expression microarray (Affymetrix Rat
GeneChip 1.0 ST) and miRNA expression microarray (Rat GeneChip™ miRNA 4.0 Array and
Flashtag™ Biotin HSR Labeling, Thermo Fisher Scientific). For this purpose, RNA samples
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from normoosmotic and hypoosmotic condition of time points t= 0’ and t= 180’ were prepared
from 4 independent experiments. The array data were processed by Transcriptome Analysis
Console 4.0 (Thermo Fisher Scientific).

2.2.5 Cell isolation and culture

Primary rat hepatocytes were kindly isolated by Vanessa Herbertz and Nicole Eichhorst. For
this, male Wistar rats with a body weight of approximately 200 g were used for isolation of
hepatocytes by utilizing a collagenase perfusion technique in an adapted version as described
by Meijer et al. [219]. Isolated rat hepatocytes were plated on collagen-coated culture plates
(Falcon, New York, USA) and maintained in an atmosphere of 5% CO. at 37 °C in Krebs-
Henseleit medium (Table 2.1.7) supplemented with 6 mM glucose for 4 h. After the initial
incubation, medium was removed, and cells were washed with PBS (Pan Biotech) and cultured
in William’s E Medium supplemented with 5 mM L-glutamine, 100 U/mL penicillin, 0.1 mg/mL
streptomycin, 100 nM dexamethasone, 100 nM insulin, and 10% FCS (Table 2.1.7) for 24 h.
Normoosmotic (305 mosm/L) and hypoosmotic cell culture media (225 mosm/L) were
generated by addition of raffinose to NaCl-free Williams’s E culturing media (Table 2.1.7). The
adjusted osmolarity was verified using an Osmomat 3000 (Gonotec, Berlin, Germany). Primary
rat hepatocytes were either treated with normoosmotic or hypoosmotic medium for 30 min up
to 24 h.

Cell swelling was verified microscopically after 5 min and 3 h of hypoosmotic exposure. For
this purpose, cell nucleus diameters of isolated primary hepatocytes were measured and
analyzed using the software tools of cellSens Dimensions (version 1.16, Olympus, Tokyo,
Japan). Images were acquired using an Olympus IX 50 microscope equipped with a DP71
camera (Olympus, Tokyo, Japan). For RNA isolation, cells were treated as described in
section 2.2.3.

Human embryonic kidney 293 (HEK293) cells were generously provided by Prof. Dr. Verena
Keitel (Clinic of Gastroenterology, Hepatology and Infectious Diseases, Dusseldorf, Germany).
Primary rat hepatocytes were cultured in William’s Medium E (Table 2.1.7), while HEK293
were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% (v/v) FCS, respectively. HEK293 cell line was grown in sterile T75 cell culture flasks
(Cellstar®, Greiner Bio-One GmbH), while primary rat hepatocytes were plated on collagen-
coated culture plates at 37 °C in a humidified atmosphere containing 5% CO..

2.2.6 Overexpression of miR-141-3p in primary rat hepatocytes

Hepatocytes were isolated from male Wistar rats as described in section 2.2.5. Primary rat

hepatocytes were transfected with miR-141-3p mimic (Ambion pre-miR™-141-3p miRNA
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precursor, Thermo Fisher Scientific) using the transfection reagent Lipofectamin™ RNAIMAX
(Thermo Fisher Scientific). At approximately 80% confluency, cells were transfected according
to the manufacturer’s instructions. Cells were washed and rinsed with PBS (Pan Biotech) and
kept in 5 mL FCS-free cell culture medium. Transfection was performed with 25 pmoles
miR-141-3p mimic per well. The miRNA mimic was diluted in 125 uL OPTI-MEM. The
transfection reagent (7.5 pL per well) was first diluted in 125 uL OPTI-MEM and then
transferred to the diluted miRNA mimic. After an incubation time of 5 min at room temperature
(RT), 250 uL transfection solution were pipetted dropwise on top of the cells. Five hours after
the transfection, cell culture medium was replaced by fresh DMEM/ Ham’s F-12 containing
FCS and cells were harvested 24 or 48 h post transfection. The RNA was isolated as
described in section 2.2.3.

2.2.7 Partial liver hepatectomy

A surgical removal of the median and left lateral liver lobe (about 70% of the liver) was
conducted with 8 - 10 weeks old male Wistar rats, weighing approximately 250 g body weight,
as described by Higgins et al. [113]. Samples were collected for two weeks during
regeneration. The animals were sacrificed and liver tissue samples were taken in a fractionated
manner after the livers had been perfused with physiologic buffer as described by
Kordes et al. [220]. RNA isolation, gPCR and miQPCR were performed (n=3-6 per indicated
time point). The animal experiments were approved by the Landesamt fir Natur, Umwelt und
Verbraucherschutz (Recklinghausen, Germany; AZ 9.93.2.10.34.07.163) and carried out by
Dr. Claus Kordes and Dr. Iris Sawitza (Clinic of Gastroenterology, Hepatology and Infectious
Diseases, Heinrich Heine University Disseldorf).

2.2.8 Mechanical stimulation of isolated primary rat hepatocytes

Freshly isolated primary rat hepatocytes (Section 2.2.5) were seeded on sterile silicon stretch
chambers (STB-100, STREX, San Diego, USA) precoated with Speed Coating Solution
(Pelobiotech GmbH, Planegg, Germany). After 24 h, culture supernatant was aspirated, and
1 mL of fresh William’s E medium was added. Stretch chambers were elongated by about 30%

for up to 3 h or remained unstretched as a control (Fig. 2.1).

Stretching of the cell nucleus was monitored microscopically using an Olympus IX 50
microscope equipped with a DP71 camera and the extent of stretching was calculated by
measuring the diameter of the cell nucleus in the direction of elongation, using the software
cellSens Dimensions. For RNA isolation, cell culture medium was removed, and cells were
washed with PBS (Pan Biotech). Using a sterile cell scraper, cells were detached in and
transferred into a clean reaction tube, followed by a centrifugation step at 10.000 g for 5 min
at 4 °C. The supernatant was discarded, and pelleted cells were lysed by addition of 500 pL of

21



2. Materials and Methods

Qiazol Lysis Reagent for 3 min. Phenol/chloroform extraction was performed as described in
section 2.2.3.

A B
Unstretched Stretched

Figure 2.1 Images of cell stretch chambers in their unstretched or stretched state. STB-100
silicone stretch chambers in their unstretched (A) and stretched (B) state. Cell stretching is conducted
by screwing in a bolt in the back of the metal frame.

2.2.9 Primer design for polymerase chain reaction (PCR)

Oligonucleotide primers were designed for PCR amplification of miR-141-3p target gene
3'UTR using genomic sequences obtained from Ensembl Genome Browser
(v93 www.ensembl.org/index.html). Melting temperatures for mMRNA and miRNA primers were
calculated by use of the tool Oligo Analyzer 1.1.2 (www.genelink.com/tools/gl-oe.asp). For
cloning procedures with the In-Fusion Cloning system, the Cloning Primer Design Tool of
Takara Bio Europe (www.takarabio.com/learning-centers/cloning/primer-design-and-other-
tools) was used.

The design and assessment of mRNA primers for qPCR was performed by the Roche
ProbeLibrary (lifescience.roche.com/en_de/brands/universal-probe-library.html#assay-
design-center) with respect to their secondary structure, possible self-dimerization and primer
duplexes. The miRNA sequences were obtained from www.mirbase.org (Version 22.1, release
October 2018). The oligonucleotides were purchased from Eurofins MWG Synthesis GmbH
(Ebersberg, Germany) or Eurogentec Deutschland GmbH (Cologne, Germany).
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2.2.10 cDNA synthesis from mRNA.

For mRNA analysis, total RNA from tissue samples and cells was purified (miRNeasy Mini Kit,
Qiagen), measured with DropSense16 micro-volume spectrophotometer (2.2.3), and finally
taken for cDNA synthesis using the Revert Aid H Minus First Strand cDNA Synthesis Kit
(K1632, Thermo Fisher Scientific). For this purpose, 1 ug total RNA in a volume of 20 pyL
reaction buffer was used according to manufacturer’'s recommendations using the reaction
mixture indicated in the Table 2.2.1:

Table 2.2.1 Reaction mixture for cDNA synthesis

Components Volumes [uL]
5x Reaction Buffer 4.0
RiboLock RNase Inhibitor (20 U/uL) 1.0
dNTP Mix (10 mM) 2.0
RevertAid H Minus Transcriptase (200 U/uL) 1.0
Random Primer (0.2 pg/pL) 1.0
OligoDT (0.5 pg/uL) 1.0
RNA (1 pg/uL) 1.0
Nuclease-free water 9.0
Total reaction volume 20.0

The cDNA was synthesized using the reaction mixture displayed in Table 2.2.1 in a thermal
cycler at 65 °C for 5 min, 25 °C for 15 min, and 42 °C for 60 min, followed by heat inactivation
at 70 °C for 15 min. Synthesized cDNA was diluted to 1 ng/uL with nuclease free water and
used as template for gPCR.
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2.2.10 Quantitative real-time PCR

Quantitative PCR (qPCR) was performed in a qTower? (Analytik Jena AG, Jena, Germany)
with Takyon™ gPCR Mastermix (UF-NSMT-B0710, Eurogentec) using the reaction mixture
indicated in the Table 2.2.2:

Table 2.2.2 Reaction mixture for gPCR of mRNA

Components Volumes [pL]
2x Takyon™ gPCR Mastermix 7.5
Forward primer (10 uM) 2.1
Reverse primer (10 uM) 2.1
cDNA (1 ng/uL) 2.5
Nuclease-free water 0.8
Total reaction volume 15.0

To analyze each gene of interest, one master mix containing 2x Takyon™ gPCR Mastermix,
nuclease-free water and the gene-specific primers was mixed and 12.5 L of Master Mix were
transferred in appropriate 96-well plates (4titude® Ltd, Berlin, Germany). Next, 2.5 pL (2.5 ng)
of the respective cDNA was added, whereby each sample was measured in at least two
technical replicates. gPCR was performed using the settings depicted in Table 2.2.3:

Table 2.2.3 gPCR program for relative quantification of mRNA

Step Temperature [°C] Time [s] | Cycles
Heat-activation 95 300
Denaturation 95 15 x45
Elongation 72 20

Melting curve analysis 1x

The melting curve was assessed between 60 °C to 95 °C with a temperature increase of 1 °C
per 15 seconds. For relative mRNA quantifications, amplifications curves were analyzed using
qPCRsoft 3.2 (Analytik Jena) and a signal intensity threshold within the linear range was set.
The threshold cycles (Ci-values) were exported and mRNA quantities were calculated by
utilizing gBase software v 1.3.5 [221] based on the delta-delta C: (AAC:) method [222]. The raw
data were normalized to the C: values of the reference gene ribosomal protein S6 (Rpsé6).
Statistical analysis was conducted by unpaired student’s t-test or one-way analysis of variance
(ANOVA) with a significance level of p < 0.05 as appropriate.
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2.2.12 Synthesis of cDNA for quantitative miRNA analysis

In order to calculate the relative quantity of miRNAs in liver tissue and cells, miQPCR [223]
was performed. Due to their short length and a lack of a poly(A) tail, miRNAs require a method
which utilizes the activity of T4 RNA Ligase, to uniformly elongate the 3’-ends of small RNAs
to a short oligonucleotide adaptor, called miLINKER. Next, PrimeScript™ RTase and reverse-
transcription primer (mQ-RT) that specifically hybridizes to the miLINKER adaptor sequence
are used to reverse-transcribe the elongated RNA sequences. This method allows for a
quantification of various miRNAs of interest, without the need to specifically generate individual
cDNAs for each miRNA of interest. The miQPCR was performed in PTC-200 thermal cyclers
(MJ research) with 10 ng of diluted RNA and 6 pL of elongation mix (Table 2.2.4), incubated
at 25 °C for 30 min and afterwards cooled down to 10 °C. The elongated RNA samples were
mixed with 7 uL cDNA Mix 1 (Table 2.2.4) and heated up to 85 °C for 2 min to allow mQ-RT
primer annealing. Afterwards, the samples were cooled down to 46 °C, and 5 uL of cDNA Mix
2 (Table 2.2.4) were added. Samples were incubated at 46 °C for 30 min, to complete the first
strand reverse transcription. In the final step, samples were heat-inactivated at 85 °C for 2 min
and cooled down to 10 °C. A working cDNA stock solution (0.05 ng/pL) was created by diluting
to a total volume of 200 L with nuclease-free water.

Table 2.2.4 Composition of master mixes required for cDNA synthesis by miQPCR
(Benes et al. 2015)

Components Volumes [pL]
1) Elongation Mix

10x T4 Rnl2 Buffer (New England BioLabs) 0.90
MgClz (450 mM) 0.10
PEG 8000 (50%) 3.10
miLINKER (5 mM) 0.10
RNase inhibitor (40 U/pL, Roche) 0.10
Truncated T4 RNA Ligase (K227Q) (New England BioLabs) 0.20
Nuclease-free water 3.10
2) cDNA Mix 2

dNTPs (10 mM) 0.05
mQ-RT primer (10 mM) 0.25
Nuclease-free water 7.00
3) cDNA Mix 3

5x RT Buffer (Takara Bio Europe) 4.40
PrimeScript™ RTase (Takara Bio Europe) 0.14
Nuclease-free water 0.85
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Relative miRNA quantification was then carried out by qPCR with miRNA-specific forward
primers and the universal reverse primer Upm2A. The gPCR assays for miRNAs were typically
conducted with 2.5 puL cDNA (i.e. 125 pg cDNA) in a total volume of 15 pL as follows:

Table 2.2.5 Reaction mixture for qPCR quantification of miRNAs

Components Volumes [pL]
2x Takyon™ gPCR Mastermix 7.5
Forward primer (10 uM) 2.1
Reverse primer (10 uM) 2.1
cDNA (50 pg/uL) 2.5
Nuclease-free water 0.8
Total reaction volume 15.0

A Master mix containing miRNA-specific, universal Upm2A primer, 2x Takyon™ gPCR
Mastermix and nuclease-free water was prepared and aliquoted into a 96-well plate together
with 2.5 uL of cDNA as described earlier (Section 2.2.9). All samples were measured in at least
two technical replicates and gPCR was carried out with the following protocol:

Table 2.2.6 gPCR program for relative quantification of miRNAs

Step Temperature [°C] Time [s] | Cycles
Heat-activation 95 300
Denaturation 95 10 x50
Elongation 60 35

Melting curve analysis 1x

The melting curve was assessed between 60 °C and 95 °C with a temperature gradient of 1 °C
per 15 seconds. Data were analyzed using gPCRsoft 3.2 and gBase 1.3.5 [221] as described
earlier (Section 2.2.11).

2.2.13 Cloning of Cdk8 3’'UTR into pMir(+) promoter vector

The full length of the rat Cdk8 3’'UTR was cloned into pMir(+) Firefly luciferase plasmid, which
derived from pGL3 promoter vector (Promega), as described by Castoldi et al. [224] utilizing
the In-Fusion Cloning Plus system (Takara Bio Europe). The desired sequence was analyzed,
using the In-Fusion Cloning Primer Design Tool, which generates primers that allow the
amplification of the 3’'UTR with homologous termini to the linearized target vectors
(Table 2.1.10). As shown in Table 2.1.10, sequence-specific primers were designed with a
Nhel recognition site at the 5’-end, serving as a forward primer, and a Sacl recognition site at
the 5’-end of the reverse primer, which allowed for the site-directed insertion of the desired
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sequence between the Nhel and Sacl recognition sites within the multiple-cloning site (MCS)
of the reporter plasmids. By switching of the Nhel and the Sacl recognition sites in forward and
reverse directions, two plasmids were generated, one with the 3’'UTR in its original
orientation (+) and the other with the 3'UTR in antisense orientation (-), used as a control

vector.

Promoter
o
Luciferase

Promoter / Ampicillin »

= resistance Insert (+)
Luciferase Original sense

pGL3 Promoter
Vector

Promoter

=

\ Luciferase

Ampicillin
resistance

Ampicillin ¢
resistance Insert (-)
Antisense

Figure 2.2 Cloning of pMir(+) Firefly luciferase plasmid for miR-141-3p target gene validation.
Schematic illustration of the generation of two plasmids, one with the insert in its original sense
orientation and the other with the insert in its antisense orientation, serving as a negative control.

Amplification of the desired sequence was performed via PCR using a total of 30 ng genomic
rat DNA (gDNA) serving as template using CloneAmp HiFi PCR Premix (Takara Bio Europe)
according to the manufacturer’s instructions. The amplified PCR product was purified with
QIlAquick PCR Purification Kit (Qiagen). pMir(+) Firefly luciferase plasmid was linearized by
digestion with 40 U of the restriction enzymes Nhel-HF and Sacl-HF in 1x CutSmart buffer
(New England BioLabs) at 37 °C overnight. Vector and amplified inserts were quantified using
DropSense16 spectrometer as described above (Section 2.2.3). For the fusion of vector and
insert in a total volume of 10 pL, a total of 50 ng linearized pMir(+) Firefly luciferase plasmid
and a 2-fold molecular excess of inserts were used together with 1x In-Fusion HD Enzyme
Premix. The reaction was performed at 50 °C for 15 min and terminated by cooling on ice. Out
of 10 uL reaction mixture, an aliquot of 2.5 puL was transformed in Stellar™ Competent Cells
according to the manufacturer’s instructions. Transformed bacteria suspensions were plated
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out on LB-agar plates, supplemented with 100 pug/mL ampicillin (Sigma Aldrich), and bacteria
were incubated overnight at 37 °C. Bacterial colonies were picked using a sterile pipet tip and
inoculated into 2 mL for small-scale or into 50 mL of ampicillin-containing LB-medium for large-
scale plasmid preparation. The isolation and preparation of plasmid DNA was conducted with
the use of Fast-n-Easy Plasmid Mini-Prep Kit (Qiagen) for small-scale and QIAGEN Plasmid
Midi Kit (Qiagen) for large-scale preparation according to the manufacturer’s protocol. The
recombinant plasmids were sequenced by the Genomics and Transcriptomics Laboratory
(GTL) at the Heinrich Heine University (Dusseldorf) using Sanger-Sequencing technique.

2.2.14 Validation of miR-141-3p target-genes by Dual-Luciferase® Reporter Assay

To validate the binding site of miR-141-3p onto the Cdk8 3'UTR, which was cloned into
luciferase reporter plasmids (2.2.13), a Dual-Luciferase® Reporter Assay was performed. The
Dual-Luciferase® Reporter Assay is based on the detection of a chemi-luminescent signal,
which is measured from the lysates of cells. This technique allows to evaluate whether a cloned
fragment may encode for a functional MRE. If a functional MRE for miR-141-3p is present,
treatment with miR-141-3p mimic should result in the binding of miR-141-3p to the fragment,
and thus inhibit the expression of luciferase. The luciferase plasmids used in this thesis are
the Firefly luciferase plasmid, which serve as the actual reporter plasmid and the Renilla
luciferase plasmid, which were co-transfected for data normalization. These two luciferase
plasmids differ in their substrate specificity and their optimal enzyme reaction catalyzation
based on the adherent pH. The co-transfection of the recombinant Firefly plasmid and pRL-
SV40 (Renilla plasmid) was conducted in HEK293 cells in sterile 12-well plates with an
estimated confluency of 60% (~70.000 cells/well). The transfection was performed using
Lipofectamin™ 3000 (Thermo Fisher Scientific) with 300 ng Firefly plasmid DNA, 6.25 ng pRL-
SV40 Renilla luciferase plasmid in either the presence or the absence of 25 pmoles of miR-
141-3p mimic according to the manufacturer’s instructions. After 5 hours the transfection
medium was replaced by fresh culture medium and the cells were incubated for 24 hours.
Afterwards, the cells were washed and lysed in 150 pL 1x Passive Lysis Buffer (Promega) for
15 min at RT. Cell lysates were transferred into reaction tubes and centrifuged at 10,000 g for
2 min at 4 °C. Next, 50 pL of the supernatant was transferred into white opaque 96-well plates.
The chemiluminescence assay was performed in a GloMax® Multi Plus Multiplate reader
(Promega) with an integrity time of 10 seconds for each individual read. Data were normalized
by calculating ratios of Firefly/Renilla activities to correct for variations in transfection

efficiencies.
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2.2.15 Online databases and bioinformatic tools

miRNA sequences were acquired from miRBASE (Version 22.1, release October 2018,
www.mirbase.org). Sequences of 3’UTRs were downloaded from Ensembl Genome Browser
(release: Ensembl Gene database 93 at www.ensembl.org/index.html and mRNA primers for
gPCR were designed using Universal ProbelLibrary Assay Design Center
(lifescience.roche.com/en_de/brands/universal-probe-library.html#assay-design-center).
Melting temperatures for all miRNA and mRNA primers were calculated by use of the tool Oligo
Analyzer1.1.2 (www.genelink.com/tools/gl-oe.asp).

For target gene prediction, the online database miRWalk 3.0 (mirwalk.umm.uni-
heidelberg.de), TargetScan 7.2 (www.targetscan.org), and RNA22 (cm.jefferson.edu/rna22/)
were used. CLC Genomics Workbench (Version 3.6.5) was utilized for virtual cloning and
analysis of nucleic acids sequences received from Sanger-Sequencing. Primers for the In-
Fusion Cloning Plus system were designed using Takaras web-based In-Fusion Cloning
Primer Design Tool (www.takarabio.com/learning-centers/cloning/in-fusion-cloning-tools).
QPCR data were analyzed using gBase software v1.3.5 and the reference gene Rps6 was
selected based on the GeNorm algorithm [221]. Microarray raw data were analyzed using the
software Transcriptome Analysis Console 4.0 (Thermo Fisher Scientific). Data from luciferase

assays were exported using Instinct® Software 3.1.3 (Promega).

2.2.16 Statistics

Statistical analyses were carried out with values from at least 3 independent experiments or
from at least 3 different rats and are presented as means. Variations are indicated as standard
error of the mean (£tSEM). Statistical analyses for the comparisons between two groups were
performed by using GraphPad Prism 5.03 (GraphPad Software, San Diego, USA) software,
applying unpaired, two-tailed student’s t-test (parametric test). For comparisons between three
or more groups, the one-way ANOVA (parametric test) was applied and p-values smaller than
0.05 were considered significant. For comparisons between different conditions and
timepoints, the two-way ANOVA (parametric test) was applied and p-values smaller than 0.05
were considered significant. For statistical evaluation of the GeneChip™ miRNA 4.0 Array and
Flashtag™ Biotin HSR Labeling for miRNAs and Affymetrix GeneChip 1.0 ST, multiple t-test
was applied with a false discovery rate (FDR) of 0.5% (p-value < 0.05).
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3. Results

3.1 miRNA and mRNA expression changes in rat livers under hypoosmolarity

Previous studies by Santosa et al. [88] demonstrated that members of the miR-15/107 family
are induced by hyperosmolarity, inducing apoptosis through the inhibition of anti-apoptotic
genes in rat liver [211,225]. However, the role of miRNAs in the liver regarding the
maintenance of osmotic homeostasis and osmosignaling under hypoosmolarity is largely
unknown. To identify hypoosmolarity-responsive miRNAs, transcriptome-wide microarray chip
analysis of hypoosmotic perfused rat liver tissue was conducted. Therefore, RNA of rat livers
perfused with normoosmotic and hypoosmotic perfusion media for up to 180 min was isolated
and hybridized to an Affymetrix array (GeneChip™ miRNA 4.0 Array and Flashtag™ Biotin
HSR Labeling) and analyzed via Transcriptome Analysis Console software. Microarray
analyses identified several of significantly regulated miRNAs, as depicted in Figure 3.1. When
comparing miRNA levels from livers perfused with hypoosmotic medium for 180 min to
normoosmotic medium, 728 miRNAs were identified, out of which 12 were downregulated, 16
were upregulated and 700 remained unchanged (Fig. 3.1 C). For instance, the following
miRNAs were found to be significantly downregulated under hypoosmolarity compared to

normoosmotic control after 180 min of liver perfusion:

= miR-874-3p
= miR-770-3p
= miR-541-5p.

Subsequent miRNAs were downregulated under hypoosmotic condition with a fold change of

more than 2:
= miR-184
* miR-92a-5p
= miR-101b-3p.

Among 16 upregulated miRNAs under hypoosmolarity, miR-18a-5p was upregulated with a
fold change of 2.1, miR-503-5p with a fold change of 2.45, and miR-350 with a fold change of
2.08. Several other miRNAs, were also upregulated under hypoosmotic condition compared

to normoosmotic control, including:

= miR-155-3p
= miR-338-5p
= miR-141-3p
* miR-212-3p.
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Altogether, these data point towards an involvement of miRNAs in the cellular response to

hypoosmolarity in the experimental setup of ex vivo liver perfusion.
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Figure 3.1 Microarray analysis of miRNAs from rat liver tissue perfused with normo- or
hypoosmotic medium. Rat livers were perfused with normo- (305 mosm/L) or hypoosmotic medium
(225 mosm/L) for 180 min. Livers were dissected and RNA was isolated. RNA was then hybridized to
Affymetrix array (GeneChip™ miRNA 4.0 Array and Flashtag™ Biotin HSR Labeling, n=4).
Transcriptome Analysis Console was used for data analysis by applying a cut-off of 1.5-fold change and
a significance level of p<0.05 (one-way ANOVA). (A) Heat map representing the hierarchical clustering
of differential expressed miRNAs under normo- or hypoosmotic condition. (B) Volcano blot
demonstrating differential miRNA levels after 180 min in perfused rat liver under normo- or hypoosmotic
condition. A 1.5-fold change cut-off was applied with a statistical significance level of p<0.05.
Significantly upregulated mRNAs are labeled in red and significantly downregulated mRNAs are
indicated in black, while mRNAs with non-significant changes are displayed in grey (C). Pie charts
representing the number of regulated miRNAs found in rat livers after 180 min of hypoosmotic perfusion
compared to hormoosmotic perfusion.

To investigate the impact of hypoosmolarity on gene expression changes in rat liver perfusion,
a transcriptome-wide analysis of the mRNA expression profile was conducted with
normoosmotic and hypoosmotic perfused rat liver tissue. Microarray analysis revealed that
after 180 min of hypoosmotic exposure, 534 mMRNAs were upregulated, while 609 were
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downregulated compared to normoosmotic perfused control livers, whereas a total of 21406
mRNA remained unchanged (Fig. 3.2 C). To explore the impact of hypoosmolarity on signaling
pathways via alterations in gene expression, a pathway analysis was conducted for significant
upregulated mRNA using Transcripfome Analysis Console software. Several pathways,
including the TGF-8 signaling pathway, the aesBs-integrin signaling pathway, and the MAPK
signaling pathway were affected by upregulated mRNA levels. Among upregulated mRNA,
cyclin B2 (Ccnb2), caveolin 1 (Cav1), exportin 1 (Xp1), and cyclin dependent kinase
inhibitor 1a (Cdkn1a) are involved in the TGF-B signaling pathway, whereas laminin subunit
gamma 2 (Lamc2) and vimentin (Vim) are involved in the agBs-integrin signaling pathway.
Altered MAPK signaling pathway was indicated by the upregulation of fos
proto-oncogene (Fos), heat shock protein family A member (Hspa1a), and heat shock protein
family B member 1 (Hspb1) mRNA.

These data suggest, that hypoosmotic exposure of rat livers has a pronounced effect on the
levels of cellular mMRNA.
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Figure 3.2 Microarray analysis of mRNA from rat livers perfused with normo- or hypoosmotic
medium. Rat livers were perfused with normo- (305 mosm/L) or hypoosmotic medium (225 mosm/L)
for 180 min. Livers were dissected and RNA was isolated. RNA was then hybridized to Affymetrix array
(GeneChip™ mRNA 1.0 Array, n=4). Transcriptome Analysis Console was used for data analysis by
applying a cut-off of 1.5-fold change and a significance level of p<0.05 (one-way ANOVA). (A) Heat map
representing the hierarchical clustering of differential expressed mMRNAs under normo- or hypoosmotic
condition. (B) Volcano blot demonstrating differential mRNA levels after 180 min in perfused rat livers
under normo- or hypoosmotic condition. A 1.5-fold change cut-off was applied with a statistical
significance of p<0.05. Significantly upregulated mRNAs are labeled in red and significantly
downregulated mRNAs are displayed in black, while mRNAs with non-significant changes are indicated
in grey. (C) Pie charts representing the number of regulated mRNA found in rat livers upon 180 min of
hypoosmotic perfusion compared to normoosmotic perfusion.

3.2 Connection of miRNA and mRNA expression changes

To identify a correlation between downregulated mRNA and upregulated miRNA levels,
possible binding sites for miRNAs in the sequence of the 609 downregulated mRNAs were
compared with previous upregulated miRNAs found by microarray analysis. Because a single
miRNA can target tens to hundreds of mRNAs, we utilized TargetScan 7.2 and miRWalk 3.0
for prediction of possible target gene candidates to anticipate downstream target genes. Our
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bioinformatics analyses revealed that among all of the 609 downregulated mRNAs were many
miRNA target gene candidates for several miRNAs, including miR-18a-5p, miR-141-3p,
miR-127-3p, miR-483-5p, and miR-338-5p. Strikingly, target prediction revealed that
miR-141-3p putatively targets 249 (40.9%) out of 609 downregulated mRNAs, which were
found by microarray chip analysis (Fig. 3.3 A). These data strongly point towards an
involvement of miR-141-3p in the regulation of the cellular response to hypoosmolarity.

A B

regulation of DNA replication{1 8
regulation of cell cycle{ |28
cellular macromolecule biosynthesis 79
regulation of transcription by RNA Pol Il=
metabolic process [121

chromatin organization- 31
© Downregulated mRNAs under hypoosmotic conditon bt

@ Predicted miR-141-3p targets (miRWalk and TargetScan) A R O R

number of genes
Figure 3.3 miR-141-3p target prediction analysis of significantly downregulated mRNAs under
hypoosmotic conditions. (A) Venn diagram illustrating the number of downregulated mRNAs under
hypoosmotic condition which identified as putative miR-141-3p target, by the target prediction algorithms
miRWalk and TargetScan. (B) Gorilla Gene Ontology enrichment tool was utilized to analyze the
predicted target gene candidates of miR-141-3p. Numbers of genes associated with given GO terms
are indicated next to the bars.

To gain a better insight of the functions of miR-141-3p and the possible out-turn associated
with miR-141-3p deregulation, Gene ontology enrichment analysis was conducted. All 249
identified miR-141-target gene candidates were included in this study, independent of the fold
change. Gene ontology enrichment analysis revealed that the 249 miR-141-3p target gene
candidates are enriched in processes such as metabolic processes, regulation of cell cycle,
regulation of transcription by RNA polymerase Il, cellular macromolecule biosynthesis, and
chromatin organization. Thus, gene ontology enrichment analysis is indicative for an
involvement of miR-141-3p in a broad spectrum of cellular mechanisms and regulations
mediated via its target gene candidates. This refers to processes associated with metabolism
and biosynthesis of macromolecules, e.g. proteins.
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3.3 miQPCR and qPCR validation of hypoosmotically-regulated miR-141-3p

To independently validate the observed expression changes of miR-141-3p, miQPCR was
carried out on RNA isolated from rat livers perfused with normo- or hypoosmotic medium over
a time course of up to 180 min. As illustrated in Figure 3.4, miR-141-3p expression was
increased to 1.82-fold (£ 0.26, p=0.027) under hypoosmaotic conditions after 180 min of rat liver
perfusion. Under normoosmotic conditions miR-141-3p levels presented a stable expression
during rat liver perfusion.
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Figure 3.4 Relative quantification of miR-141-3p in perfused rat livers in response to normo- and
hypoosmotic exposure. Rat livers were perfused with normo- (305 mosm/L) or hypoosmotic medium
(225 mosm/L) over a time course of 180 min. After initialization of perfusion, liver lobes were dissected
at the indicated time points, RNA was isolated and miRNA expression was analyzed using miQPCR
(n=5). miRNA levels were median normalized by scaling the samples to their median value [226].
Statistical analysis was carried out by one-way ANOVA. Data are shown as average * standard error of
the mean (SEM) with * p<0.05.

As a member of the miR-200 family, miR-141-3p is shown to be involved in many cellular
processes, e.g. proliferation, migration, invasion, and drug resistance [227—230]. Cell swelling,
induced by hypoosmotic condition in perfused rat liver is known to enhance cell
proliferation [68]. For this purpose, miR-141-3p and its putative target mMRNAs were picked for
further investigation to investigate a possible connection with cell proliferation. For this
purpose, gPCR was carried out on isolated RNA from rat livers perfused with normoosmotic
or hypoosmotic medium for 180 min and mRNA levels of selected miR-141-3p target gene
candidates were assessed. Specifically, putative target mRNAs associated with biological
processes like proliferation, cell cycle progression, and transcriptional activity were chosen for
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gPCR analyses. These included mRNAs encoding for Cdk8, zinc metallopeptidase STE24

(Zmpste24), cell division cycle 25A (Cdc25a), and nuclear factor of activated t cells 5 (Nfat5).

As presented in Figure 3.5, gPCR analysis of potential target gene candidates of miR-141-3p

revealed differentially expressed mRNA under hypoosmotic exposure in rat liver perfusion

compared to normoosmotic control.
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Figure 3.5 Quantitative analysis of putative target mRNA of miR-141-3p in perfused rat livers in
response to hormo- and hypoosmotic exposure. Rat livers were perfused with normo- (305 mosm/L)
or hypoosmotic medium (225 mosm/L) for 180 min. Livers were dissected, RNA was isolated, and
miRNA expression was analyzed using gPCR (n=3-5). gPCR values were normalized to Rps6 mRNA
levels. Statistical analysis was carried out by student’s t-test. Data are shown as average + SEM with

* p<0.05 and ** p<0.01.

Under hypoosmotic exposure selected mRNA levels of putative miR-141-3p target genes were

significantly downregulated compared to normoosmotic control as displayed in Table 3.3.1:

Table 3.3.1 mRNA levels of putative target mMRNA of miR-141-3p

Name Identifier | downregulated to | p-value
Cyclin dependent kinase 8 Cdk8 0.66-fold £ 0.07 0.035
Solute carrier family 39 member 10 Slc39a10 0.26-fold £ 0.12 0.015
Zinc metallopeptidase STE24 Zmpste24 0.45-fold £ 0.15 0.018
Dual serine/threonine and tyrosine protein kinase | Dstyk 0.51-fold £ 0.10 0.029
Member ras oncogene family Rab30 0.45-fold £ 0.05 0.026
Calmodulin regulated spectrin associated protein 1 | Camsap1 0.29-fold + 0.07 0.007
Cell division cycle 25A Cdc25a 0.42-fold + 0.07 0.004
Dmx like 1 DmxI1 0.54-fold £ 0.07 0.007
Myb/SANT DNA binding domain containing 2 Msantd2 0.48-fold £ 0.07 0.013
EMAP like 4 Eml4 0.41-fold £ 0.13 0.020
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Table 3.3.1 mRNA levels of putative target mRNA of miR-141-3p (continued)

Nuclear factor of activated t cells 5 Nfat5 0.20-fold £ 0.09 0.024
LUC? like 3 pre-mRNA splicing factor Luc7I3 0.20-fold + 0.06 0.024
Protein arginine methyltransferase 1 Prmt1 0.21-fold £ 0.05 0.003

As illustrated in Figure 3.5 and shown in Table 3.3.1, all selected mRNA were significantly
downregulated after 180 min of hypoosmotic rat liver perfusion.

Table 3.3.2 shows several genes which are not affected on their mRNA level by hypoosmotic
exposure in rat liver perfusion, to emphasize the distinct effect of hypoosmolarity on specific
mRNA.

Table 3.3.2 mRNA not affected by hypoosmotic exposure

Name Identifier Fold-change p-value
Solute carrier family 22 member 5 Slc22a5 0.99 + 0.01 0.9888
Regulator of G-protein signaling 20 Rgs20 1.00 + 0.01 0.9276
Microtubule-associated protein 1 light chain 3 beta | Map1Ilc3b 0.99 £ 0.01 0.9094
Solute carrier family 1 member 7 Sic1a7z 0.97 £0.03 0.8153
Gap junction protein alpha 1 Gjat 0.97 £ 0.05 0.9155
Acyl-CoA dehydrogenase Acadl 0.99 + 0.01 0.8671
Zinc finger protein 18 Zip18 0.99 £ 0.03 0.9956
Mitochondrial elongation factor 1 Mief1 0.99 + 0.01 0.7222

3.4 Analysis of miR-141-3p in isolated primary rat hepatocytes.

To investigate whether changes in miR-141-3p levels and its putative target gene mRNA levels
can be mimicked in vitro, exposure of primary rat hepatocytes to hypoosmotic medium was
performed, since hepatic parenchymal cells constitute about 70% of all liver cells and represent
the basic structural component of the liver [231]. Figure 3.6 A and B display microscopical
images of isolated primary rat hepatocytes exposed to normo- and hypoosmotic medium.
Hypoosmotic exposure resulted in an increased cell surface and swelling of the cell nucleus.
To assess the extent of cell swelling, cell nucleus diameters were measured and compared
between the two conditions (Fig. 3.6 C). Isolated primary rat hepatocytes, which were exposed
to normoosmotic medium for 5 min, had an average cell nucleus diameter of 9.7 um (£ 1.2
um). Hypoosmotic exposure led to an average cell nucleus diameter of 13.1 um (x 2.0 um)
after 5 min, resulting in a diameter increase by about 35% (p=0.001, Fig. 3.6 D). After 3 h of
hypoosmotic exposure, the average cell nucleus diameter decreased back to
10.4 um (= 1.3 um). This resulted in an increased diameter by about 7% compared to

normoosmotic control, due to counteractive volume regulatory mechanisms (RVD).
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Figure 3.6 Effect of normo- and hypoosmotic exposure on the cell nucleus of rat primary
hepatocytes. To determine the extent of cell swelling on rat primary hepatocytes cell nucleus diameters
were measured in rat primary hepatocytes, which were exposed to (A) normo- (305 mosm/L) or (B)
hypoosmotic medium (225 mosm/L) over a duration of 5 min. (C) Example of measurement of the cell
nucleus diameter. (D) Mean cell nucleus diameters were compared between normo- and hypoosmotic
condition using cellSens Dimension software. For statistical analysis, the diameters of a total of 80 nuclei
were assessed. Statistical analysis was carried out by unpaired student’s t-test. Data are shown as
average + SEM with *** p<0.001.

©

With the aim to investigate whether hypoosmotic-induced overexpression of miR-141-3p can
be mimicked in isolated primary rat hepatocytes, miQPCR was conducted for the relative
quantification of miR-141-3p levels. As depicted in Figure 3.7, miR-141-3p levels remained
stable within 3 h of normo- and hypoosmotic exposure. However, after 24 h of hypoosmotic
exposure miR-141-3p expression levels increased to 2.17-fold (+ 0.27, p=0.006), while it

remained stable under normoosmotic exposure.
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Figure 3.7 Quantitative qPCR analysis of miRNA miR-141-3p in primary rat hepatocytes in
response to normo- and hypoosmotic exposure. Isolated primary rat hepatocytes were treated with
normo- (305 mosm/L) or hypoosmotic medium (225 mosm/L) for up to 24 h. Following RNA isolation,
miRNA expression was analyzed using miQPCR (n=3-4). miRNA levels were median normalized by
scaling the samples to their median value [226]. Statistical analysis was carried out by one-way ANOVA.
Data are shown as average £ SEM with ** p<0.01.

Next, qPCR was conducted to assess whether the selected putative target mRNAs of
miR-141-3p shown in Figure 3.5 are inversely related to miR-141-3p levels in isolated primary
rat hepatocytes as well (Fig. 3.8). After 24 h of hypoosmotic exposure to primary rat
hepatocytes Slc39a10 were significantly downregulated to 0.40-fold (+ 0.03, p=0.006), Dstyk
to 0.68-fold (£ 0.06, p=0.016), Rab30 to 0.75-fold (+ 0.06, p=0.042), Cdc25a to 0.58-fold
(£ 0.04, p=0.022), DmxI/1 to 0.64-fold (+ 0.03, p=0.041), and Nfat5 to 0.38-fold (+ 0.02,
p=0.002) as compared to normoosmotic control.
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Figure 3.8 Quantitative qPCR analysis of putative target mRNA of miR-141-3p in primary rat
hepatocytes in response to normo- and hypoosmotic exposure. Isolated primary rat hepatocytes
were treated with normo- (305 mosm/L) or hypoosmotic medium (225 mosm/L) over a time course of
up to 24 h. Following RNA isolation, mRNA expression was analyzed using qPCR (n=3-4). qPCR runs
were normalized to Rps6 mRNA levels. Statistical analysis was carried out by student’s t-test. Data are
shown as average + SEM with * p<0.05.

Cdk8, Zmpste24, Camsap1, Msantd2, Eml4, Luc7I3, and Pmrt1 mRNA levels showed a
tendency towards downregulation, without reaching significance. Overall, all selected putative
target mMRNAs of miR-141-3p showed decreased mRNA levels after 24 h of hypoosmotic
exposure in comparison with normoosmotic controls. Collectively, these data indicate that the
effect of hypoosmotic exposure in rat liver perfusions can be mimicked in isolated primary rat
hepatocytes, resulting in enriched miR-141-3p levels and decreased mRNA levels of selected
putative target genes.

3.5 Overexpression of miR-141-3p in primary rat hepatocytes

To evaluate whether overexpression of miR-141-3p is sufficient to induce downregulation of
putative target mRNAs, miR-141-3p mimic transfections were conducted in isolated primary
rat hepatocytes. Figure 3.9 displays the successful overexpression of miR-141-3p in isolated
primary rat hepatocytes. Cellular levels of miR-141-3p were enriched by 2,033-fold (p=0.004)
at 24 h and by 6,800-fold (p=0.001) at 48 h post transfection, indicating a successful
overexpression of miR-141-3p in the target cells.
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Figure 3.9 Quantitative qPCR analysis of cellular miR-141-3p levels in miR-141-3p mimic
transfected primary rat hepatocytes. Primary rat hepatocytes were transfected with miR-141-3p
mimic for 24 or 48 h. Control groups were mock-transfected in absence of miR-141-3p mimic. Cells were
washed, lysed, RNA was isolated, and miRNAs were quantified using miQPCR. miRNA levels were
median normalized by scaling the samples to their median value [226] and statistical analysis was
carried out by student’s t-test (n=3). Data are shown as average + SEM with ** p<0.01 and *** p<0.001.

In the next step, levels of selected target MRNA candidates were investigated via gPCR. Figure
3.10 shows the relative amount of selected mRNA levels after 24 h (A) and 48 h (B) post mimic
transfection. A tendency for downregulation after 24 h post transfection was observed for the
putative target mRNA Nfat5 (p=0.067), however without reaching significance (Fig. 3.10 A).
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Figure 3.10 Relative mRNA levels of putative miR-141-3p target mRNAs in primary rat
hepatocytes transfected with miR-141-3p mimic. Primary rat hepatocytes were transfected with
miR-141-3p mimic for 24 h (A) or 48 h (B). Control groups were mock-transfected in absence of
miR-141-3p mimic. Cells were washed, lysed, RNA was isolated, and mRNAs were quantified using
gPCR. gPCR runs were normalized to Rps6 mRNA levels. Data represent average £+ SEM of 3
independent experiments. Statistical analysis was carried out by student’s t-test with * p<0.05.

After 48 h, however, a significant downregulation of Cdk8 mMRNA by 0.49-fold (£ 0.11, p=0.047)
and Eml4 mRNA by 0.56-fold (x0.11, p=0.026) was observed in cells transfected with
miR-141-3p mimic in comparison to control cells. Nfat5 mRNA levels (p=0.078) showed a
tendency for downregulation, although the effects did not match statistical significance.
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3.6 Validation of Cdk8 as a target gene of miR-141-3p

As an important regulator of cell cycle progression, Cdk8 was selected for further target
validation. For this purpose, binding site analysis was conducted using the miRNA target
discovery algorithm RNA22. RNAZ22 identifies binding sites by screening the complementarity
of the selected miRNA and the transcript and the folding energy which is released upon
formation of the miRNA-mRNA heteroduplex [232]. This bioinformatic approach revealed that
the 3'UTR of Cdk8 mRNA harbors two potential binding sites (miRNA response elements -
MREs) for miR-141-3p, as depicted in Figure 3.11.

Cdk83'UTR 5’ — ...UUGUCGCAGACAGUGUUUCCUU...- &
1488 - 1494 L

miR-141-3p 3'—- GGUAGAAAUGGUCUGUCACAAU -5

Cdk83'UTR 5 - ...CUACAUAAAUCAGUGUUU... -3
1264 - 1270 L

miR-141-3p  3'-GGUAGAAAUGGUCU--GUC ACAAU -5

5UTR [ CDS | 3'UTR
Binding sites

Rno-miR-141-3p
Figure 3.11 Putative miR-141-3p binding sites on the 3’UTR of rat Cdk8 mRNA. RNA22 predicted
two binding sites for miR-141-3p in the 3'UTR of rat Cdk8 mRNA. Black lines indicate predicted base
pairing between miR-141-3p and target sequence. The seed sequence of miR-141-3p is indicated in
grey boxes and corresponding nucleic acids are displayed in blue font.

The miRNA target discovery algorithm RNA22 suggests that Cdk8 mRNA may be directly
targeted by miR-141-3p on two different binding sites encoded in the 3'UTR. Previous analyses
presented in this study displayed that upregulation of miR-141-3p decreased the mRNA levels
of Cdk8 (Fig. 3.5, Fig. 3.8, and Fig. 3.10 B). To further assess and verify the direct interaction
between miR-141-3p and Cdk8 mRNA, a luciferase-based reporter assay was performed
(Section 2.2.14). For this purpose, the full-length sequence of Cdk8 3’'UTR was cloned into
pMir(+) and pMir(-) reporter plasmids, whereas pMir(-) serves as a negative control plasmid.
The recombinant luciferase plasmids were transfected into HEK293 in presence or absence

of miR-141-3p mimic, respectively.
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Figure 3.12 Validation of rat Cdk8 3’'UTR as a direct target site for miR-141-3p. HEK293 cells were
transfected with recombinant plasmids either in absence (black) or in presence of miR-141-3p mimic
(light blue). Luciferase activity was measured from cell lysates 24 h post transfection. Data are
represented as percentage + SEM of 3 independent experiments. As control, luciferase activity in
absence of miR-141-3p was set to 100%. Asterisks indicate significant differences between groups,
student’s t-test with significance level ** p<0.01, *** p<0.001.

Figure 3.12 displays the luciferase activity of pMir(+)_141-3p transfected cells which were co-
transfected with miR-141-3p mimic or mock transfected. In presence of miR-141-3p mimic
luciferase activity was significantly decreased to 24.7% (+ 1.6%, p=0.001) after 24 h post
transfection. These data indicated that the product of pMir(+)_141-3p vector harbors a perfect
miR-141-3p MRE. Luciferase activity from cells transfected with pMir(-)_141-3p, which
harbored the perfect miR-141-3p binding site in its inverse orientation (negative control), was
not inhibited by the co-transfection with miR-141-3p mimic (Fig. 3.12). A significant change in
luciferase activity was observed in cells transfected with pMir(+)_Cdk8. In presence of
miR-141-3p mimic luciferase activity was decreased to 67.5% (£ 2.6%, p=0.001) in comparison
to cells transfected with plasmid in absence of miR-141-3p mimic. In cells transfected with
pMir(-)_Cdk8, luciferase activity was increased by 20.3% (x 3.4%, p=0.005) in presence of
miR-141-3p mimic. To summarize, the observed changes in luciferase activity can be ascribed
to the binding of miR-141-3p to the luciferase transcript, resulting in a miRNA-mediated
repression, thus leading to decreased luciferase protein levels. Therefore, these data provided
the evidence for a direct interaction between miR-141-3p and the cloned 3’'UTR of Cdk8 mRNA

as illustrated in Figure 3.11.
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3.7 Expression of miR-141-3p and Cdk8 mRNA after partial hepatectomy (PHXx).

Studies from Gao et al. showed that miR-141-3p plays a role in cell proliferation in different
types of tissues [233], but whether miR-141-3p and Cdk8 may also be involved in proliferative
processes in the liver is not yet confirmed. To investigate an involvement of miR-141-3p and
Cdk8 in proliferative processes like liver regeneration, quantitative PCR analysis of
miR-141-3p and Cdk8 mRNA expression levels was conducted with tissue from livers of
10 weeks old rats, in whom PHx had been performed and who recovered from this drastic
surgical measure for a period of up to 14 days (Fig. 3.13).
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Figure 3.13 Effects of partial hepatectomy on levels of miR-141-3p and Cdk8 mRNA in rat livers.
Rats at the age of 10 weeks were subjected to partial hepatectomy (PHx) as described by Higgins et
al. [113]. Rats were sacrificed after 0-14 days as indicated. Hepatic RNA was isolated and levels of
miR-141-3p and Cdk8 were analyzed by qPCR. (A) Levels of miR-141-3p in the livers of partial
hepatectomized rat. miRNA levels were median normalized by scaling the samples to their median
value [226]. (B) Relative Cdk8 levels in the liver of rat subjected to PHx. gPCR runs were normalized to
Rps6 mMRNA levels. Statistical analysis was carried out by one-way ANOVA (n=3-6, data are shown as
average £ SEM with * p<0.05 and *** p<0.001).

As illustrated in Figure 3.13 A, the levels of miR-141-3p transiently increased by 1.82-fold
(x0.16, p=0.07) after 1 day and 2.46-fold (= 0.3, p=0.02) after 3 days after PHx, when
parenchymal and non-parenchymal cells proliferate to reconstitute the liver mass. At later time
points during liver regeneration, no significant upregulation of miR-141-3p was observed. In
contrast, Cdk8 mRNA levels decreased, showing the lowest values 10 days after PHx
(0.4-fold + 0.04, p=0.001, Fig. 3.13 B). These findings suggest that miR-141-3p and its target

gene Cdk8 might be involved in liver regeneration and associated with cell proliferation.
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3.7 Mechanical stimulation of isolated primary rat hepatocytes

The stretching of liver cells occurs during hypoosmotic induced cell swelling, cell division, and
liver regeneration [114,234]. Mechanical stimulation of cells is sensed by several mechanisms
that also include integrins resulting in Src-, Erk-, and p38MAPK signaling [235]. This process is
referred to as ‘mechanotransduction’ [116]. To gain further insights into potential factors which
enable the upregulation of miR-141-3p, rat primary hepatocytes exposed to a mechanical
stimulation were investigated. For this reason, isolated rat primary hepatocytes were seeded

on flexible thin silica membrane chambers (STB-100, STREX), which allows the appliance of

tretched (1 min)
tes
[

a tractive force.

D
%3 mm Unstretched (Control)
i (. == Stretched (1 min)
20+ L] 1 Stretched (3 h)

Cell nucleus diameter
(in pm)

)

K
5 @\q\é@

“
& e

Figure 3.14 Effect of mechanical stimulation on cell nucleus diameters of primary rat
hepatocytes. Primary rat hepatocytes were seeded on silicone stretch chambers and remained
unstretched (A) or were stretched (B and C). Representative images of groups of nuclei are displayed
in 2-3-fold magnification in the left lower corner. (D) Mean cell nucleus diameters were compared
between stretched and unstretched primary rat hepatocytes using cellSens Dimension software. For
statistical analysis, the diameters of a total of 80 nuclei were assessed. Statistical analysis was carried
out by unpaired student’s t-test. Data are shown as average + SEM with *** p<0.001.
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Figure 3.14 depicts microscopical images on isolated primary rat hepatocytes seeded on
silicone stretch chambers which remained unstretched (Fig. 3.14 A) or which were subjected
to stretching (Fig. 3.14 B and C). Cell nucleus diameters were measured and the average
unstretched cell nucleus showed a diameter of 9.7 um (£ 1.2 um), whereas stretched cells
exhibited an increased diameter of 12.8 um (£ 2.1 um). The mechanical stimulation resulted
in an increased cell nucleus diameter by 31.6% (p=0.001). After 3 h of stretching the cells
reshaped back to their initial size and their cell nucleus turned back to an average of
10.0 um (+ 1.3 um). All measurements were taken immediately after the stretching of the cells.
The effect of mechanical stretching on the relative levels of miR-141-3p and Cdk8 mRNA in
hepatocytes was investigated by miQPCR and qPCR, respectively.
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Figure 3.15 Effect of mechanical stimulation on miR-141-3p and Cdk8 mRNA expression in
primary hepatocytes. Primary rat hepatocytes were seeded on silicone stretch chambers and either
stretched by roughly 30% or remained unstretched as a control. A) Levels of miR-141-3p in primary rat
hepatocytes during cell stretching at indicated time points. B) Cdk8 mRNA amount in primary rat
hepatocytes during stretching. The cells were washed, lysed, and RNA was isolated. Levels of
miR-141-3p were analyzed by miQPCR, Cdk8 mRNA amounts were analyzed by qPCR, and values
were normalized to Rps6 mRNA levels. miQPCR data were median normalized by scaling the samples
to their median value [226]. Statistical analysis was carried out by one-way ANOVA (n=3, data are
shown as average + SEM with ** p<0.01).

Expression of miR-141-3p was increased to 9.67-fold (£ 1.4, p=0.004) 1 h after stretching of
hepatocytes. miR-141-3p expression was increased to 5.31-fold (£ 3.0) after 2 h, and to
3.72-fold (x 2.1) after 3 h, but without reaching significance as illustrated in Figure 3.15 A. In
contrast, Cdk8 mRNA levels remained stable for 1 h after cell stretching and showed a
tendency towards downregulation after 2 h (0.72-fold £ 0.1) and 3 h (0.75-fold £ 0.1), without
reaching significance (Fig. 3.15 B).
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Altogether, the cell stretching accompanied by an enrichment in miR-141-3p levels did not
influence Cdk8 mRNA levels on the same level as seen after hypoosmotic exposure (Fig. 3.5
and Fig. 3.8), mimic transfection (Fig. 3.10 B), and PHx (Fig. 3.13B). It is therefore
conceivable that Cdk8 mRNA expression levels may also be influenced by other factors such
as growth factors released by neighboring cells of hepatocytes or ion channels which may not
be responsive to the application of a mechanical stimulus.

3.8 Rat liver perfusions with Src-, Erk-, and p38“APK inhibitors

Hypoosmotic exposure results in an activation of asB4- integrins signaling and a subsequent
activation of Src-, Erk-1/Erk-2, and p38MAPK kinases [235]. To investigate the potential role of
these osmosensing and osmosignaling pathways in the observed upregulation of miR-141-3p,
rat liver perfusion were conducted in presence of Src (PP-2), Erk-1/2 (PD098059), and
p38MAPK(PD169316) inhibitors.
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Figure 3.16 Analysis of miR-141-3p levels by hypoosmolarity in presence of Src-, Erk-, and
p38MAPK.inhibitiors. Rat livers were perfused with normo- (305 mosmy/L) or hypoosmotic (225 mosm/L)
medium for 0-180 min. Inhibitors of Src (PP-2, 250 nM), Erk (PD098059, 500 nM) and p38 (PD169316,
250 nM) were added to the perfusate as indicated. After initialization of perfusion, liver lobes were
dissected at the indicated time points, RNA was isolated, and miR-141-3p expression was quantified by
miQPCR. Data represent the relative levels of miR-141-3p as percentage to the preperfusion state
(0 min). miRNA levels were median normalized by scaling the samples to their median value [226].
Statistical analysis was carried out by two-way ANOVA. (n=3-4, data are shown as average + SEM with
* p<0.05 for significance against 0 min of the respective condition, # indicates p<0.05 against 180 min
of hypoosmotic perfusion with no inhibitors).

Addition of Src inhibitor PP-2 to the perfusate had no significant effect on miR-141-3p
expression levels under normo- or hypoosmotic condition but prevented a miR-141-3p
upregulation as observed in absence of PP-2 inhibitor (Fig. 3.16 left). Supplementation of the
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Erk inhibitor PD098059 to the hypoosmotic perfusion buffer resulted in a transient
downregulation of miR-141-3p levels after 60 min with a significant reduction after 120 min to
0.77-fold (£ 0.03, p=0.011) in comparison to the preperfusion state (0 min). Addition of Erk
inhibitor to hypoosmotic perfusion resulted in a significant lower miR-141-3p level after 180 min
of perfusion compared to 180 min of hypoosmotic perfusion with no supplemented inhibitors
(# indicates p=0.042). In contrast, normoosmotic controls containing PD098059 in the
perfusion buffer remained stable (Fig. 3.16 middle).

Addition of p38MAPKinhibitor PD169316 resulted in a transient downregulation under
hypoosmolarity compared to the normoosmotic condition. Expression levels of miR-141-3p
decreased after 30 min to 0.61-fold (£ 0.11, p=0.149) and after 120 min significant to 0.46-fold
(£ 0.03, p=0.046, Fig. 3.16 right). Addition of p38MAPKinhibitor to hypoosmotic perfusion
resulted in significant lower miR-141-3p levels compared to 180 min of hypoosmotic perfusion
without supplemented inhibitors (# indicates p=0.030). Overall, inhibitor perfusion studies
revealed that hypoosmotic-induced miR-141-3p upregulation was abolished under
hypoosmotic exposure through addition of Src-, Erk-, and p38MAPK kinases inhibitors.
Collectively, these data indicate that miR-141-3p expression levels are dependent on Src-,
Erk-, and p38MAPK signaling.
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3.9 Rat liver perfusion with colchicine

Hypoosmotic induced osmosignaling and downstream activation of p38MAPK kinase is known
to inhibit proteolysis [18]. However, this inhibitory effect resulting from hypoosmotic exposure
can be abolished by the addition of colchicine to the perfusate [236]. Colchicine is a well-known
microtubule inhibitor, which prevents microtubule assembly and therefore inhibits the
microtubule- and p38MAPK-dependent autophagic proteolysis [237]. To further investigate the
involvement of p38MAPK in hypoosmolarity-induced effects on miR-141-3p levels in liver cells
(e.g. involvement in metabolic processes), rat liver perfusions in presence of colchicine were

conducted.
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Figure 3.17 Analysis of miR-141-3p levels by hypoosmolarity in presence of colchicine. Rat livers
were perfused with normo- (805 mosm/L) or hypoosmotic (225 mosm/L) medium for 0-180 min.
Colchicine (500 nM) was added to the perfusate as indicated. After initialization of perfusion, liver lobes
were dissected at the indicated time points, RNA was isolated and miR-141-3p expression was
quantified by miQPCR. Data represent the relative expression of miR-141-3p as percentage to the
preperfusion state (0 min). miRNA levels were median normalized by scaling the samples to their
median value [226]. Statistical analysis was carried out by two-way ANOVA (n=3, data are shown as
average + SEM with * p<0.05).

Addition of colchicine to the perfusate resulted in lower miR-141-3p expression levels under
hypoosmolarity compared to hypoosmotic perfusion without the addition of colchicine. Under
hypoosmotic condition the addition of colchicine to the perfusate induced a moderate
miR-141-upregulation to 1.38-fold (£ 0.16) after 180 min of perfusion compared to
normoosmotic control (Fig. 3.17 right). No significant changes in miR-141-3p levels were
observed in comparison with rat liver perfusion in absence of colchicine (Fig. 3.17 left).
Altogether, these data indicate that the addition of colchicine to the perfusate prevented

miR-141-3p increase in perfused rat liver under hypoosmolarity.
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4. Discussion

Liver cells face constant challenges to their cellular volume either through extracellular
osmolarity or changes in intracellular solute content. These volume perturbations are
counteracted by activation of specific membrane transporters and/or metabolic processes,
which result in net solute loss or gain. Osmosensing and osmosignaling pathways are known
which couple cellular volume to gene expression, proliferation, and apoptosis. However, the
role of miRNAs regarding liver cell environment and the downstream osmosignaling pathways,
which are coupled to hypoosmotic exposure, is largely unknown. This study aimed to analyze
miRNA and mRNA expression differences during hypoosmotic exposure in perfused rat liver,
and to identify miRNAs which are involved in the osmosignaling pathway. Based on
bioinformatic approaches, 249 osmosensitive mMRNAs were identified to be putatively targeted
by a single miRNA, miR-141-3p. Using quantitative PCR analysis, miR-141-3p was found to
be significantly upregulated under hypoosmotic condition in perfused rat liver, while selected
putative target mRNAs were significantly downregulated. This effect was also observed in
isolated primary rat hepatocytes, where individual mRNAs were also found to be
downregulated after miR-141-3p upregulation. A luciferase reporter-based assay was
performed to validate Cdk8 mRNA, which is involved in critical cellular processes, such as
transcription or cell cycle, as a direct target of miR-141-3p [238]. The role of miR-141-3p in the
osmosignaling pathway under hypoosmolarity was investigated by inhibitor perfusion studies.
This approach revealed that miR-141-3p levels were significantly affected by Erk and p38MAPK
inhibition. Inhibition of Erk and 38MAPK |ed to a significant downregulation of miR-141-3p under
hypoosmotic condition. In addition, miR-141-3p and Cdk8 mRNA levels were analyzed after
partial hepatectomy (PHXx), a condition exposing liver cells to persistent mechanical stress due
to hyperperfusion. Primary rat hepatocytes were subjected to mechanical stimuli, to assess
their potential role in proliferation and liver regeneration, since PHx also subjects the liver cells
to increased mechanical forces due to the increasing blood volume passing through the blood
vessels [234].

4.1 Hypoosmolarity leads to differential miRNA and mRNA levels

Microarray chip analysis of miRNA and mRNA levels of hypoosmotic perfused rat livers
revealed differentially expressed miRNAs and mRNAs after 180 min of perfusion. Only
9 (1.2%) of 728 miRNAs were found to be significantly downregulated, and 22 (3.0%) miRNAs
being significantly upregulated. Thus, the number of differentially expressed miRNAs under
hypoosmolarity compared to the normoosmotic controls seems to trigger very specific changes
in miRNA levels. Several upregulated miRNAs found by microarray analysis, such as
miR-338-5p, miR-18a-5p, and miR-155-3p were already identified by other studies to promote
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cell proliferation and/or inhibit apoptosis [239]. For example, miR-18a-5p was found to promote
proliferation, migration, and invasion by targeting fructose-bisphosphatase 1 (FBP1) in liver
cells [240], whereas Tang et al. discovered that miR-155-3p promotes proliferation by
suppressing f-box and wd repeat domain containing 7 (FBXW?7) expression in the liver [241].
These results underline the effects facilitated by hypoosmotic exposure to liver cells, since cell
swelling was shown to correlative with enhanced cell proliferation [68,82].

Gene chip analysis of hypoosmotic perfused rat liver revealed 609 (2.8%) significantly
downregulated and 534 (2.5%) significantly upregulated mRNA compared to normoosmotic
control. Interestingly, mRNA encoding for heat-shock protein 70 (Hsp70), which is upregulated
in cells exposed to hyperosmolarity [242,243], was also found to be significantly elevated under
hypoosmotic condition in the present microarray analysis. Under hyperosmolarity, Hsp70 gene
expression is activated by the denaturation of proteins, which is induced by hyperthermia [244].
Enrichment of Hsp70 mRNA is known to be accompanied by many types of stress, fulfilling the
role of stabilizing native protein structures and prevent harmful accumulation of denatured
proteins. Kurz et al. also observed higher Hsp70 mRNA levels in primary rat hepatocytes under
hypoosmotic exposure when a heat shock was applied to the cells compared to normoosmotic
control [245]. In agreement with previous data by Kurz et al., enriched Hsp70 mRNA levels in
hypoosmotic perfused rat livers compare well to those found in primary rat hepatocytes
exposed to a heat shock followed by hypoosmotic condition [245]. These findings may indicate
that increased Hsp70 mRNA levels under hypoosmolarity assist in the prevention of
aggregation and misfolding of proteins.

Moreover, heat-shock transcription factor 1 (Hsf1) is induced by hypertonic shock with the
same intensity which can be found by the activation via application of a heat shock [121]. Hsf1
is a stress-induced transcription factor, that binds to the promoter region of heat-shock proteins
(HSPs) to regulate their transcription [246]. Microarray analysis of perfused rat liver exposed
to hypoosmolarity revealed Hsf1 and Hsf2 were both significantly downregulated after 180 min
of hypoosmotic exposure compared to normoosmotic control (Fig. 3.2). Thus, hypoosmolarity
led to an opposite regulation of Hsf1 and Hsf2. Hypoosmotic and hyperosmotic exposure
represent two opposing physical forces - which when applied to the living cell - can result in
different physiological responses and functions, including different signaling pathways
(Fig. 1.2). Therefore, it is conceivable that the upregulation of Hsf1 and Hsf2 mRNA is required
only for the cellular response to hyperosmolarity, while other genes may be major players in
the cellular response to hypoosmolarity.
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In the recent extension of this work, a potential player in nutrient and osmosignaling pathways,
transcription factor EB (Tfeb) was significantly downregulated under hypoosmotic conditions
compared to normoosmotic controls (Bardeck et al. [247]). Tfeb is involved in the function and
biogenesis of the endo-lysosomal compartment, which includes membrane trafficking and
autophagy [248,249]. During autophagy, which is a catabolic process, Tfeb mRNA levels are
increased [249]. However, cell swelling is considered as an anabolic signal, leading to the
inhibition of proteolysis [16,24—26], which might be the reason for decreased Tfeb mRNA

levels.

Overall, microarray analysis of differentially expressed mRNAs revealed that the effect of
hypoosmolarity on perfused rat livers only affected a small fraction of the liver transcriptome.
These changes point towards the specificity of the swelling signal, which were also observed
in previous studies performed by Warskulat et al. [250]. They discovered that hyperosmotic
exposure led to an increase of the mRNA levels of tyrosine aminotransferase (Tat) and
phosphoenolpyruvate carboxykinase (Pepck), whereas hypoosmotic exposure to H4IIE rat
hepatoma cells decreased their mRNA levels by about 40%. These data are in accordance
with our microarray chip analysis of hypoosmotic perfused rat livers, where Tat and Pepck
MRNA levels were also decreased by similar amounts. This effect may be explained by the
increased stimulation of glycolysis and glycogen synthesis, which are both sensitive to cell
swelling [15]. As a main control point for the regulation of gluconeogenesis, Pepck catalyzes
the formation of phosphoenolpyruvate from oxaloacetate and the expression of the Pepck
gene can also be affected by insulin and glucagon [251,252]. Both hormones affect the cellular
hydration level, allowing the hypothesis that Pepck mRNA levels are directly affected by the
cellular hydration level. Long-term effects of hypoosmotic exposure to rat livers regarding the
mRNA level have already been described in the past. For instance, enriched mRNA levels for
tubulin [23,237], B-actin [35], ornithine decarboxylase [253], and c-jun [254] were found in rat
liver perfusion and primary rat hepatocytes in response to hypoosmolarity. Our microarray
analysis also found actin beta (Actb) and ornithine decarboxylase (Odc1) at increased levels.
Hypoosmotic exposure to liver cells leads to alterations of the cellular shape and can alter
cytoskeletal rearrangements, thus leading to changes in the expression patterns of proteins

like Actb, which are required for the cytoskeletal structure.

In the next step, downregulated mRNAs were investigated for possible binding sites for
miRNAs which were upregulated in rat livers following perfusion wit hypoosmotic medium.
Remarkably, TargetScan and miRWalk revealed that out of 609 downregulated mRNAs, 249
(41%) mRNAs were putatively targeted by miR-141-3p (Fig. 3.3 A). The GO enrichment
analysis revealed the involvement of miR-141-3p target gene candidates in various cellular
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processes, including the regulation of cell cycle, metabolic processes, and the biosynthesis of
cellular macromolecules (Fig. 3.3 B). These findings are in accordance with effects found in
cells affected by hypoosmotic exposure (e.g. enhanced proliferation and altered metabolism),
thus making miR-141-3p an interesting target for further investigation.

miR-141-3p belongs to the miR-200 family which is composed of five highly conserved
miRNAs: miR-200a/200b/200c, miR-141, and miR-429 [255]. It is established, that
miR-141-3p is implicated in different types of oncogenesis, but its function in the liver is still
not clarified [256—258]. The miR-200 family members are mainly recognized as tumor
suppressors, but depending on the cellular context the biological functions of the miR-200
family are subject to change and may also exert tumor promoting effects [259]. However, these
long-term effects were not investigated in this thesis. miR-200 family members are associated
with the formation of cancer stem cells and the regulation of epithelial-to-mesenchymal
transition (EMT), in which cells gain migratory and invasive properties resulting in the transition
to mesenchymal stem cells [260—262]. miR-141-3p inhibits cell proliferation and invasion by
targeting mitogen-activated protein kinase 4 (MAP4K4) [263], but in contrast may also act as
an oncogene in ovarian and colon cancers [264,265]. These findings suggest that miR-141-3p
has various roles which may depend on its specific target in different cell types or tissues.

4.2 Downregulation of downstream target genes of miR-141-3p

Hepatic miR-141-3p levels were significantly upregulated after 180 min of hypoosmotic
perfusion compared to normoosmotic control (Fig. 3.4). Upregulation of miR-141-3p after
180 min of rat liver perfusion is an experimental model for mimicking long-term effects of
hypoosmotic exposure, since liver cells regain their original cell volume within minutes with the

help of RVD mechanisms.

To elaborate the role and function of miR-141-3p, predicted target gene candidates which play
arole in proliferation, cell cycle progression, and cellular metabolism, were selected for further
analyses. As shown in Figure 3.5, after 180 min of hypoosmotic perfusion, all selected target
gene candidates were significantly or tendentially downregulated on the mRNA level.

Among the downregulated mRNAs, Nfat5, also known as a tonicity-responsive
enhancer-binding protein, is an important transcription factor involved in the maintenance of
cellular homeostasis against hypertonic and hyperosmotic environments [266]. Under
hyperosmotic stress the amount and nuclear translocation of Nfat5is increased, to accumulate
organic osmolytes and restore cell homeostasis [267—269]. Nfat5 is responsible for the
expression of a variety of osmoprotective genes, such as ion transporters, aldose reductase,

54



4. Discussion

and heat shock protein 70 [270]. It was also shown by Zhu et al. that Nfat5 triggers autophagy
by the activation of autophagy related protein 5 (Afg5) [271]. As presented in Figure 3.5, Nfat5
MRNA levels were significantly downregulated after 180 min of hypoosmotic exposure. In
contrast, Bounedjah ef al. identified upregulation of Nfat5 mRNA under hyperosmotic
exposure [272].

In this thesis, the opposing regulation of Nfat5 mRNA under hypoosmolarity could be a direct
result of miR-141-3p upregulation. Therefore, miR-141-3p may be in-part responsible for the
restoration of cellular homeostasis by directly binding to Nfat5 mRNA. However, it cannot be
excluded that additional mechanisms may also affect Nfat5 levels, since Nfat5 activity is
regulated through phosphorylation of signal molecules like Fyn [273], p38MAPK and protein
kinase A [274,275]. Furthermore, activation of Nfat5 and downstream activation of autophagy
is not required during hypoosmolarity which is an anabolic signal, thus leading to the inhibition

of proteolysis [27].

Zmpste24 is another putative miR-141-3p target gene candidate downregulated under
hypoosmotic condition in perfused rat livers. This gene encodes for a zinc metallopeptidase
that is involved in the two step post-translational proteolytic cleavage of prelamin A to form
mature lamin A, which is required for the structure of the cell nucleus membrane [276].
Additionally, in human, ZMPSTE24 is identified as a direct target of miR-141-3p [277]. Here,
ZMPSTE24 mRNA levels were decreased, while miR-141-3p was found to be upregulated
during senescence in mesenchymal stem cells. Decreased levels of ZMPSTE24 mRNA led to
an upregulation of prelamin A mRNA in mesenchymal stem cells. These findings lead to the
assumption, that by targeting Zmpste24, miR-141-3p can directly affect the formation of lamin

A which is required during the S-phase of cell division [278].

Another confirmed target of miR-141-3p is cell division cycle protein 25A (Cdc25a) mRNA. As
a dual-specificity protein phosphatase, it is responsible for the progression from G1 to the S
phase of the cell cycle[279]. Cdc25a removes the inhibitory phosphorylation in
cyclin-dependent kinases (CDKs) such as cyclin-dependent kinase 6 (Cdk6), cyclin-dependent
kinase 4 (Cdk4), and cyclin-dependent kinase 2 (Cdk2). Qiu et al. demonstrated that high
miR-141-3p levels decreased the expression of Cdc25a on the protein level, which results in
the arresting of cells at G1 phase without triggering cell apoptosis [279]. In hypoosmotic rat
liver perfusion and primary rat hepatocytes exposed to hypoosmotic media, Cdc25a mRNA
levels were significantly downregulated compared to normoosmotic controls. As an important
player in cell cycle progression, the activity of Cdc25A on the protein level must be timely and

precisely regulated throughout the whole cell cycle. Previous studies confirmed multiple
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mechanisms behind the regulation of Cdc25A expression at the transcriptional [280,281],
translational [282,283], and post-translational level [284]. Interestingly, Qiu et al. observed that
miR-141-3p increased the expression of CDC25A on the mRNA level and also decreased its
expression on the protein level, showing that miR-141-3p affects gene expression on both
transcriptional and post-transcriptional level [285]. Again, by targeting Cdk25a, miR-141-3p
may be in-part responsible for processes which include cell proliferation in the liver.
Furthermore, cyclin-dependent kinase 8, a subunit of the regulatory Cdk module of the
transcriptional Mediator complex [286] that couples enhancer-binding transcriptional activators
to RNA polymerase Il for the initiation of transcription [238], was identified as a putative target
of miR-141-3p. Cyclin-dependent kinases are involved in critical cellular processes such as
transcription or cell cycle. Cdk8, unlike better-known members of the Cdk family (e.g.
cyclin-dependent kinase 1[287] or cyclin-dependent kinase 2 [288]), is not required for cell
cycle progression [286,289] and instead co-regulates several transcription factors, such as
Whnt/B-catenin [290], serum response network [291], TGFB/SMAD [292], and NFkB [293].
Cdk8 is amplified or overexpressed in many types of cancers, including colon [290],
breast [289,294,295], pancreatic [296], and prostate cancer [297]. Many mechanisms of
positive regulation of transcription such as the regulation of RNA-polymerase Il by Cdk8 have
been elucidated [291,298—-300] with fewer known mechanisms of negative regulation by Cdk8
in mammalian cells [301]. As a co-regulator of above-mentioned transcription factors,
downregulation of Cdk8 mRNA under hypoosmolarity may play a role in cell growth, cell
differentiation, and/or apoptosis. Furthermore, Cdk8 is linked to lipid and glucose metabolism,
as well as to the regulation of the cellular response to the depletion of nutrients [301-303].
Knockdown experiments conducted in mammalian cells revealed that Cdk8 kinase activity
upregulates the expression of glycolytic enzymes [304]. These findings underline the role of
Cdk8 as an oncogene and for stem cell maintenance [305,306], since metabolic changes can
be responsible for the alteration in gene expression or the proteome [307]. Additionally,
metabolic changes may drive cell differentiation and cancer, whereas cancer cells are heavily
dependent on glycolysis [308,309] and differentiated, non-proliferating cells redirect
metabolites towards oxidative phosphorylation [310].

Collectively, these data indicate that miR-141-3p may assist in the modulation of various
processes, which may contribute to proliferation, cell differentiation, and cellular metabolism,

mediated via its downstream target genes.
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4.3 Hypoosmolarity leads to miR-141-3p upregulation in primary rat hepatocytes
and restoration of cytoskeleton

Hepatocytes constitute the majority of the liver volume and retain most of their functions after
isolation and restoration of the cell cytoskeleton [311-313]. To identify a potential source
behind enriched miR-141-3p levels under hypoosmolarity, isolated primary rat hepatocytes
were exposed to hypoosmotic medium in vitro. To measure the extent of swelling, which cells
endure during hypoosmotic exposure, microscopical images were taken after cells were
exposed to hypoosmotic medium for 5 min and 3 h (Fig. 3.6). Isolated primary rat hepatocytes
showed an increased cell nucleus accompanied by an upregulation of miR-141-3p level after
24 h of hypoosmotic exposure compared to normoosmotic controls. Since ambient osmolarity
changes were achieved by the addition of raffinose, enrichment of miR-141-3p levels can be
explained by changes in osmolarity or cell volume, and not by alterations of extracellular Na*
or CI ion concentrations. However, the hypoosmotically-induced effect of miR-141-3p
upregulation showed a delay of more than 20 h compared to the observed effect in perfused
rat livers. Primary rat hepatocytes retain specific hepatocyte properties close to their
physiological level, although the in vivo state cannot be maintained for long. Discrepancies in
the observed effects may also be explained by the missing biological cell matrix of in vitro
primary rat hepatocytes, which is still preserved in the perfusion experiments. Interaction of
different neighboring cell types may be crucial for relevant short-scale signaling transductions.
Furthermore, isolated primary rat hepatocytes lack an intact microtubule network, which is
required for the antiproteolytic effect of cell swelling [23,314]. Thus, anti-proteolytic effects
cannot be shown in isolated primary rat hepatocytes [315], which are characterized by a
disintegrated microtubule network [23,69,117]. Taken altogether, these factors may be
responsible for a more timely in vivo signaling towards miR-141-3p, which can not be shown
in vitro at early time points. Quantitative analysis of previous selected target gene candidates
showed a significant downregulation for SIc39a10, Dstyk, Rab30, Cdc25a, DmxI1, and Nfat5
on the mRNA level. Cdk8, Zmpste24, Camsap1, Msantd2, Eml4, Luc7I3, and Prmt1 tended to
decrease at the mRNA level (Fig. 3.7), thus, exposure of isolated primary rat hepatocytes to
hypoosmolarity showed similar results compared to hypoosmotic liver perfusions. Taken
together, these data suggests that hepatocytes, which make up to 70% of the liver cell
population, may be the primary source for miR-141-3p expression levels in the liver under
hypoosmotic condition. These findings solidify the idea that miR-141-3p might influence the
expression of various processes, including cell proliferation, cell differentiation, and cell cycle
progression via its downstream target genes in the liver. This leads to the assumption, that

upregulation of miR-141-3p may be a direct response to hypoosmotic exposure and ultimately
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contributes to the modulation of transcriptional events which are interlinked with liver cell
swelling [68,82].

4.4 miR-141-3p transfection leads to downregulation of target gene candidates

To further investigate the effects of miR-141-3p on its downstream target genes, mRNA levels
of previous selected target gene candidates were analyzed in response to miR-141-3p
overexpression in isolated primary rat hepatocytes (Fig. 3.9). After 24 h of miR-141-3p mimic
transfection, several genes tended to decrease at the mRNA level, including Cdk8, Dstyk,
Camsap1, Emi4 and Nfat5. However, Cdk8 and Eml4 were significantly decreased at the
mRNA level after 48 h of miR-141-3p mimic transfection, while Luc7/3 and Pmrt1 showed
tendentially decreased mRNA levels (Fig. 3.10).

Of note, isolated primary rat hepatocytes are extracted from their natural cell matrix, which
might be a decisive prerequisite for the interplay of miR-141-3p and its target genes. The
moderately affected mRNA levels raise the hypothesis that besides enriched miR-141-3p
levels certain additional mechanisms may control the mRNA levels of selected target gene
candidates in vitro. However, more work is necessary to further investigate the mediating

effects of miR-141-3p on its target genes in response to cellular stimuli.

To provide the evidence for a direct interaction between miR-141-3p and Cdk8 mRNA, a
luciferase reporter gene assay was conducted. As shown in Figure 3.11, two possible binding
motifs were determined in the 3’UTR of Cdk8 mRNA, strengthening the idea that miR-141-3p
may be in-part responsible for the downregulation of Cdk8. Moreover, miR-141-3p mimic
transfection inhibited the expression of luciferase by binding directly to the 3'UTR of Cdk8
mRNA (Fig. 3.12), certifying the miRNA-MRE interaction of Cdk8 mRNA and miR-141-3p.
These findings are in line with bioinformatic analysis conducted with TargetScan software and
RNAZ22 algorithm which revealed two binding sites for miR-141-3p in the sequence of Cdk8
3’'UTR. Collectively, the luciferase reporter assay provided evidence that Cdk8 3’'UTR can be
confirmed as a direct target of miR-141-3p.

4.5 Role of miR-141-3p and Cdk8 in liver regeneration

To investigate a possible role of miR-141-3p and its downstream target gene Cdk8 in liver
regeneration, liver tissue from rats recovering from PHx was analyzed. In normal adult livers,
hepatocyte proliferation is rarely seen, as most hepatocytes are in the GO phase of the cell
cycle [316,317]. However, after PHx approximately 95% of hepatic cells rapidly re-enter the
cell cycle [114]. Quantitative PCR analysis of rat liver tissue revealed that miR-141-3p levels

start to increase after 24 h, reaching a significance 36 h after PHx (Fig. 3.13 A). In rats, the
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rate of DNA synthesis in hepatocytes is increased after 12 h and peaks around 24 h after
PHx [114]. These findings raise the possibility that miR-141-3p upregulation is tied to the
proliferative phase of hepatocytes during rat liver regeneration, since transiently upregulated
miR-141-3p levels can be observed during and shortly after (i.e. 24 h and 36 h) hepatocyte
proliferation. Simultaneously, Cdk8 mRNA levels show a decrease after 24 h, reaching a
significant downregulation after 6, 10 and 14 days after PHx (Fig. 3.13 B). As a direct target of
miR-141-3p, downregulation of Cdk8 mRNA may be a result of increased miR-141-3p levels.
These findings point towards an involvement of miR-141-3p and Cdk8in rat liver regeneration.
Ko et al. also reported the participation of Cdk8 in the initial steps of liver regeneration in
zebrafish [318]. Repression of Cdk8 protein led to an enhanced Notch signaling which induced
differentiation of liver progenitor cells (LPC) into hepatocytes [318]. However, future studies
are required to elucidate the detailed mechanism behind the upregulation of miR-141-3p and
regulation of Cdk8 in liver regeneration. Furthermore, several other mRNA candidates
responsible for proliferation and cell differentiation like Cdc25a, Camsap1, and Emi4 mRNA
remain to be investigated.

The signals that determine the size of the liver during liver regeneration and the termination
phase are still poorly understood, but a few mechanisms like the inhibition of specific growth
factor and cytokine-mediated pathways are able to regulate organ size [114]. Suppressors of
cytokine signaling (SOCS) are important regulators that prevent tyrosine phosphorylation of
signal transducer and activator of transcription (STAT) proteins [319-321]. Interleukin 6 (IL-6)
signaling has been shown to directly affect the upregulation of SOCS3, which is coupled with
the subsequent downregulation of phosphorylated STAT3, ultimately terminating I/L-6
signaling [322]. Additionally, SOCS proteins also provide an important mechanism to prevent
uncontrolled cytokine signaling [323]. Furthermore, transforming growth factor B (TGFB) is
upregulated during liver regeneration [324]. TGFB activity can be assessed by SMAD
activation, which is located downstream of TGFB. Interestingly, transcriptional activation of
SMAD is regulated via phosphorylation by Cdk8 which subsequently promotes the recruitment
of yes associated transcriptional regulator (YAP) to the phosphorylated linker sites [325,326].
Phosphorylation of SMAD by Cdk8 provides an important counterbalance to TGFB
signaling [325,327]. Once liver regeneration is terminated, SMAD levels decrease, while the
liver is returning to a quiescent state [328]. Therefore, it is conceivable that downregulation of
Cdk8 mRNA via miR-141-3p may be interlinked to processes which determine the termination
phase during liver regeneration.

Precise signaling during the termination phase is important, since uncontrolled initiation of cell
cycles and uncontrolled proliferation are characteristics of cancer cells. Especially during liver
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regeneration, excessive cell proliferation can lead to HCC [329]. In the past, miR-141-3p and
the miR-200 family have been demonstrated to be dysregulated in pancreatic ductal
adenocarcinoma cells, with a direct enhancement effect on cell proliferation [330]. These
effects are in part mediated through miR-141-3p downstream target genes, such as zinc finger
e-box binding homeobox 1 (ZEB1) and zinc finger e-box binding homeobox 2 (ZEB2), both
well-known for their EMT regulatory effects [331,332]. Thus, miR-141-3p upregulation and its
target downregulation of Cdk8 mRNA could potentially play an additional role during the
termination phase of liver regeneration to prevent the potential emergence of HCC during
uncontrolled cell cycle progression. These results further consolidate earlier findings, where
upregulation of miR-141-3p in hypoosmotic perfused rat liver was observed after 180 min,
possible functioning as a time delayed ‘signal’ to cease cell proliferation. This hypothesis can
be further substantiated by the fact, that during hypoosmolarity enhanced cell proliferation in
rat liver perfusion can be observed [68,250,333,334].

4.6 Regulation of miR-141-3p is sensitive to mechanical stimulation

During liver regeneration and/or hypoosmotic cell swelling the membrane of affected liver cells
endure both compression and stretching. As mentioned before, these mechanical stimuli can
be sensed by integrins and transmitted into downstream signaling pathways [69,91,116]. An
increase in hepatocellular volume leads to an integrin-dependent EGFR and Erk1/-2 activation
in hepatocytes, triggering a proliferative response [68,335,336]. In the past, K*-selective ion
channels were discovered which are both activated by membrane stretch and by cell swelling
induced by hypoosmotic exposure [337]. As stated earlier, activation of K* ion channels in rat
liver results in RVD [31-35]. Primary rat hepatocytes, which were subjected to a lateral stretch
by roughly 30%, showed a significant increase in miR-141-3p expression levels after 1 h. After
2 h and 3 h, miR-141-3p expression levels are slowly declining, which was accompanied by
reshaping of the cells back to their initial size and form. Thus, upregulation of miR-141-3p may
be linked to a mechanical stimulus which is probably sensed and transmitted by integrins via

a controlled mechanism called mechanotransduction.

Interestingly, Cheng et al. discovered that compression along an axis (e.g. horizontal axis) can
inhibit cell growth and induce a programmed cell death in tumor spheroids [338]. However, this
effect was highly dependent on the cell density. Regions of high cell density are affected by
high compressive stress resulting in apoptosis, whereas regions of low cell density allowed
proliferation [338]. Because isolated primary rat hepatocytes are highly confluent on the
silicone stretch chambers, these findings may further lead to the assumption that miR-141-3p
is in-part responsible for anti-proliferative effects in hepatocytes.
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Furthermore, Cdk8 mRNA levels showed a tendency towards decrease 2 h and 3 h after cells
were subjected to stretching. However, for an early regulatory effect additional mechanisms
may be implicated, since a lateral stretch might impair mechanically gated ion channels.
Affected ion channels could be responsible for co-regulation of transcriptional activation for
certain mRNAs. Additionally, interaction and communication with neighboring cells via soluble
factors and gap junctions may also influence transcription of Cadk8. Dolega et al. observed that
global compression of tumor spheroids decreased the volume of on a larger scale than osmotic
compression of single cells [339]. It still remains unclear if cells sense osmotic compression
through the same pathways which are implicated through solid stress, including
stretch-activated ion channels or involvement of the cytoskeleton and cell-matrix
adhesions [339,340].

4.7 Src, Erk, and p38MAPK signal miR-141-3p regulation

Hypoosmotic cell swelling is sensed by the integrin system, resulting in a subsequent activation
of c-Src kinase and downstream targets like Erk and p38MAPK[91,92]. To further elucidate the
role and the required signal transductions in response to miR-141-3p upregulation in the
osmosignaling pathway, inhibitor perfusion studies were conducted. Through the addition of
specific Src-, Erk, and p38MAPK inhibitors to rat liver perfusions, hypoosmotic-induced
upregulation of miR-141-3p was prevented (Fig. 3.16). Furthermore, inhibition of Erk and
p38MAPK signaling resulted in a significant downregulation of miR-141-3p after 120 min of rat
liver perfusion, indicating that miR-141-3p may be a feedback mechanism downstream of Src,
Erk and p38MAPK  As Src, Erk, and p38MAPK are well-known downstream effectors of the
signaling pathways induced by hypoosmolarity [91,92,341,342], this is the first study indicating
that miR-141-3p may be directly involved in cellular mechanisms as a response to hypoosmotic

condition, mechanical stimulation, and cell swelling.

Addition of colchicine to the perfusate also resulted in the prevention of a significant
upregulation of miR-141-3p by hypoosmolarity, although a tendency towards upregulation after
180 min was observed (Fig. 3.17). Colchicine is known to induce depolymerization of the
microtubule network by preventing the assembly of a-tubulin leading to an inhibition of mitosis
[24,343]. Microtubules are a major component of the cytoskeleton of hepatocytes and play an
established role in their physiology [344—-346]. The organization of microtubules and the
spindle apparatus are mediated via p38MAPK and play an active role in cellular hydration, since
microtubules are able to bind different proteins, including ionic channels responsible for the
transport of Ca?* ions [847-350]. Furthermore, swelling-mediated effects of hypoosmotic
exposure require an intact cytoskeleton and the physiological interaction between extracellular
matrix proteins and the integrin system [68,351,352]. Thus, inhibition of microtubules by
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depolymerization, resulting in the prevention of miR-141-3p upregulation, may indicate the
involvement of miR-141-3p in the osmosignaling pathway triggered by hypoosmotic-induced
swelling. Additionally, Wang et al. reported that circular kelch like ECH associated protein 1
(circKEAPT) is a direct target of miR-141-3p. Overexpression of circKEAP1 in human A549
cells led to decreased levels of cell mitosis and lower percentages of proliferation as also seen
by the application of colchicine [353,354], further supporting the idea that miR-141-3p is

involved in cell proliferation control of the liver.
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4.8 Conclusion

In conclusion, the insights gained in the present study identified miR-141-3p as an
osmosensitive miRNA which plays a potential role as a modulator in liver cell swelling and
proliferation. It is proposed that hypoosmotic conditions lead to an upregulation of miR-141-3p,
most likely controlled by asBi-integrin-, Src-, Erk-, and p38MAPK signaling. As a result, mRNA
levels of various genes involved in metabolic processes, macromolecular biosynthesis, and
cell cycle progression such as Cdk8, Cdc25a, Zmpste24, and Nfat5 are directly affected and
coherently downregulated. Rat livers subjected to PHx also exhibited elevated miR-141-3p
levels, placing miR-141-3p and its target gene Cdk8 into a regulative signaling network of the
regenerative liver, although tension-influenced mechanotransduction seems to differ from

signaling events induced by hypoosmoosmotic conditions.
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Figure 4.1 Proposed model for the feedback mechanism controlled by miR-141-3p. During
hypoosmotic exposure and liver regeneration, cell swelling and deformation is sensed by
transmembrane adhesion receptor asB1-integrins through mechanical stimuli. Following activation, they
mediate the Src-, Erk-, and p38“APK-kinase activation which leads to proliferation. Triggered by this
event, upregulation of miR-141-3p results in decreased mRNA levels of miR-141-3p target genes,
including Cdk8 mRNA. As a hypothesis of this work, miR-141-3p could be responsible to modulate cell
proliferation in the liver, e.g. preventing excessive hepatocyte growth during liver repair.

Furthermore, miR-141-3p overexpression was triggered by a mechanical stimulus, leading to
the assumption that mechanosensors such as asf+-integrins may be in-part responsible for the
signaling to mediate miR-141-3p expression. Yet, more work is required to fully understand
the role of miR-141-3p in the liver and its potential contribution to osmosensing, osmosignaling

as well as cell proliferation during liver regeneration. Future studies must take into
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consideration that miR-141-3p has been described to fulfill diverse functions depending on

specific targets in different cell types or tissues.
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