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|. Abstract

The development of hepatocellular carcinoma (HCC) is often associated with
hyperinsulinemia which suggests an important role of insulin in hepatocarcinogenesis.
The present thesis examined the effect of the hormone and the role of insulin-receptor

splice variants A and B for the development of a malignant phenotype.

The expression data of insulin-regulated genes were obtained by whole-genome gene
expression analyses of rat HCC-prestages and were compared to published
expression data of human HCC-prestages. Differentiated dHepaRG™ and
undifferentiated HepaRG™ cells served as cell culture models and were treated with
insulin. By means of lentiviral gene transfer insulin-receptor-A and -B overexpressing
cell lines were established. The hormonal effect on the metabolic gene expression was
explored by RT-gPCR and on the malignant phenotype by tests for clonogenicity and
migration. Western Blot was performed to detect the nuclear transfer of pyruvate
kinase M2 (PKM2).

Several insulin-regulated genes in carbohydrate-, cholesterol-, and fatty acid
metabolism and the pentose-phosphate pathway showed overexpression in rat and
human HCC-prestages. Insulin induced several of these genes especially in
HepaRG™ and partly increased the expression of cancer-specific isoenzymes
dHepaRG™. Overexpression of insulin-receptor-B led to enhanced colony formation
and cell migration, whereas insulin-receptor-A had no effect. Further, insulin treatment
promoted the nuclear transfer of PKM2 in dHepaRG™ and HepaRG™, which might

explain the elevated expression of some metabolic genes.

The results indicate that insulin might contribute to hepatocarcinogenesis due to effects
on metabolic gene expression and stimulation of PKM2 translocation to the nucleus.

Insulin-receptor-B may mediate the development of a malignant phenotype.



[l. Introduction

1.1 Hepatocellular Carcinoma (HCC)

Liver cancer occupies place four in the ranking of cancer-related deaths worldwide and
ranks sixth with regard to new cases per year (Craig et al., 2020). Hepatocellular
carcinoma (HCC) is the most frequent form of primary liver cancer and typically evolves
from hepatocytes in a chronically diseased liver (Craig et al., 2020). In the western
world HBV (hepatitis B virus) and HCV (hepatitis C virus) infection as well as alcohol
abuse and nonalcoholic fatty liver disease (NAFLD) are the major causes (Craig et al.,
2020). Type-2 diabetes mellitus (T2DM) appears to be another independent risk factor
of HCC development which is linked to insulin resistance and hyperinsulinemia (Li et
al., 2017). In the following chapters the physiological functions of insulin and its role as

possible trigger for HCC development will be outlined.

1.2 Insulin

Insulin is an anabolic peptide hormone, which regulates the metabolism of
carbohydrates, lipids and proteins in liver, skeletal muscle and adipose tissue. Cells,
which are sensitive to insulin, anchor insulin receptors in their membranes where the
hormone may bind to provide a signal for the cell (Chettouh et al., 2015; Leclercq et
al., 2007; Schulze et al., 2019; Wilcox, 2005). A major target of insulin is the liver where
it controls glucose metabolism by promoting glycolysis, glucose storage as glycogen,
protein synthesis, lipogenesis and by inhibiting gluconeogenesis. But also processes
such as synthesis and storage of fat, protein synthesis, cell growth, cell proliferation,
survival and differentiation are regulated by insulin (Chettouh et al., 2015; Leclercq et
al., 2007; Schulze et al., 2019; Wilcox, 2005). Insulin also plays a crucial role as growth
factor in hepatocytes by promoting cell division and survival by suppressing apoptosis
(Chettouh et al., 2015). More details on the role of insulin in hepatocyte metabolism

and cell cycle are given in chapters 11.5.1 and II.6.

In humans insulin is encoded by a gene (/INS) which is located on chromosome 11 and
transcriptionally regulated by upstream enhancer elements (Tokarz et al., 2018). In
response to glucose, insulin gene expression in the pancreatic B-cells of the islets of

Langerhans is activated. Insulin is translated into preproinsulin protein and during
2



transition through the rough endoplasmatic reticulum and the trans-Golgi network it is
processed to proinsulin. After further processing in the trans-Golgi network mature
insulin, coupled with Zn?* as hexamer, is secreted in secretory granules (Tokarz et al.,
2018). Insulin is a dipeptide containing 51 amino acids and has a molecular weight of
5802. It is composed of A and B chains which are linked by disulphide bridges.
(Schulze et al., 2019). The hormone is released to the venous blood stream and
delivered from the pancreas to the liver in discrete pulses every ~ 5 min. During fasting
the amplitude of these pulses is 0.5 — 1 nmol/liter whereas after a meal it may rise to
~ 5 nmol/liter (Song et al., 2000).
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Figure 1. Insulin maturation and secretion pathway. (Reprinted from Vakilian, Tahamtani &
Ghaedi, 2019)

[1.3 Insulin Receptor (IR)

As member of the receptor tyrosine kinase family (RTK) the insulin receptor is a
transmembrane multi-subunit glycoprotein which is anchored on the surface of cells
and binds insulin as well as pro-insulin (Belfiore et al., 2009). It is encoded by a single
gene on chromosome 19 with 22 exons and 21 introns spanning 120 kb. Alternative

splicing of the 12 amino acid long exon 11 of the IR pre-mRNA generates two different



insulin receptor isoforms, IR-A (lacking exon 11) and IR-B (including exon 11) (Belfiore
et al., 2009).

The insulin receptor is a hetero-tetramer, built as disulfide-linked covalent dimer with
two extracellular a-subunits with ligand-binding domains and two transmembrane (3-

subunits containing the intracellular RTK domain. (De Meyts et al., 2008)

[1.3.1 Regulation of IR Isoform generation

High expression of IR is found in adipose tissue whereas in liver, heart and lung tissue
the expression is around 30% of that in adipose tissue (Belfiore et al., 2017).
Transcription of the InsR gene is regulated by transcription factors, such as Spf1,
hepatocyte-specific transcription factor of the insulin receptor gene (HTFIR), IR nuclear
factors | and Il (IRNF-I and IRNF-Il), high-mobility group protein A1 or HMGA1
(Payankaulam et al., 2019).

The expression of IR isoforms is differently distributed in organs and changes during
lifetime. Although IR-A is highly expressed in adult life, IR-B is predominant in liver,
muscle, kidney and adipose tissue which are all targets of insulin. Accordingly, in the
liver 80% of IR expression is occupied by isoform B (Belfiore et al., 2017). Generally,
in tissues with predominantly metabolic effects of insulin (liver, skeletal muscle,
adipose tissue and kidney) IR-B/IR-A mRNA ratio is higher compared to tissues where
insulin acts as mitogen, such as fetal and cancer cells with high levels of IR-A mRNA
(Westermeier et al., 2015).

The exact mechanism in IR exon 11 splicing is not completely solved. Some splicing
enhancers and factors are known that regulate the process, but the interplay involved
in regulation of tissue-specific or developmental-related exon 11 skipping remains
unclear (Belfiore et al., 2017). Studies of Malakar et al., (2016) showed, that insulin
induced exon 11 inclusion in human and mouse pancreatic B-cells via Ras-MAPK/ERK
signaling pathway and up-regulation of splicing factor serine/arginine-rich splicing
factor 1 (SRSF1).

[1.3.2 Differences in IR-A/B properties

The IR isoforms differ with regard to their ligand binding affinity. IR-A binds both insulin
and IGF-2 with a higher affinity than IR-B (Belfiore et al., 2017). Differences regarding
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signaling have been noticed in neonatal hepatocytes which express IR-A, but not IR-
B. These cells showed a high basal glucose uptake which does not correlate with
insulin stimulation (Belfiore et al., 2017). Neonatal hepatocytes expressing IR-B alone
showed increased apoptosis compared to those expressing only IR-A. Hepatocytes
with both IR isoforms were protected from apoptosis. Studies also showed that cells
with IR-A isoform alone preferentially undergo proliferation when IGF-1l was bound to

the receptor but activate glucose uptake upon insulin binding (Belfiore et al., 2017).

[1.3.3 IR interaction with IGF receptors

The signaling pathways, induced by insulin and IGF-1 and 2 (Insulin like growth factor
1), are highly similar but the biological processes they regulate are still strikingly distinct
(Belfiore et al., 2017; Cai et al., 2017). The corresponding receptors IR-A, IR-B and
IGF-1 receptor can be activated by insulin and IGF-1 and 2 whereas IR-A has higher
affinity for IGF-2 compared to IR-B. Further complexity is added by the fact that IR-A,
IR-B and IGF-1 and 2 receptors show a high degree of homology and are able to
heterodimerize which enhances cell responsiveness to IGFs (Belfiore et al., 2017; Cai
etal., 2017).

[1.3.4 Insulin Receptor Signaling Pathway

The insulin receptor is activated upon binding of insulin which leads to conformational
change and autophosphorylation of tyrosine residues. Signaling proteins, such as IRS
1-6 (Insulin receptor substrate) and Shc (Src homology 2 domain containing) bind to
these phosphorylated sites which is the starting point of the various intracellular
signaling cascades (Chettouh et al., 2015; De Meyts et al., 2016). The main
components in this network are the phosphatidylinositol 3-kinase (PI3K)/AKT and the
Raf/Ras/MEK/MAPK (mitogen activated protein kinase) pathways. While the first
pathway regulates metabolic effects of insulin and is activated only by IRS, the second
one is involved in gene expression regulation by insulin. The PI3K and the MAPK
pathways together impact on cell growth and differentiation (Chettouh et al., 2015; De
Meyts et al., 2016).



11.3.4.1 The PI3K Signaling Pathway

Binding of the regulatory subunit of PI3K to IRS1 and 2 activates the pathway followed
by phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) and generating
phosphatidylinositol-3,4,5-triphosphate  (PIP3). Then, PDK (phosphoinositide-
dependent protein kinase) gets phosphorylated and activated which in consequence
phosphorylates and activates protein kinase B (AKT/PKB) (Chettouh et al., 2015; De
Meyts et al. 2016). Phosphorylated AKT is important for the regulation of glucose
metabolism as well as cell size, proliferation and cell survival (Arcidiacono et al., 2012).
AKT/PKB activates three critical substrates with important functions: mTOR
(mammalian target of rapamycin), FoxO (forkhead box-containing protein, O
subfamily) and GSK3 (glycogen synthase kinase 3). By activating mTOR (especially
mTORC1) protein translation and cell growth are promoted. AKT regulates gene
regulation via phosphorylation of FOXO transcription factors which have an impact on
cell metabolism, differentiation, apoptosis as well as cell cycle arrest and DNA repair
(Arcidiacono et al., 2012). FoxO1 is inhibited by AKT mediated phosphorylation which
regulates gluconeogenic and adipogenic genes (Titchenell et al., 2015). GSK3 inhibits
glycogen synthase and is inhibited by activated AKT/PKB. Lipid metabolism is also
regulated by AKT/PKB via sterol regulatory element-binding proteins (SREBP) which

increases cholesterol and fatty acid accumulation (Huang et al., 2018).

11.3.4.2 The MAPK-ERK Signaling Pathway

The adapter protein Grb2 binds to IRS and Shc which leads to phosphorylation and
activation of the serine/threonine kinases Raf/MEK/ERK1-2. Phosphorylated ERK1-2
translocates to the nucleus to phosphorylate and activate various transcription factors
which induce gene expression and regulate cell proliferation, differentiation, apoptosis
and transcription. (Guo et al., 2020). Furthermore mitogen (MAPK)- and stress
activated protein kinases are phosphorylated by ERK1-2 as well (De Meyts et al.,
2016).
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Figure 2. Insulin receptor signaling pathway. (Reprinted from Boucher J. et al., 2014)

1.4 Metabolic Effects of Insulin

Insulin plays important roles in carbohydrate and protein metabolism. Furthermore, it
induces lipogenesis and protein synthesis and inhibits lipolysis and protein degradation
(Edgerton et al., 2017).

Insulin’s function in glucose metabolism is implemented by two signaling pathways,
insulin-mediated glucose uptake and glucose-stimulated insulin secretion. The first
pathway is activated upon binding of insulin to its receptor (INSR) and thereby
activating a signaling cascade (Vargas et al., 2021). Thereby insulin causes an
increased glucose uptake by cells in skeletal muscle and adipose tissue whereas in
hepatocytes the glucose generation is suppressed by an insulin-mediated decrease of
gluconeogenesis and increase of glycogenesis. (Edgerton et al., 2017).

In skeletal muscles and adipose tissues three glucose transporters (GLUT1, GLUT3
and GLUT4) are responsible for glucose uptake. Insulin increases the uptake by
inducing the translocation of GLUT4 from intracellular space into the cell membrane. It
also stimulates hexokinase and 6-phosphofructokinase which enhance glycolysis in
muscle cells. Insulin also increases the gene expression of glucokinase and pyruvate

kinase which are crucial glycolysis enzymes (Qaid and Abdelrahman, 2016).



Lipid metabolism is regulated by insulin as well as it increases the expression of
important enzymes in adipocytes such as fatty acid synthase (FAS), pyruvate
dehydrogenase (PDH) and acetyl-CoA-carboxylase (ACC) (Vargas et al., 2021).
Lipogenesis is a process of fat synthesis and is promoted by insulin which induces a
higher uptake of triglycerides into adipose tissue and muscle. On the other hand insulin
inhibits the degradation of fat to fatty acid and triacylglycerol, called lipolysis. In
consequence fatty acid is stored in adipose tissue and fatty acid oxidation is decreased
in muscle and liver (Qaid and Abdelrahman, 2016).

In glycogenesis glycogen is synthesized from carbohydrates which is then stored in
the liver and muscles. Insulin stimulates glycogen synthesis from glucose in the liver
by increasing substrate-specific activity of protein phosphatase | (PPI) on glycogen
particles (Qaid and Abdelrahman, 2016; Vargas et al., 2021).

In the liver, kidney, brain, testes and erythrocytes non-carbohydrates such as pyruvate,
lactate, glycerol, alanine and glutamine are converted to glucose (Qaid and
Abdelrahman, 2016). Insulin inhibits gluconeogenesis by directly inhibiting the gene
expression of the metabolic enzymes phosphoenolpyruvate carboxylase (PEPCK),
fructose-1,6-bisphosphatase (FBP) and glucose-6-phosphatase (G6PC) which control
rate limiting steps (Vargas et al., 2021).
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Figure 3. Metabolic Effects of Insulin. (Reprinted from Qaid and Abdelrahman, 2016)
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1.5 Regulation of the Hepatocyte Cell Cycle

The liver is a tissue which is able to regenerate after injuries or resections by
proliferation of highly differentiated hepatocytes which is unique among adult tissues
(Greenbaum et al., 2004). Three stages can be described during liver regeneration: a
priming phase, describing the reentering of hepatocytes from GO into the G1 phase of
cell cycle, a proliferation phase during which hepatocytes progress, and a termination
phase which stops cell proliferation. This process is enabled by the fact that
hepatocytes are not terminally differentiated but are in a proliferative quiescence (GO
phase) and can reenter the cell cycle upon stimulation (Nowatari et al., 2012).

Crucial factors for the priming phase are hepatocyte growth factor (HGF), transforming
growth factor alpha (TGFa), nuclear factor kB (NFkB), signal transducer and activator
of transcription 3 (STAT3), activator protein-1 (AP-1), mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated protein kinase (ERK), glucagon and insulin
(Nowatari et al., 2012; Taub et al., 2004).

The stimulus for differentiated cells to reenter cell cycle and start liver regeneration are
the proinflammatory cytokines tumor necrosis factor (TNFa) and interleukin 6 (IL-6)
which are produced by liver Kupffer cells (nonparenchymal cells). Transcription factors
and signal transduction pathways, such as NFkB, STAT3, MAPK/ERK, PI3K/Akt, AP-
1 and CCAAT/enhancer-binding-protein-f are immediately activated and promote
expression of “immediate early genes” and hepatocyte proliferation. The cells respond
to the growth factors by passing the G1 phase of the cell cycle and reaching the
“restriction point” where mitogens no longer control the progression of mitosis. During
the proliferation phase hepatocyte growth factor (HGF) and epidermal growth factor
(EGF) are responsible for the replication process (Greenbaum et al., 2004; Nowatari
et al., 2012). Kupffer cells contribute to the accumulation of platelets which play a role
in stimulating or accelerating hepatocyte proliferation (Nowatari et al., 2012).

The progression in the G1/S phase is controlled by a family of transcription factors
called E2F the members of which either have anti- or pro-proliferative properties
(Greenbaum et al., 2004). The G1/S transition is also regulated by cyclin dependent
kinase 2 (Cdk2) which interacts with cyclin C in early G1 phase (Corlu and Loyer,
2012). During early and late G1 phase cyclin-cdk complexes are activated. Especially
D- and E-type cyclins associate with Cdk2, Cdk4 and Cdk6 and release repressive
(anti-proliferative) E2F/pocket protein complexes by phosphorylating the repressive

pocked protein, retinoblastoma protein (pRb). The release of E2F transcription factors
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in late G1 activates transcription of genes required for the progression in late G1 phase.
(Greenbaum et al., 2004; Corlu & Loyer, 2012). In the liver cyclin D1 is overexpressed
to induce replication and progress through the G1/S restriction point (Greenbaum et
al., 2004). The entry into and progression in S phase and centrosome duplication
depends on Cdk2 and Cdk1 (Corlu & Loyer, 2012).

Crucial factors in the termination phase are transforming growth factor beta1 (TGF(31)

produced by platelets and activins. (Corlu & Loyer, 2012).

Direct Platelet
contact accumulation
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Platclets vth [ SECS
S1P

LSECS !
ﬁm@ mﬂ

HGE, IGF, I1L-6,
TNFa, TGFa -6 !

Hepatocytes

Figure 4. Signaling pathways and factors involved in hepatic cell cycle regulation. (Reprinted
from Nowatari, Fukunaga and Ohkohchi, 2012)
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[1.5.1 Insulin and Cell Cycle Regulation of Hepatocytes

Insulin plays a crucial role as growth factor by pushing hepatocytes through the G1/S
and G2/M phases of the cell cycle and cytokinesis and suppressing cell death by
apoptosis. Terminal differentiation in hepatocytes is controlled by insulin as well via
regulation of tetraploidization (Chettouh et al., 2015). The peptide hormone influences
signaling pathways, cytokines and growth factors which play crucial roles in liver
generation. The activation of insulin receptors (IR) by insulin results in the activation of
the PI3K-PKB-mTOR pathway which increases the survival and proliferation of
hepatocytes (Abu Rmilah et al., 2020).

Studies by Amaya et al. (2013) with the SkHep-1 human hepatoma cell line observed
another mechanism by which insulin impacts hepatocyte regeneration. An insulin
treatment of 5 minutes led to the internalization of IR via endosomes from the plasma
membrane to the cytoplasm and the translocation into the nucleus. Next the enzyme
phospholipase C is activated which catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate into diacylglycerol which in turn activates inositol 1,4,5-triphosphate
(InsP3). InsP3 subsequently initiates nuclear and cytosolic Ca?* signals by binding to
its receptor which is located on a ligand-gated Ca?* channel. These studies showed
that insulin leads to a higher expression of nuclear and cytosolic InsP3 which results in
elevated Ca?* signals (Amaya et al., 2013). It turned out that insulin-induced liver
regeneration and cell proliferation may depend on Ca?* signals which are induced only
by nuclear InsP3. (Abu Rmilah et al., 2020).

1.6 Altered metabolism in HCC

To enable proliferation of malignant cells they need a constant supply of energy and
macromolecules. This requires an alteration of metabolic pathways which is one of the

hallmarks of cancer cells (Wang et al., 2016).

11.6.1 Reprogrammed glucose metabolism and the Warburg effect

Glucose metabolism is a major task of hepatocytes. Glycolysis metabolizes glucose to

generate energy and glycogenesis stores excess glucose in the form of glycogen. In
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hepatocellular carcinoma these important pathways are dysregulated. The Warburg
effect describes the change in cancer cells from the more energy-efficient oxidative
phosphorylation pathway towards aerobic glycolysis, a quick energy source with
enhanced glucose uptake and lactate production for accelerated growth and
proliferation (Tenen et al., 2021; Wang et al., 2016).

A high glucose uptake in HCC occurs via upregulating GLUT1 and GLUTZ2 isoforms.
This alteration becomes apparent in the upregulation of crucial glycolysis enzymes
such as hexokinase 1 (HK1), glucose-6-phosphate isomerase (GPIl), aldolase A
(AldoA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate
kinase (PGK1), phosphoglycerate mutase 1 (PGAM1), enolase 1 (ENO1) and pyruvate
kinase liver and red blood cells (PKLR) (Tenen et al., 2021).

Another important alteration in glycolysis of HCC cells concerns the conversion of
phosphoenolpyruvate to pyruvate by the pyruvate kinase (PK). PK exists in four splice
isoforms with PKL prevalent in normal liver. Studies showed that in HCC expression of
the PKM2 isoform is upregulated. In HCC cells glycolysis mainly produces lactate since
lactate dehydrogenase (LDH) is overexpressed and catalyzes the conversion of
pyruvate to lactate instead of acetyl-coenzyme A (acetyl-CoA) even in the presence of
oxygen (De Matteis et al., 2018; Tenen et al., 2021).

On the other hand, expression of gluconeogenesis enzymes such as glucose-6-
phosphatase (G6PC) and fructose-1,6-bisphosphatase (FBP1) is decreased (Khan et
al., 2015; Tenen et al., 2021; Yang et al., 2017).

These alterations result in a higher rate of glycolysis generating pyruvate that is either
converted into lactate or enters the tricarboxylic acid (TCA) cycle (De Matteis et al.,
2018). The TCA cycle uses pyruvate from glycolysis to produce reduced nicotinamide
adenine dinucleotide (NADH) and reduced flavin adenine dinucleotide (FADH2).
Succinate, fumarate and malate are metabolic intermediates in this cycle which are
reduced in HCC. Pyruvate dehydrogenase kinase 4 (PDK4) which regulates pyruvate
dehydrogenase complex (PDC), a multi-enzyme complex that catalyzes the oxidative

decarboxylation of pyruvate, is downregulated as well (Tenen et al., 2021).

11.6.2 Pentose-phosphate Pathway

For the synthesis of nucleotides, the pentose-phosphate pathway (PPP) turns glucose-

6-phosphate to ribose-5-phosphate which is the precursor of DNA and RNA (Tenen et
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al., 2021). In HCC the pentose-phosphate pathway is highly activated and nearly all
enzymes are transcriptionally upregulated e.g. glucose-6-phosphate dehydrogenase
(G6PD) which is the rate limiting enzyme of PPP and ribose-5-phosphate isomerase
(RPI). High expression of G6PD is associated with migration and invasion,

chemoresistance, metastasis, higher tumor grade of HCC (Tenen et al., 2021).

[1.6.3 Lipid metabolism

In HCC lipid metabolism is dysregulated to support tumorigenesis by providing lipids
for membrane formation, energy generation and post-translational modification. Fatty
acid synthesis is increased since fatty acids are a source of energy that enable cancer
cells to proliferate (Tenen et al., 2021; Wang et al., 2016). Enzymes which catalyze
fatty-acid biosynthesis such as fatty-acid synthase (FASN), acetyl-CoA carboxylase
(ACC), ATP citrate lyase (ACLY), stearoyl-CoA desaturase (SCD1), 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR) and transcription factors for adipogenesis,
such as sterol regulatory element-binding protein (SREBP1), are transcriptionally
upregulated for enhanced cholesterol synthesis (De Matteis et al., 2018; Tenen et al.,
2021) Studies observed that the AKT/mTORC pathway induces gene-expression
alterations and post-transcriptional modifications which increase lipogenesis and

carcinogenesis (Tenen et al., 2021).
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Figure 5. Metabolism alterations in HCC. (Reprinted from Tenen et al., 2021)

Insulin as Risk Factor for HCC

Studies showed a link between insulin resistance and elevated cancer risk and that
hyperinsulinemia plays an important role in tumor promotion and progression in insulin-

resistant patients (Arcidiacono et al., 2012), which is outlined in the following chapters.

Insulin Resistance, Hyperinsulinemia, Obesity and T2D

Insulin resistance is often associated with central obesity, dyslipidemia and systemic
hypertension which are components of the metabolic syndrome. As a very
heterogenous disorder insulin resistance may be due to lifestyle as well as genetic

factors (Arcidiacono et al., 2012). The main causes are obesity as a result of overeating
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and a defect of the insulin receptor (INSR) function. As a result, pancreatic beta cells
overproduce insulin to counteract insulin resistance. Accordingly, chronic
hyperinsulinemia is a hallmark of insulin resistance and a key feature of obesity and
type 2 diabetes (T2D) in which high levels of insulin circulate in the blood relative to

the glucose levels (Arcidiacono et al., 2012).

Studies observed that insulin-resistant patients are at higher risk of developing cancer
in the liver but also breast, colorectum and pancreas (Arcidiacono et al., 2012). Some
mechanisms are illustrated in Fig. 6. Insulin positively impacts on the production and
activity of insulin-like growth factor 1 (IGF1) which is able to promote cell proliferation.
Studies showed that removing of the IGF1 receptor or reducing IGF1 concentration
reduced cancer growth (Jee et al., 2005). It has also been documented that chronic
hyperinsulinemia in insulin resistant patients reduces hepatic production of insulin-like
growth factor binding proteins 1 (IGFBP-1) and 2 (IGFBP-2) which increases the
bioactivity of IGF-1 and the risk of developing tumors (Arcidiacono et al., 2012).

Since insulin has the ability to reduce sex hormone-binding globulin (SHGB) the
bioavailability of estrogen is positively affected and breast cancer risk increases
(Arcidiacono et al., 2012).

Insulin may promote cancer formation also by abnormally stimulating cellular signaling
cascades which affects cell metabolism and enhances cell proliferation. (Arcidiacono
et al., 2012; Chettouh et al., 2015; Jee et al., 2005).

Insulin resistance is often associated with obesity, which is considered a low-grade
inflammatory state characterized by an overproduction of free fatty acids, interleukin-6
(IL-6), adiponectin, leptin, tumor necrosis factor alpha (TNFa), plasminogen activator
inhibitor-1 and monocyte chemoattractant protein (MCP-1) (Arcidiacono et al., 2012).
Also increased oxidative stress is associated with obesity and T2D which contribute to
a higher cancer risk. Reactive oxygen species (ROS) are overproduced and activate
PI3K/Akt signaling pathway which may cause genetic modifications and DNA damage
resulting in tumor formation and progression. NFkB as an important hub in coordinating
immunity, inflammation and cell survival cross-talks with ROS and can induce aerobic

glycolysis and lactate production (Arcidiacono et al., 2012).

As an anti-inflammatory hormone insulin controls inflammation and pro-inflammatory
transcription factors such as nuclear factor-kappa B (NFkB), activating protein-1 (AP-

1), matrix metalloproteinase-9 (MMP-9), tissue factor (TF) and plasminogen activator
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inhibitor-1 (PAI-1). Furthermore, insulin controls the inflammatory markers IL-18, IL-6,
macrophage migration inhibition factor (MIF) and tumor necrosis factor-alpha (TNF-a).
Insulin resistance interrupts these activities in target tissues such as skeletal muscle,
liver and adipose tissue which may result in the activation of genes that can enhance

inflammatory processes (Arcidiacono et al., 2012; Jee et al., 2005).

Genetic Environmental
susceptibility

PAL-1
VEGF

fogenesic

Camncer

Figure 6. Mechanisms that link insulin resistance and cancer. (Reprinted from Arcidiacono et al.,
2012)

[1.8 Pyruvate kinase (PK)

Pyruvate kinase as a glycolytic enzyme is an important key player in regulating cell
metabolism since it catalyzes the conversion of phosphoenolpyruvate (PEP) and
adenosine diphosphate (ADP) to pyruvate and adenosine triphosphate (ATP) (Yang et
al., 2020). The protein exists in four isoforms in mammals: PKL, expressed in liver,
kidney and early fetal tissues; PKR, expressed in erythrocytes; PKM1, expressed in
adult muscle, brain, bladder cells and in adult fibroblasts; and PKM2 which is
expressed in all proliferating cells especially tumor and embryonic tissues. (Yamada
and Noguchi, 1999; Yang et al., 2013; Zahra et al., 2020).
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Luo et al., (2012) showed that PKM2 is highly expressed in human cancer cells and
Igbal et al., (2013) observed that insulin up-regulates PKM2 gene (PKM2) expression.
Based on these observations this kinase is considered as a critical link between insulin
signaling and hepatocarcinogenesis. In addition, PKM2 may also be a key regulator of
the Warburg effect, since its downregulation or replacement with PKM1 results in the
reversal of the Warburg effect and reduced tumor formation in nude mouse xenografts
(Li etal., 2018).

PKL PKR PKM1 PKM2

¢ Hepatocytes * Erythrocytes * Heart e Tumor cells

* |ntestine e Skeletal muscle * Embryonic tissue
e Pancreas * Smooth muscle e Testis

Kidney e Brain * Ovaries
Adrenal medulla * Adrenal corlex

s Mature sperm * Pancreatic islet cells
* Thymus
e Kidney distal tubule
cells
* Leucocytes

Figure 7. Tissue distribution of pyruvate kinase isoenzymes. (Reprinted from Zahra et al., 2020)

[1.8.1 PK gene expression

In mammalians the PKL and PKM genes code for the four PK isoenzymes, whereas

PKL codes for PKR and L isoenzyme and PKM codes for PKM1 and M2 isoenzymes
(Yamada and Noguchi, 1999). The PKL gene consists of 12 exons and 11 introns with
tissue-specific promotors whereas the first two exons are specific for R and L
isoenzymes. The PKM gene also consists of 12 exons and 11 introns with exons 9 and
10 being specific for M1- and M2- isoforms. Alternative splicing from a common primary
transcript, mediated by members of the heterogenous nuclear ribonucleoprotein

(hnRNP) family, produces the two isoenzymes (Wong et al., 2013). In skeletal muscle,

17



heart and brain exclusively exon 9 is prevalent while exon 10 is present in other adult
tissues and tumor cells.

Experiments of Yamada and Noguchi (1999) showed that PKL gene expression was
increased in rats on high-glucose diet but was decreased in diabetic rat. Insulin
administration to diabetic rats resulted in higher levels of PKL mRNA due to enhanced

gene transcription (Yamada and Noguchi, 1999).

11.8.2 PKM2

PKMZ2 is exclusively expressed in embryonic and tumor cells and is replaced by tissue-
specific PKM1, PKL or PKR when development is proceeding. In cancer cells PKM2 is
highly expressed while other isoenzymes are decreased. To reach a higher amount of
the M2 isoform cancer cells are able to predominantly splice the M2 form than the M1
via c-Myc-mediated upregulation of two members of the hnRNP family (Wong et al.,
2013). The M2 isoform is important for maintaining the metabolism of cancer cells
(Zahra et al., 2020). A shift from PKM2 to PKM1 expression in cancer cells results in a
change from aerobic glycolysis to aerobic oxidation of glucose and a decreased ability
to proliferate, metastasize and invade (Zhang et al., 2019).

PKM2 is the only isoenzyme type which exists in two forms, namely as a highly active
tetramer form and a dimer form with low activity. The ratio between tetramer and dimer
depends on environmental factors, oncogenes, tumor suppressor genes and
intermediate metabolites (Zhang et al., 2019).

The change from one form to the other is allosterically regulated by endogenous and
exogenous activators and inhibitors such as reactive oxygen species (ROS) which
regulate the activity of some proteins via oxidation. The tetramer form leads to a higher
production of ATP by catalyzing the conversion of phosphoenolpyruvate (PEP) to
pyruvate. In cancer cells the tetramer is modified post-translationally leading to the
formation of the PKM2 dimer which results in inhibiting the conversion of PEP. The
dimer stimulates glycolytic enzymes of the pentose phosphate pathway (PPP) and
synthesis of NADPH which suppresses ROS production and is needed for nucleotide

biosynthesis. These changes promote further cancer progression (Zahra et al., 2020).
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[1.8.3 Dimeric PKM2 and nucleus transfer

The low-activity PKM2 dimer is mainly present in the absence of environmental stress
and can translocate from the cytoplasm to the nucleus where it acts as transcriptional
co-activator of genes associated with tumor cell growth, metastasis and cell death
(Zhang et al., 2019). For the nuclear translocation exon 10 of PKM2 recruits

extracellular signal-regulated kinase 2 (ERK2) which phosphorylates Ser37 of

PKM2 and recruits peptidyl-prolyl cis-trans isomerase (PIN1) to form a PKM2/PIN1
complex. This complex seems to be necessary to enable the entry of PKM2 into the
nucleus. Studies in cancer cells showed that IGF-1 stimulates AKT which
phosphorylates PKM2 at S202 residue resulting in its transfer into the nucleus. In the
nucleus PKM2 dimer acts as protein tyrosine kinase and promotes transcriptional
activities of hypoxia inducible factor-1a (HIF-1a), B-catenin (B-cat), insulin, signal
transducers and activators of transcription 3 (STAT3) and octamer binding
transcription factor (Oct 4) to promote cell growth and proliferation. PKM2 contributes
to B-catenin-mediated expression and transactivation of cyclin D and c-myc thereby
enhancing cell proliferation and cell-cycle progression (Wong et al., 2013; Zahra et al.,
2020; Zhang et al., 2019).

SAICAR

FBP
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———p PPP ——{ ROS
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PKM2 Dimer
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Acetylation
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Genomic instability
Tumor metastasis
Anglogenesis

Warburg Effect

Figure 8. PKM2 dimer and tetramer formation regulation. (Reprinted from Zahra et al., 2020)
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Figure 9. PKM2 protein interactions and pathways. (Reprinted from Zhang et al., 2019)

[1.8.4 Insulin regulates PKM2 activity and expression

Studies of Li et al. (2013) observed that insulin dependent glucose consumption and
expression of mTOR, HIF-1a and PKM2 in HepG2 cells and that PKM2 is involved in
insulin-induced glucose metabolism. Igbal et al. (2013) showed that after 8 hours of
insulin treatment PKM2 expression reached its maximum whereas insulin reduced the
PKM2 activity to ~ 70% after 15 minutes of insulin treatment (100nM) in HepG2 cells.
A significant decrease of activity was already reached with 1nM insulin and a maximum
decrease was observed with 100nM insulin which was constant over a time span of 15
minutes to 8 hours (Igbal et al., 2013). Insulin up-regulated PKM2 protein expression
and simultaneously decreased enzyme activity promoted aerobic glycolysis and
macromolecular synthesis. In cancer cells PKM2 protein expression promotes aerobic
glycolysis with high glucose uptake and lactate production even in presence of oxygen
(Igbal et al., 2013). HepG2 cells treated with insulin showed the same characteristics

compared to PKM2-silenced, insulin treated cells indicating that insulin regulates these
20



processes through upregulation of PKM2 expression. This upregulation of expression
was induced by insulin via PI3K/mTOR mediated HIF-1a induction (Igbal et al., 2013).

Another characteristic of cancer cells, induced by the insulin-suppressed PKM2
activity, is the accumulation of glycolytic intermediates which are required for tumor
growth. To be specific, upon insulin treatment PKM2 activity decreased as a result of
tetramer dissociation into the dimer form. Co-incidentally insulin increased the
production of ROS by ~60% inhibiting PKM2 activity by cysteine oxidation. A
correlation between the elevated ROS production, increasing insulin concentrations
and the decrease in PKM2 activity was observed; these alterations were followed by
accumulation of glycolytic intermediates and NADPH (Igbal et al., 2013; Prakasam et
al., 2018).

Insulin
[ PI3K/mTOR/HIF1 | | | ROS |
N
T PKM2 PKM2
expression activity
Glucose uptake and Glycolytic and
lactate production NADPH pooling

Enh anc&l Cancer

Metabolism

Figure 10. Insulin regulates PKM2 expression and activity. (Reprinted from Igbal et al., 2013)

11.8.5 PKM2 in HCC and the Warburg effect

In cancer cells pyruvate produced by glycolysis is converted to lactate via anaerobic
glycolysis (Warburg effect) while in normal cells pyruvate is used in the mitochondrial
oxidative respiratory chain for oxidative phosphorylation (Zhao et al., 2016). Pyruvate
kinase M2 turned out to be crucial for the Warburg effect in tumor cells. Its expression

and low enzymatic activity are responsible for the glycolytic phenotype of cancer cells.
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In HCC PKM2 is highly expressed and crucial for cell proliferation which is reduced
when PKM2 is knocked down in vitro resulting in a decreased lactate production (Zhao
et al., 2016). Studies of Li et al. (2020) proved that PKM2 promotes HCC growth and
metastasis in vitro and in vivo and that this enzyme may serve as a metabolic

biomarker for predicting the prognosis of HCC patients.

1.9 Hepatocarcinogenesis and Cell Culture Models

In hepatocarcinogenesis genetic alterations in mature hepatocytes may cause
mutations in critical cancer-related genes. In case of severe genetic or other types of
damage to hepatocytes, cells will undergo necrosis followed by regenerative liver
growth. Repeated necrosis of liver tissue will result in a chronic liver disease and
progredient scarring of the organ (cirrhosis) (Pons et al., 2005). Under this strong
regenerative growth pressure liver nodules are formed, which may harbor hepatocytes
with genetic and epigenetic changes and which may start to grow and
acquire preneoplastic properties (Libbrecht et al., 2005). Over time some of the

lesions may turn into neoplastic liver nodules and HCC (Pons et al., 2005).

Another origin of HCC could be the hepatocellular adenoma (HCA) which is a rare
benign liver tumor resulting from benign proliferations of mature hepatocytes without
the background of cirrhosis. It has five subtypes: HNF1A inactivated HCA, B-catenin
mutated HCA, inflammatory HCA, sonic hedgehog HCA and HCA with no specific
features, with [-catenin mutated HCA having the highest risk of malignant
transformation into HCC (Beaufrére & Paradis, 2021, Nault et al, 2013).

Since insulin may impact on different stages of hepatocarcinogenesis, different cell
culture models were used which are comparable to unchanged and preneoplastic cell
stages and enable in vitro studies. For this purpose, the HepaRG™ cell line was used,
which was established from an Edmond grade | liver tumor associated with a chronic
hepatitis C virus infection. The cell line is a human bipotent progenitor cell
line characterized by its ability to differentiate into biliary-like cells and hepatocyte-like
cells, which are well distinguishable under the microscope (dHepaRG™); dHepaRG™

cells show similar properties as mature human hepatocytes (Marion et al., 2010). For
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the present study dHepaRG™ and HepaRG™ cells were used as model to investigate

the effect of insulin on the transiton of mature hepatocytes to

preneoplastic hepatocytes.
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Figure 11. The multistep process of hepatic carcinogenesis. (Reprinted from Frau et al., 2010)
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11.10  Aim of the study

The aims of this study were to study whether

(i)

(ii)

(iii)

premalignant hepatocytes show alterations in the transcriptome and in
isoenzyme patterns, which may be due to the action of insulin. For this
purpose, we analyzed transcriptome patterns of metabolic genes of rats.
Literature search was performed to find genes which are under influence of
insulin and also deregulated in liver cancer. The data were then compared
with data of human HCA.

insulin may promote the development of hepatocellular carcinoma by
investigating the effect of the hormone on cell proliferation and migration in
cell models for unaltered and premalignant hepatocytes.

insulin induces the nuclear transfer of pyruvate kinase M2 (PKM2) in cell
models for unaltered and premalignant hepatocytes as well as in

hepatocarcinoma cell lines.
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[1l. Materials

[11.1 Devices

Device

Autoclave
Centrifuge
Centrifuge

Fluorescence Microscope
Gel electrophoresis cell

Incubator
Microscope

Nanodrop
pH Meter

Photometer (plate reader)
Thermo Cycler (RT-gPCR)

Wet electroblotting sytem

X-Ray Film Processor

Table 1. Devices

Supplier
CertoClav
Eppendorf
Heraeus
Nikon

Bio-Rad

Thermo Scientific
Nikon

Thermo Scientific
Thermo Scientific

TECAN
Bio-Rad

Bio-Rad

Protec

25

Model
Multicontrol
54515-R
Megafuge 40R

Mini-PROTEAN Tetra Cell
(# 1658002EDU)
HeraCell 150i

Ti Eclipse

Nanodrop 1000

Orion™ 3-Star Benchtop
pH Meter

Infinite 2000 Pro

CFX96 TouchTM

Mini Trans-Blot Transfer
Cell (# 1703930)
Optimax



[11.2 Substances

Substance

6-well plates, Surface
Treated, sterile

96-well Cell Clear Flat
Bottom TC-treated
Culture Microplate

40% Acrylamid

Agar

APS

Amersham ECL-Prime
Western Blotting
Detection Reagent
Bio-Rad Protein Assay
Dye Reagent Concentrate
Bovine Serum Albumin
(BSA)

BRAND® counting
chamber BLAUBRAND®
Neubauer improved
Chloroform
CL-XPosure™ Film
Dexamethasone (100 mg)
di-
Natriumhydrogenphospha
t-Dihydrat

Diethyl Pyrocarbonate
(DEPC)

DMSO

dNTP Mix, 10mM (1ml)
Dulbecco’s Modified
Eagle’s Medium (DMEM)
Ethanol 99,5%

Supplier

VWR

Falcon

Bio-Rad

Sigma-Aldrich

Sigma-Aldrich

GE Healthcare

Bio-Rad

Sigma-Aldrich

Merck

Merck
VWR
Sigma-Aldrich

Merck

Sigma-Aldrich

Sigma-Aldrich

Fermentas Freezer
Sigma-Aldrich

AustrAlco

26

Product Number

734-2323

353075

1610140

A1296

A3678

RPN 2232

5000006

A6003

BR717805

1024452500
PIER34089
D4902

1065801000

472301

472301
R0192

D5648

7025



FCS (Fetal Calf Serum)
FCS (HyClone FetalClone
Il Serum)

Folic acid

Formaldehyde 37-40%
with 10% Methanol
Gentamycin Sulfate
Gibco GlutaMAX™
Gibco™, William's E
Medium

Glycine for
electrophoresis, 299%
goat anti-rabbit Ig/HRP
goat anti-mouse Ig/HRP
Hard-Shell® 96-Well PCR
Plates, low profile, thin
wall, skirted, white/clear
Hydrochloric acid fuming
37% for analysis
EMSURE®

Insulin (recombinant
human) min. 27.5 IU/mg
Isopropanol 99,5%
L-Glutamine

Lamin B1 Antibody (B-10)
Lipofectamine™ 2000
Transfection Reagent
Luna® Universal gPCR
Master Mix, 1000 runs
MEM Non-essential
Amino Acid Solution
(100x)

Microseal ‘B’ PCR Plate

Sealing Film

Biowest

Life Sciences GE
Healthcare
Sigma-Aldrich

Merck

Serva

Thermo Scientific

Thermo Scientific

Sigma-Aldrich

Dako
Dako

Bio-Rad

Merck

Serva

Acros Organics
Sigma-Aldrich

Santa Cruz

Thermo Fisher

NEB

Sigma-Aldrich

Bio-Rad
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S1400

SH30066.03

F8758

K35855803

22185
35050061

22551-022

G8898-1KG

P0448
P0447

SP9601

1003171000

26360.01

1841130025
G-5763
Sc-374015

11668027

M3003X

M7145

MSB1001



Millex GP Syringe Driven

Filter Unit (0,22um)

Monoclonal mouse anti-p-

Actin antibody

Natriumchlorid BioXtra

>99.5% (AT)

Natriumdihydrogenphosp

hat-Monohydrat for
analysis EMSURE®

Natriumhydrogencarbonat

Natriumpyruvat

NE-PER™ Nuclear and

Cytoplasmic Extraction

Reagents

PageRuler Prestained
Protein Ladder 2x250uL

Penicillin/Streptomycin

100X

peq-GOLD- Trifast
PKM2 (D78A4) XP®
Rabbit mAB

Polybrene Transfection

Reagent

Puromycin

Random Hexamer Primer

RevertAid Reverse

Transcriptase (200 U/uL)

RiboLock™ RNase
Inhibitor
RNase A

RNA — Solv Reagent
RPMI-1640 Medium 10x

SDS

Merck

Sigma-Aldrich

Sigma-Aldrich

Merck

Merck
Sigma-Aldrich

Thermo Fisher

Fermentas Freezer

VWR
VWR PeglLab

Cell Signaling

Sigma-Aldrich

Thermo Fisher

Fermentas Freezer

Fermentas Freezer

Fermentas Freezer

Qiagen
Omega
Sigma-Aldrich
Merck
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SLGPO033RB

A-5441

S7653

1063461000

106329
P2256

78833

26616

K952-100ML

30-2020

4053

TR-1003-G

A1113803
SO142

EP0442

EO0381

19101
17457FC10
R1145
822050



Skim Milk Powder Sigma-Aldrich 70166
T-25 CytoOne® Flask,

Starlab CC7682-4825
TC-Treated, Vented
T-75 CytoOne® Flask,

Starlab CC7682-4875
TC-Treated, Vented
TEMED Sigma-Aldrich T8133
Trizma® base BioUltra, 2

Sigma-Aldrich 93349
99.8% (T)
Tube, 50 mL, PP, Screw

Greiner Bio-One 227261
Cap
Tween® 20 for synthesis  Merck 8221840500

Table 2. Substances

[11.2.1 Human Primer for RT-gPCR

Target Gene Direction (F=forward; Sequence (5' - 3')
R=reverse)
B-Aktin F GCACTCTTCCAGCCTTCCTT
(NM_001101.5) R CGCTCAGGAGGACCAATGAT
ACADL F AGTTGCGGTCACAAATC
(NM_001608) R CTGGCAACCGTATATCTTC
ACLY F GATCATGTGTTACGCTATC
(NM_001096.3) R CCCGGCAAATCTTATATTC
ACSL5 F AAACCAAACCAGCCCTAC
(NM_203379.2) R GCAAAGATGCCGACAAAC
ALDOA F TGGCCCGTTATGCCAGTATC
(NM_001243177.4) R CAGCGCTTCAAGTCATGGTC
ALDOB F TATGGCCACCGTAACAGCTC
(NM_000035) R GAGTGGCATCCTCTTCACTC
ASNS F TGAGGATTCCAATCTGATAC
(NM_001673.5) R TTGCCATCATTGCATCATCAAC
ELOVL6 F GTCGGCACCTAATGAATAAAC
(NM_024090.3) R AGCACCGAATATACTGAAGAC
G6PD F CTGACATCCGCAAACAGAG
(NM_001360016.2) R ACATAGGAGTTGCGGGCAAAG
F AAGGGCATCCTTCTCAAC

29



GCK
(NM_000162.5)
SLC2A1
(NM_006516)
GLUT2
(NM_000340.2)
GYS2
(NM_021957.4)
HK1
(NM_000188.3)
HMGCR
(NM_000859.3)
HMGCS1
(NM_001098272.3)
INSR-A
(NM_001079817.3)
INSR-B
(NM_000208.4)
LDHA
(NM_005566.4)
LDHB
(NM_002300.8)
PHGDH
(NM_006623.4)
PKLR
(NM_000298.6)
PKM2
(NM_001012642.3)

RPIA (NM_144563)

TKT (NM_001064.4)

Table 3. Human Primer for RT-qPCR

A M XV M X0V M XN M XV M OV M O MO MO T O MO MO TN MO T O T O

CCATTGCCACCACATCCATTTC

CAGCAGCAAGAAGCTGAC
GTAGAACTCCTCGATCAC
ATTGGGACCATCTCATATAC
GAGCAATTTCACCGATATAC
CCAGCATGCCAGACACCTGAC
TGAGGACTGGAGGCCTGAGAC
CCCTAAATGCTGGGAAAC
GGAAGAGGAATCCCTTCTTG
CCAGAGCAAGCACATTAG
ATCGAGGGTAAACGTAGG
ACAACTAATGCATGCTATGG
GTGGCATATACAGCAATATCTC
TTTTCGTCCCCAGGCCATC
GTCACATTCCCAACATCGCC
CCCCAGAAAAACCTCTTCAGG
GTCACATTCCCAACATCGCC
TGTATGGAGTGGAATGAATG
ATGTGTAGCCTTTGAGTTTG
GGCAACAGTTCCAAACAATAAG
ACAAGAGCAAGTTCATCAG
CTGACCCTGCAATGCTGCCTAC
GCAAGGAGGAGATGCCCATGAC
CGCCCTGGACACCAAGGGAC
CAGCACCTGGGAGCCCTTCAC
CCTCTCTTTTCTGCTGGGGAG
ACTGAAGGGGGCAACCTGTA
TCTCTTTTCTGCTGGGGAGGG
CTGAAGGGGGCAACCTGTA
CAGCGAATAGCTGAAAGG
CCTGAAATCAGCGATCAC
GCCGCCAATACAAAGGGTATC
ACCTGGTCATCCTTGCTCTTC
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1.3 Media
[11.3.1 Williams Growth Medium (GM)

Substance Volume
Williamsmedium 442 5 ml
10 % FCS Fetaclone Il

50 ml
#SH30066.03

Penicillin/Streptomycin (50 U/ml) 500 pl

Glutamax (2mM) 5ml
Insulin (5 pg/ml) 1 ml
Dexamethason (50 uM) 500 ul
Gentamicin (80 pg/ml) 500 ul

Table 4. Williams Growth Medium (GM)

[11.3.2 Williams Differentiation Medium (DM)

Substance Volume
Williamsmedium 433,5 ml
10 % FCS Fetaclone I #SH30066.03 50 ml
1,8 % DMSO 9 mi
Penicillin/Streptomycin (50 U/ml) 500 pl
Glutamax (2mM) 5 mi
Insulin (5 ug/ml) 1ml
Dexamethason (50 uM) 500 pl
Gentamicin (80 pg/ml) 500 pl

Table 5. Williams Differentiation Medium (DM)
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[11.3.3 Williams Starving Medium (SM)

Substance Volume
Williamsmedium 483,5 ml
1,8 % DMSO 9 ml
Penicillin/Streptomycin (50U/ml) 500 pl
Glutamax (2mM) 5ml
Insulin (5 pg/ml) 1 ml
Dexamethason (50 uM) 500 ul
Gentamicin (80 pg/ml) 500 pl

Table 6. Williams Starving Medium (SM)

DNP10 Medium

DMEM

10% FBS (100 pyL/mL)

1% MEM (10 yL/mL)

1mM Natriumpyruvat (500mM Stock)

DNPO Medium
Components of DNP10 Medium, without FBS.

[11.4 Buffer and Solutions

10x PBS (Phosphate Buffered Saline)

58.6 g NaCl
1154¢ Na2HPO4
26.2 g NaH2PO4*H20

The Ingredients were dissolved in 800 mL ddH20 and the pH was adjusted to 7.4.
Afterwards the solution was filled up to 1 L with ddH20, autoclaved and stored at

room temperature.
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10x PBST
1 L PBS was substituted with 500 uL Tween20.

10x Running Buffer

3049 Trisma Base
144 g Glycin
1049 SDS

Filled up to 1 L with Aqua bidest and stored at room temperature

2.5x Transfer Buffer

15¢ 125 mM Trisma Base
729 960 mM Gilycin
250 ¢ 25% Methanol

Filled up to 2 L with Aqua bidest and sotred at -4°C.

5x Laemmli Sample Buffer

300 mM Tris/HCI (pH 6.8)

60% Glycerol

10% SDS

0.025% Bromphenolblau

930 pL aliquotes were made and 70 pL B-mercaptoethanol were added per vial. The

aliquotes were stored at -20°C.

100x B-mercaptoethanol (0.1 mM)

200 mL PBS (1x)

144 pL B-mercaptoethanol (14 M)

B-mercaptoethanol was added to PBS. The solution was sterile filtrated, aliquoted

and stored at -20°C. After first usage it was kept at 4°C.
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1x PBST
PBS substituted with 0.05% Tween 20.

3% milk powder
3g milk powder dissolved in 100 mL PBST.

Trypsin-EDTA (0.1% Trypsin, 0.01% EDTA)

80 g NaCl

10g Glucose-Monohydrate
49 KCI

849 NaHCOs

19 EDTA

100 mg Phenol red

10g Trypsin (Gibco)

After adding all ingredients, the solution was filled up to 10 L with ddH20 and was
sterile filtered with a filter of 0.22 ym pore width. It can then be stored at -20°C and

after thawing it the solution is kept at 4°C.

Insulin
A 30 mM HCI solution was prepared with 6 mL 0.1 M HCI filled up to 14 mL with ddH20.
50 mg insulin were then dissolved in 20 mL of this solution to obtain a 2.5 mg/mL stock

solution, which was stored at -20°C.

Dexamethasone
10 mg dexamethasone (Sigma, D4902) were dissolved in 0.5 mL EtOH. Afterwards

the solution was sterile filtered (filter with 0.22 ym pore width) and stored at -20°C.
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1.5 Plasmids

For virus assembly and production three plasmids were needed: a packaging plasmid,
an envelope plasmid and a vector with the desired sequence. The packaging as well
as the envelope plasmid were designed with addgene and the vector for the
overexpression of the genes of interest were designed by GeneCopoeia.
The packaging plasmid pCMV delta R8.2 (Fig. 12) carries a SV40 promoter, which
maintains transgene expression stably during long-time culture. The pCMV-VSV-G
envelope plasmid (Fig. 13) and the vectors (Fig. 14) for the overexpression of InsR-A
and InsR-B sequence carry a CMV promoter, which yields the highest transgene
expression levels and the highest transfection efficiency. (Wang X.-Y., et al. 2016) For
selection of positive cells all vectors (Fig. 14) carry a puromycin resistance cassette

and an eGFP sequence.

Vector Name Size (bp) Catalog No.: Source

INSR-A vector 12725 EX-Y4304-Lv205 GeneCopoeia™
INSR-B vector 12761 EX-Y4566-Lv205 GeneCopoeia™
EC vector 8567 EX-NEG-LV205 GeneCopoeia™
pCMV delta R8.2 8128 12263 Addgene
pCMV-VSV-G 6363 8454 Addgene

Table 7. Plasmids

Figure 12. pCMV delta R8.2 plasmid

35



AhdE (2032)

(5332) BstBl

5323) Bpul0L NemeALII (1136)

(5213) BrgBI
(5155) BAT*
15083) Kpnl
5079) Ace651
(5052) Agel
|— Amp-R. (1588 .. 1607)

Xnl (1637

) PCMV-VSV-G
(4859) Pstl €507 bp.

(4813) XemI

(4713) EcoNT —_-
14703) Pasl

_FloneF (2093 .2124]

NgoMIV_(2281)
(z283)

[4207) Swal

(35%4) Apal
(3%40) PspOMI

Sacll (2617)
Notl (2623
(2830)
3765) Mfel BarGl (2676)
(3423) KAIL - PpuMI | e
[ Snagl (3073

oMV (325;

Figure 13. pCMV-VSV-G plasmid

Figure 14. INSR-A/INSR-B vector.

Figure 15. EC vector
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IV.Methods

V.1 Cell Culture
IV.1.1 Cell Lines

HepaRG™ cell line
The hepatic stem cell line HepaRG™ was provided by Biopredic International. Cells
were cultivated in T-75 flasks with 10mL of growth medium (see Materials). Once a

week the medium was changed.

HCC-1.2 cell line

The hepatocellular carcinoma cell line HCC-1.2 (RRID:CVCL_0C53) was established
at the Institute of Cancer Research at the Medical University of Vienna (Sagmeister et
al., 2008). The cells were cultivated in T-75 flasks with 10mL of R10 medium (see

Materials). Once a week the medium was changed.

Plate Size Volume

T-75 flask 10 mL

T-25 flask 5mL
6-well 1,5 mL
12-well 1 mL
24-well 500 pL

Table 8. Amount of medium used depending on plate size.

V.2 Splitting of cells

Cultured cells reaching confluence need to be split. For this purpose, cells were treated
with trypsin to detach them from the surface of the flask/well. The medium was
aspirated and cells were washed gently with 3 mL trypsin (for T-75 flasks) or PBS to
get rid of the serum. Afterwards 3 mL trypsin (for T-75 flasks) were added and cells
were incubated at 37°C for around 3 minutes. The trypsin reaction was stopped by 7
mL of WE10 medium (see materials). The cell suspension was aspirated and
transferred into a 50 ml Falcon tube in which the cells were centrifuged at 800 rpm for

5 minutes. The supernatant was aspirated, the cell pellet was re-suspended well in 10
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mL medium (R10 for HCC and GM for HepaRG™) and cells were counted with a
hemocytometer (BRAND® counting chamber BLAUBRAND® Neubauer improved).
The chamber grid consists of four rectangles one in each corner. 10 pL of cell
suspension was pipetted onto the chamber and cells which are inside the four
rectangles were counted under the microscope. Next the mean of the four values was
estimated and multiplied by 10# to obtain the cell number per ml.

The cells were split at a certain ratio appropriate for the size of the flask or well.
HepaRG™ and HCC-1.2 cells were split once a week. For T-75 flasks HepaRG™ cells
were seeded at a density of 2 x 108 cells in 10 ml GM. HCC-1.2 cells were seeded at
a density of around 5 x 10% cells in 10 ml R10 medium. After 7 days when HepaRG™

cells were confluent and HCC-1.2 were 80% confluent they were split 1:10 and seeded

into a new flask or well.

il
i

. -"N, ik

Figure 16. Cell counting chamber grid. (Source online available at:
https://www.sigmaaldrich.com/catalog/product/aldrich/br717810?lang=de&region=AT [Accessed 09
April 2022])

IV.3 Freezing of cells

First, cells were detached from the surface of the flask or the well. Then the cell number
was determined with the help of a hemocytometer. The cell pellet was put on ice and
was re-suspended in medium with 10% DMSO. The cell suspension was then
transferred to cryotubes with a final cell number of around 2 x10° cells per tube. The
tubes were immediately stored at -80°C and after one week the frozen cells were

transferred to a liquid nitrogen storage.
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IV.4 Thawing of cells

First, a tube with 9 mL of warm growth medium was prepared. Then the cells were
removed from liquid nitrogen storage and placed into a 37°C water bath to thaw very
fast while pivoting the tube until there was just a small bit of ice left in the tube. The
tube was then wiped with 70°C ethanol and put into the Ilaminar flow.
Then the cells were transferred into the tube with pre-warmed growth medium and
centrifuged for 5 min at 800 rpm. Afterwards the supernatant was removed, the cell
pellet was re-suspended in 6 mL of growth medium and the cell suspension was
pipetted into a T-25 tube which was then stored in the 37°C-incubator. The next day

medium was changed.

V.5 Differentiation of HepaRG™ cells

For differentiation of the HepaRG™ cell line 2.0 x 10° cells were seeded in 1.5 mL GM
per well of a 6-well plate. They grew in GM for two weeks, then the medium was
changed to DM (GM with 1.8% DMSO) for further two weeks with a medium change
each week. After four weeks, HepaRG™ cells were finally differentiated into

cholangiocyte-like and hepatocyte-like dHepaRG™ cells and ready to use.

IV.6 Growth Curve/Doubling Time

To estimate the doubling time of HepaRG™ cells after transduction 2 x 10° cells were
seeded onto a T-75 flask. The cell number was determined after 7 days with a
hemocytometer. To calculate the doubling time the following formula was used: dT =T
x [In2/In(Xe/Xb)] whereas T is the incubation time in any units. Xb is the cell number at
the beginning of the incubation time. Xe is the cell number at the end of the incubation

time.

V.7 Lentivirus Production

For the production of the desired lentiviruses HEK293FT cells were used which were
transfected with a packaging (pCMV delta R8.2) and an envelope plasmid (pCMV-
VSV-G) and three different vectors for three different conditions: one vector containing
the INSR-A sequence (GeneCopoeia™; #EX-Y4304-LV205) , another vector with the
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INSR-B sequence (GeneCopoeia™; #EX-Y4566-LV205) and a control vector with no
sequence added (EC vector). For selection all vectors carry a puromycin resistance
cassette.

1.5 x 108 HEK293FT cells were seeded in 5mL DNP10 medium in a T-25 flask. After
two days the cells were confluent and ready for lipofection of the virus plasmids with
the help of lipofectamine™ 2000 Transfection Reagent (Thermo Fisher; #11668027).
First the medium of the HEK293FT cells was changed to a volume of 4mL DNP10.
Afterwards the plasmids were prepared. For each transfer plasmid two Eppendorf
tubes were prepared, one to prepare the lipofectamine (Table 9, Tube A) and one to
prepare the plasmids (Tube B). For the lipofectamine preparation 500 uL serum-free
medium (DNPO) and 25 pL lipofectamine were added dropwise to tube A and

incubated for 5 min at room temperature.

Tube A Tube B
Component Volume Component Amount
Serum-free medium 500 uL transfer plasmid (INSR-A vector, |5 ug
(DNPO) INSR-B vector or EC vector)
Lipofectamine™ 2000 25 uL (added pCMV delta R8.2 3.75 ug
Transfection Reagent dropwise)
pCMV-VSV-G 1.25 ug
add serum-free medium (DNPO) to a volume
of 500 pL

Table 9. Lentivirus production. Tube A and B are prepared. Afterwards the content of tube B is
added to tube A dropwise and incubated for 20 min at room temperature.

The content of tube B was then added dropwise to tube A and incubated for 20 min at
room temperature. This content was then added dropwise to the HEK cells cultivated
in the T-25 flask and incubated in an S2 safety lab. After 24 h the medium was changed
using approximately 5.5 mL DNP10 and the transduced cells were seeded at a density
of 350,000 (HepaRG™ cells) and 60,000 (hepatocarcinoma cells) per well of a 6-well
plate.
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IV.7.1 Transduction

After 72 hours the medium changed its color to yellow and cells were examined under
a fluorescence microscope to see if they show green fluorescence. The lentivirus was
then ready for harvesting. For this purpose, the medium was removed and transferred
into a 50 mL falcon which was then centrifuged for 5 min at 500 g. The supernatant
was aspirated and filtered into a new Falcon with a 0.45 ym PES filter. If not used
immediately the supernatant was frozen in liquid nitrogen and stored at -80°C until later
use.

Previous to transduction of the cells their medium was changed and polybrene was
added at a final concentration of 8 ug/mL per well. Then the virus was added with
different dilutions per well (see Figure 17) and cells w between IR isoforms ere
incubated in a 37°C-incubator for 24 hours. Selection was performed with medium (GM
or R10) supplemented with puromycin (2ug/mL for HepaRG™ and 1ug/mL for HCC),
an antibiotic which eliminates all cells with insufficient virus transfection. For further
cultivation medium contained puromycin. As soon as the cells were confluent they were

split and could be kept outside the S2 virus lab.

Figure 17. 6-well plate for transduction. In each of the wells cells are transfected with a different virus
concentration, i.e., 1:2, 1:5, 1:10 and 1:30 dilutions in a total volume of 1.5mL. Two wells are used as

control with no virus added, one well with growth medium and puromycin (Ctrl.+ P) the other one with
growth medium only (Ctrl.).
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V.8 Quantitative Real Time Polymerase Chain Reaction (RT-gPCR)
IV.8.1 Insulin Treatment of Cells

HepaRG™ cells were seeded at 2.0 x 105 and HCC-1.2 cells at 2.0 x 105 cells in 1.5
mL of GM per well of a 6-well plate. After five days the cells had reached confluency
to withdraw the serum (starvation). The cells were washed twice with serum free
medium and 1.5 mL Starvation Medium (SM) without insulin, i.e. SM for HepaRG™
cells or RO for HCC-1.2 cells. After 72 hours the cells were treated with insulin by
adding 1.5 mL of SM or RO medium, substituted with 2nM, 50nM, 200nM and 1uM
insulin or no insulin as control group. After 24 h RNA was isolated and transcribed into

cDNA. The expression levels of our genes of interest were determined via RT-qPCR.

IV.8.2 Cell Lysis and RNA Isolation

The following steps were all performed under the fume hood, with filter tips and on ice.
The medium was removed and cells were washed with 1x PBS or serum free medium.
To lyse the cells 300ul peq-GOLD-TriFast™ was added to each well of a 6-well plate
with passing the cell lysate several times through the pipette. The cell lysate was
transferred in a reaction tube (Eppendorf tube) which was vortexed for 15 sec and

stored at -80°C or immediately used for further RNA isolation.

For RNA isolation via phase separation 60 pL chloroform was added to the defrosted
samples followed by 15 sec of shaking. The samples were incubated at room
temperature for 10 min followed by a 10 min centrifugation step with 12.000 g at 4°C
to separate the homogenate into three phases. The upper aqueous phase which
exclusively contained the RNA was carefully (without disturbing the other phases)
transferred into a new 2 mL reaction tube. The interphase and the lower organic phase
which contain DNA and proteins were discarded. For precipitating the RNA 150 pL -
20°C cold isopropanol was added to the sample and mixed with a Vortexer. To fell the
RNA the samples were incubated at -80°C overnight.

The next day the samples were centrifuged for 10 min at 12.000 g and 4°C and the
supernatant was discarded. The precipitated RNA pellet was washed with 300 pL
70% and -20°C cold ethanol and shortly vortexed until the pellet lost contact with the
bottom of the reaction tube. After centrifugation for 8 min at 14.000 g and 4°C the
supernatant was discarded, and the pellet was air-dried for about 15 min. The RNA
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pellet was re-suspended in 20 uL RNase-free DEPC H20 and RNA concentration was
measured via NanoDrop™ 1000 Spectrophotometer (Thermo Scientific). The RNA

samples were stored at -80°C.

IV.8.3 cDNA Synthesis

All following steps were performed on ice and exclusively filter tips were used. RNA
was reversely transcribed into cDNA by using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific; #£1621); 500 ng RNA were diluted in 15 yL DEPC
H20 and 0.625 yL hexamer-primer were added. After briefly vortexing the samples
they were spun down and then incubated at 70°C for 2 min in a thermo-cycler (Applied
Biosystems, C 1000). The samples were immediately returned back on ice and first
strand cDNA synthesis reaction mixture was prepared as shown in Table 10. A volume
of 25 uL was obtained after adding the mixture to the RNA sample. The solution was
mixed by gentle pipetting, incubated at 42°C for 60 min and heated to 94°C for 5 min.
The samples were then kept at 4°C in the thermo cycler. After adding 50 uL DEPC
H20 the cDNA solution was transferred into a new 0.5 mL reaction tube, briefly

vortexed and spun down quickly. cDNA was stored at -20°C.

Components Volume
5X Reaction Buffer 5uL

10 mM dNTP Mix 1.56 pL
RiboLock Rnase Inhibitor (20 U/uL) 0.625 pL
DEPC H20 1.19 pL
RevertAid M-MuLV RT (200 U/uL) 1.0 yL
Total volume 9.375 pL

Table 10. Components for synthesis of cDNA. Components are obtained from RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific; #K1621).

IV.8.4 Quantitative Real-Time PCR

To determine transcript expression levels (CT values) of specific target genes
quantitative real-time polymerase chain reaction (RT-qPCR) was performed. For this

purpose a master mix for duplicate analysis of cDNA samples was prepared, using
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SYBR Green-based Luna® Universal gPCR Master Mix (NEB; #M3003), DEPC H:20,
primer forward (20 uM), primer reverse (20 yM) and the cDNA sample to detect. The
exact volumes are listed in Table 11. The mix was briefly vortexed and quickly spun
down. For each cDNA sample two wells of a 96-well plate (Bio-Rad; Hard-Shell® 96-
Well PCR Plates, low profile, thin wall, skirted, white/clear #HSP9601) were filled with
12 L of the mixture. Afterwards the plate was sealed with adhesive, optical Microseal
‘B’ PCR Plate Sealing Film (Bio-Rad; #MSB1001) and put into the Real-Time PCR
Detection System (Bio-Rad; Thermo Cycler (RT-qPCR) CFX Touch TM) where it ran

through a specific cycling protocol (see Table 12).

Reagent Volume (for two wells)
Luna® Universal qPCR Master Mix  12.5 uL

DEPC H20 8.5 uL

Primer forward (20 pM) 1.0 yL

Primer reverse (20 uM) 1.0 uL

cDNA sample 2.0 uL

Total volume 25 pL (12 pL/well)

Table 11. Components for Quantitative RT-qPCR reaction.

Stage Temperature Duration Cycles
Preheating 50°C 20 sec
Initial denaturation 95°C 10 min
Denaturation 95°C 15 sec
Annealing & Extension 60°C 1 min 9x
5 sec at60°C; 5
Melting curve 60°C - 95°C min + 0.5°C per
cycle

Table 12. Cycling protocol for RT-qPCR cycler.
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IV.8.5 ACT value Analysis

The cDNA samples were analyzed by the CFX Maestro™ Software for CFX Real-Time
PCR Instruments (version 1.1; Bio Rad; #12004110) which determined the cycle
thresholds (CT values). To obtain the mRNA expression levels of the genes of interest
the ACT value was calculated. The CT values of the human B-actin gene were used
as reference value since the expression level of 3-actin is considered to be stable and
not to change between experimental samples. For normalization (graphed as ACT) the
CT value of pB-actin was subtracted from the CT value of the specific gene of interest.
AACT were calculated by subtracting the ACT value of the control group from the
experimental sample. With the comparative CT method by Schmittgen and Livak,
(2001) the relative expression was calculated (2-22€T). To calculate isoform ratios the
following formula of Harvey and Cheng, (2016) was used: 2-*°T whereas ACT = ACT

of isoform 1 - ACT of isoform 2.

IV.8.6 Primer Design

Oligonucleotide primer were designed using NCBI Primer Blast (Ye et al., 2012) and

produced and purchased from Eurogentec. Primers used are listed in Table 3.

IVV.9 Nuclear Extraction and Western Blot

IV.9.1 Insulin Treatment of HepaRG™ and HCC-1.2

HepaRG™, dHepaRG™ and transfected HepaRG™ cells were seeded onto 6-well
plates at a density of 2 x 10° cells per well. HCC-1.2 were seeded at a density of 6 x
10* cells per well. Five days later insulin treatment was performed as described in

chapter IV.8.1 with three treatment durations, i.e. 3h, 6h and 24h.

IV.9.2 Harvesting cells

The cell lines were first washed with around 400 L trypsin per well and then incubated
with 400 pL of fresh trypsin for 5 min in the incubator. To stop trypsinization 1 mL WE10
or R10 was added per well and re-suspended. The cell suspension was transferred to

a 15 mL Falcon™ tube and cells with the same treatment were pooled. The cells were
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centrifuged at 200 g for 5 min at 23°C using an acceleration (ACC) and deceleration
(DEC) of 1. Afterwards the supernatant was removed and the pellet was re-suspended

in 1 mL PBS, transferred in a new reaction tube (Eppendorf) and put on ice.

IVV.9.3 Nuclear and Cytoplasmic protein Extraction

For protein extraction the nuclear and cytoplasmic extraction kit was used. The re-
suspended pellet was centrifuged for 3 min at 500 g and 4°C. The supernatant was
removed properly, and the volume of the pellet was estimated to calculate the required
buffer volumes (see Table 13). First the cytoplasmic proteins were extracted with CER1
and CER2 buffer. The pellets were re-suspended in ice-cold CER1 buffer
supplemented with protease inhibitors (PI). After 15 sec of vortexing the samples were
incubated on ice for 10 min and CER2 buffer was added. The samples were again

vortexed for 15 sec and incubated on ice for 1 min followed by another 15 sec vortexing

step.
Volume Volume of PI
Pellet 15 uL
CER1 150 pL 1.5 uL
CER2 8.25 L
NER 75 uL 0.75 uL

Table 13. Volumes used per 15ul sample for nuclear and cytoplasmic extraction.

The samples were centrifuged for 5 min at full speed and 4°C. The supernatant which
contained the cytoplasmic extract was pipetted into a new reaction tube and stored at
-80°C.

For nuclear extraction the pellet was re-suspended in 75 uL ice-cold NER buffer
supplemented with 0.75 uL protease inhibitor. The sample was vortexed for 15 sec
and incubated on ice for 10 min which was repeated five times in a row. After
centrifugation for 10 min at full speed and 4°C the supernatant containing the nuclear

fraction was pipetted into a new reaction tube and stored at -80°C.
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I\VV.9.4 Bradford Protein Assay

To measure the protein concentration of the extracts Bradford Protein Assay was
performed. A BSA dilution series with 12 dilutions served as standard curve whereas
NER buffer and UPW were used as negative control (see Table 14). The protein
extraction samples were diluted 1:10 with UPW (ultrapure water). Dilution series and
samples were added as duplicates with a volume of 10 uL per well of a clear, flat
bottom 96-well plate (Falcon® 96-well Cell Clear Flat Bottom TC-treated Culture
Microplate; #353075). 100 pL of a 1:5 dilution of Bio-Rad Protein Assay Dye Reagent
Concentrate (Bio-Rad; #5000006) with water was added to each well. The absorbance

was measured at 595 nm using the Tecan plate reader (Infinite 2000 Pro)

UPW (uL) BSA (uL) NER buffer (L)

1 9 0 1
2 8,75 0,25 1
3 8,5 0,5 1
4 8,25 0,75 1
5 8 1 1
6 7,5 1,5 1
7 7 2 1
8 6,5 25 1
9 6 3 1
10 5 4 1
11 4 5 1
12 3 6 1

Table 14. BSA dilution series.

IV.9.5 SDS-PAGE

To separate the proteins according to their size and charge, SDS-PAGE
(Polyacrylamidgele) was performed. In table 15 components are listed, required for
one SDS- PAGE. The gel was prepared in a frame (Bio-Rad; Mini-PROTEAN® Casting
Frame; #1653304) between to glass plates (Bio Rad; Mini-PROTEAN® Spacer Plates
with 1.0 mm Integrated Spacers; #1653311). First the separating gel was prepared
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(see Table 15), filled between the two glass plates and topped with 70% ethanol for
anaerobic polymerization. After 1.5 hours ethanol was removed with filter paper, the
already prepared stocking gel (see Table 15.) was poured between the plates and a
comb (Bio-Rad; Mini PROTEAN® Comb, 10 well, 1.0 mm, 44 pl; #1653359) was
inserted to form sample pockets. After 45 min of polymerization the comb was removed
and the SDS-PAGE was added into a tank (Bio-Rad Buffer Tank and Lid #1658040),

filled with 1x running buffer (see chapter 111.4).

The protein samples were diluted to reach a final concentration of 20 ug in 20 pl UPW.
Two pL of 5x Laemmli sample buffer was added and samples were heated at 95°C for
5 min. Twenty-two pL of the samples and 5 uL marker (1 Kb Plus DNA Ladder; Thermo
Scientific; #10787018) were loaded onto the gel. The protein samples were separated
in a Bio-Rad Mini-PROTEAN Tetra Cell (Bio-Rad; #1658002EDU) at 60 V for 30 min
following 1.5 hours at 120 V.

10% Separating Gel 4% Stocking Gel
Components Volume Components Volume
Acrylamid/Bis (40%) 1.50 mL Acrylamid/Bis (40%) 250 uL
1.5 M Tris (pH 8.8) 1.25 mL 1,5M Tris (pH 6.8) 313 pL
10% SDS 50 pL 10% SDS 25 uL
H20 215 mL H20 1.9 mL
10% APS 100 pL 10% APS 50 pL
TEMED 10 pL TEMED 5L

Table 15. Gels for SDS-PAGE

IV.9.6 Western Blot

To transfer the separated protein bands from to gel onto a 0.45 pm nitrocellulose
membrane a Bio-Rad wet electroblotting system (Bio-Rad Mini Trans-Blot
Electrophoretic Transfer Cell; #1703930) was used. The sandwich assembly is

pictured in Fig. 18, the nitrocellulose membrane was activated by methanol. Two 3mm
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filter papers were used on each side and the transfer was performed in 2.5x transfer
buffer, overnight at 28 V.

Fiker poxd
Filter poper
Membrane
Gel

Filer paner
Fibser pead

Figure 19 Sandwich assembly. (Reprinted from Theriault, 2016)

IV.9.7 Immunoblotting

The nitrocellulose membrane with the plotted proteins was washed with 1x PBST for
15 min, blocked with blocking buffer (3% skim milk powder diluted in PBST) for 2
hours and washed in 1x PBST for 10 min. PKM2 protein (~ 60 kDa) was detected
using a primary antibody against PKM2 (Cell Signaling; #4053). The antibody was
diluted 1:1000 in 3% milk powder and stored at -20°C. For detection the membrane
was incubated with the primary antibody at 4°C over night in a centrifuge tube. The
membrane was then washed with 1x PBST for 10 min, then with 3% blocking buffer
for 10 min and again with 1x PBST for 10 min. Afterwards the membrane was
incubated with the secondary antibody goat anti-rabbit immunoglobulins/HRP (Dako;
#P0448) coupled to horseradish peroxidase (HRP). 1 uL of the secondary antibody
was diluted in 15 mL blocking buffer and added to the membrane for 2 hours. The
membrane was again washed as in the step before. Amersham ECL-Prime Western
Blotting Detection Reagent (GE Healthcare; #RPN 2232) was used to detect proteins
of interest. The two detection solutions were mixed together 1:1 (for one membrane 1
mL is needed in total) and the membrane was incubated with this mixture for 5 min.
In the dark chamber, CL-XPosure™ Film (VWR; #PIER34089) was placed on the
membrane for a few seconds which was then developed by the Protec Optimax X-

Ray Film Processor.
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As loading control anti-p-actin (Sigma; #A-5441) antibody (mouse) and lamin-B1

(Santa Cruz; #Sc¢-374015) antibody (mouse) were used. B-actin is detectable at ~ 45
kDA and lamin-B1 at ~ 68 kDA. Goat anti-mouse immunoglobulins/HRP (Dako;

#P0447), coupled to horseradish peroxidase (HRP) was used as secondary antibody.

Immunoblotting was performed as already described.

Detected membranes were stored in a closed box at 4°C.

I\VV.10 Clonogenicity Assay

Cells were seeded (in duplicates) in 1.5 mL GM medium onto 6-well plates at

different low cell densities. After one day cells were washed with serum free medium

and GM with different FCS concentrations was added (see Fig. 16). The next 5

weeks cells were kept in the incubator and medium was changed once a week. For

analysis the medium was removed, cells were washed with 1x PBS, fixed with a

methanol-aceton solution (1:1) for 5 min and washed again with 1x PBS. For staining

crystal violet (1:1000 in 1x PBS) was added to the cells for 5 min and afterwards

washed with aqua bidest.

To investigate growth and size of colonies pictures were taken and analyzed with

Lucia G 4.6 software.

1200 cells {2000 cells | 1200 cells
GM 10%| GM 10% GM 3%
FCS FCS FCS

1200 cells | 2000 cells | 1200 cells
GM10%| GM10% GM 3%
FCS FCS FCS

2000 cells {1200 cells |2000 cells
GM 3% GM 1% GM 1%
FCS FCS FCS

2000 cells {1200 cells [2000 cells
GM 3% GM 1% GM 1%
FCS FCS FCS

Table 16. Setup of clonogenicity assay. Each box is one well of a 6-well plate.
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V.11 Scratch Assay

Cell migration is a major ability of cancer cells and a requirement for metastasis. To
determine if the InsR-A and InsR-B transduction of HepaRG™ cells together with
different insulin concentrations impact on migration a scratch assay was performed.
For this purpose, cells were seeded in five wells of a 6-well plate with a density of 2.0
x 10° cells per well in GM supplemented with 2 ug/ml puromycin. After one week
medium was removed and cells were washed twice with SM medium and starved for
72 hours. The cell layer was then gently scratched with a 1000puL tip and the medium
was replaced by SM medium with different insulin concentrations (OnM, 2nM, 50nM,
200nM, 1uM insulin). A picture of the scratch was taken under the microscope after
Oh, 24 h, 28 h and 72 h of incubation. The area of the scratch was determined by

Image J program at each time point and relative alterations were calculated.
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V. Results
V.1 Analysis of gene expression in PNL and HCA

One of the main questions in the present work was the effect of insulin on the gene
expression in liver preneoplastic lesions (PNL) and hepatocellular adenoma (HCA)
which are prestages of hepatocellular carcinoma (HCC). Therefore, data from a
detailed literature search focused on the (i) identification of genes, which are modified
directly or indirectly by insulin at the transcriptional or post-transcriptional level in
hepatocytes, whole liver or liver-relevant experimental models and (ii) the question
whether these genes are deregulated also in human PNL and HCA samples. The data
from the literature search were compared with gene expression data on rat PNL and
rat HCA. These lesions, which were generated by a two-stage initiation-promotion
protocol in male Wistar rats, were subjected to whole genome expression analyses by
the help of a rat Affymetrix GeneChip (Riegler et al 2015; Nejabat et al., 2017). The

outcome is shown in Table 18.

To be more specific, based on published data >80 genes were identified which are
directly or indirectly regulated by insulin in unaltered rat, human and rat hepatocytes,
whole liver or liver-relevant experimental models (see table 18). About two third of
these genes are regulated proedomintly transcriptionally by insulin whereas the
regulation of about one third of these >80 genes occur predominatly at a post-
transcriptional level. Indirect gene regulation by insulin subsumes involvement of other
pathways such as MEK/ERK, mTOR and PI3K/AKT that can be affected by the
hormone. A direct regulation means that insulin can directly influence enzymes or
factors such as transcription factors by regulating their activity or their binding to

insulin-response elements, respectively.

The literature search showed that the genes which are regulated by insulin are all part
of important pathways which are crucial for metabolism, survival and/or growth of cells.
Genes such as HK1, GPI, PFKL, ALDOA, GAPDH, PGAM1, ENO1 and PKLR are
important key players in glycolysis and are upregulated by insulin in rat hepatocytes
whereas G6PC is downregulated. Insulin also impacts on GLUT4 and GLUTS8
expression which encode transport proteins for glucose. Furthermore, genes encoding
crucial enzymes of cholesterol synthesis (HMGCS1 and HMGCR) are overexpressed
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in hepatocytes under influence of insulin. FASN, ELOVL6 and SCD1 which are
involved in lipid synthesis and genes of the pentose-phosphate pathway (G6PD, RPIA,
TKT) are expressed at higher levels under insulin. Two further enzymes are changed
by insulin, i.e. ACSL5, being crucial for acetyl-CoA production, and CPT1A preparing
for B-oxidation. The TCA cycle is also influenced by insulin which is indicated by a
transcriptional downregulation of two important enzymes, PDK2 and PDK4. Insulin
acts on the biosynthesis of two amino acids, L-serine and asparagine, by effecting the
gene expression of PHGDH and ASNS. LDHB which converts pyruvate into lactate is

another enzyme which shows altered gene expression levels under insulin.

Published data show that insulin regulates the gene expressions of crucial cell cycle
regulatory proteins (CCNB1, CCND1, CDK2, CDK4) and chromatin structure
modulators as NUCKS1. Transcription factors (ATF3, FOXA2, USF2), co-activators
(FAMB3) and translation regulators (YBX1, CPEB1, RPS6KB1) are regulated by
insulin as well. Moreover, components of the IR signaling pathway are transcriptionally
affected by insulin, such as INSR, IRS2, INSIG1, INSIG2, GSK3A/B, NCK1, SREBP
and PRKCI. The IGF and leptin pathways are two further signaling cascades with some
of their components being transcriptionally influenced by insulin, such as IGF1, IGF2,
IGF1R, IGFBP1, IGFBP3, IGF2BP3 and LEP, LEPR. Membrane proteins including
SORTH1, receptors (DDR1, GHR, MFSD2, FXR), transporters (SLC2A2, SLC2A4,
SLC2A8 and SLC25A22) and scaffold proteins (CAV1) are transcriptionally regulated
by the hormone. Expression of protease inhibitors SERPINB1a and SERPINA12 and
of ENPP1 and PHDS are influenced by insulin as well.

Fig. 19 illustrates the insulin-induced alterations in crucial pathways in the liver leading

to shifts in the carbohydrate metabolism, pentose-phosphate pathway and the

synthesis of cholesterol, fatty acids and amino acids.
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Insulins effect on gene expression
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Figure 19. Effects of insulin on gene expression in unaltered hepatocytes, whole liver or liver-
relevant models. The yellow circle depicts an unaltered hepatocyte cell with the green circle being the
mitochondrion. Upregulated genes by insulin are colored in red, whereas downregulated genes are
marked in green. For further details please see table 18 in the appendix.

Figs. 20 and 21 show that many genes, which are under partial control of insulin in the
liver, are altered in the rat HCC prestages, PNL and HCA. As example, the glucose
transporters GLUT4 and GLUT8 and the genes G6PC and FBP1 are transcriptionally
downregulated, while the glycolysis genes HK1 and ALDOA and some genes of the
pentose-phosphate pathway, namely G6PD and TKT, are upregulated. PDK4, which
connects glycolysis and the TCA cycle, is downregulated in both PNL and HCA.
Upregulations are seen for PHGDH and ASNS, enzymes of L-serine and asparagine
biosynthesis, respectively. ELOVL6, SCD1 (lipid synthesis) and HMGCR (cholesterol
synthesis) are expressed at higher levels whereas CPT1A (B-oxidation) is
downregulated. The lipid synthesis enzyme FASN is another transcriptionally
upregulated gene in HCA. PCK1 which regulates gluconeogenesis is transcriptionally
downregulated in both, PNL and HCA.
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Figure 20. lllustration of the gene expression alterations in a rat PNL cell. The yellow circle depicts
a PNL cell with the green circle being the mitochondrion. Upregulated genes (compared to unaltered
hepatocytes) are colored red, whereas downregulated genes are colored green. For further details

please see table 18 in the appendix.
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Figure 21. lllustration of the gene expression alterations in rat hepatocellular adenoma. The
yellow circle depicts an HCA cell with the green circle being the mitochondrion. Upregulated genes
(compared to unaltered hepatocytes) are colored red, whereas downregulated genes are colored green.

For further details please see table 18 in the appendix.
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Figure 22. lllustration of the gene expression alterations in human hepatocellular adenoma cell.
The yellow circle depicts an HCA cell with the green circle being the mitochondrion. Upregulated genes
(compared to unaltered hepatocytes) are colored red, whereas downregulated genes are colored green.
For further details please see table 18 in the appendix.

A comparison of the expression profile of insulin-regulated genes in rat and human
HCA reveal highly analogous alterations in both species, i.e. more or less the same
pathways were affected in a highly similar way (Fig. 22).

The upregulation of many insulin-induced genes in liver cancer prestages indicate that
the lesions may show a kind of insulin-specific signature and might be “over-
responsive” to the metabolic effects of insulin, e.g., the pentose phosphate pathway
enzymes G6PD and TKT (connects the PPP with glycolysis), which are inducible by
insulin and fundamental in tumors cells, are overexpressed in cancer prestages. Insulin
may also promote the Warburg effect since crucial genes of glycolysis are changed by
the hormone. To provide an example, glycolysis may be enhanced by overexpression
of HK1, ALDOA/B and/or GPl and concomitant suppression of gluconeogenic
enzymes, such as G6PC. Further, the glucose metabolism is predominantly shifted
towards pyruvate and lactate production as indicated by an increased expression of
LDHB.
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All these changes are inducible by insulin, are observed at higher levels in cancer

prestages than in the surrounding liver and may contribute to the development of HCC.

V.2 HepaRG™ cell line as cell culture model for HCC prestages

As already described in chapter 11.9. the HepaRG™ cell line was used as cell culture
model. The cell line is a human bipotent progenitor cell line characterized by its ability
to differentiate into biliary-like and hepatocyte-like cells, which are well distinguishable
under the microscope (dHepaRG™). The hepatocyte-like subpopulation in the
differentiated dHepaRG™ cells show similar properties as mature human hepatocytes
and undifferentiated HepaRG™ cell lines served as surrogate for HCC prestages
(PNL, HCA). For the present study dHepaRG™ and HepaRG™ cells were used to
investigate the effect of insulin and to draw indirect conclusions on the possible impact

of insulin on the transition of mature hepatocytes to preneoplastic hepatocytes.

For differentiation of the HepaRG™ cell line 2.0 x 10° cells were seeded in 1.5 mL GM
per well of a 6-well plate. They grew in GM for two weeks, then the medium was
changed to DM (GM with 1.8% DMSO) for further two weeks with a medium change
each week. After four weeks, dHepaRG™ cells had completed differentiation into
cholangiocyte-like (biliary-like epithelial cells) and hepatocyte-like dHepaRG™ cells

and were ready to use.
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Figure 23. Inverse light microscope image of differentiated and undifferentiated HepaRG™ cells.
Differentiated dHepaRG™ (A, C) and undifferentiated HepaRG™ (B, D). In D hepatocyte-like cells and

cholangiocyte-like cells are indicated by “d” and “e” respectively. Magnificiation: x 20 in (A, B) and x 10
in (C, D).

V.3 The state of differentiation and the expression level of metabolic
enzymes

dHepaRG™ and HepaRG™ cells were used to study the expression of metabolic
enzymes at the differentiated and undifferentiated state. We analyzed mRNA
expression of genes involved in glycolysis, glycogenesis, pentose-phosphate-
pathway, lipid synthesis, cholesterol synthesis and beta-oxidation.

The basal expression levels (ACt values) of some important metabolic genes were
compared between dHepaRG™ and HepaRG™ cells (see Fig. 24). A high ACt value
indicates a low mMRNA expression and vice versa. Overall, all genes of the four
metabolic pathways (carbohydrate metabolism, pentosephosphate metabolism,
cholesterol/fatty acid metabolism, amino acid metabolism) tended to be expressed at
higher levels in dHepaRG™ cells than in HepaRG™ cells, which indicates a lower

metabolic capacity in the dedifferentiated state.

58
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Figure 24. Basal gene expression of important metabolic genes involved in carbohydrate,
pentose-phosphate, cholesterol/fatty acid and amino acid metabolism in dHepaRG™ and
HepaRG™ cells. dHepaRG™ and HepaRG™ cells were seeded and after 5 days they were starved for
72 hours in serum- and insulin-free medium. RNA was extracted and transcribed into cDNA to determine
MRNA by RT-qgPCR. The houskeeping gene B-actin served to normalize expression levels. The ACt
value of dHepaRG™ and HepaRG™ were calculated and depicted. Data are based on one or two
independent experiments and are expressed as mean + SEM. The statistical significance of the data
was analysed by the One-Sample t-test. a: p<0.05, b: p <0.01. Abbreviation of the enzymes are as
follows: glucose transporter 1 (GLUT1), glucose transporter 2 (GLUT2), hexokinase 1 (HK1),
hexokinase 4 (HK4), lactate dehydrogenase A (LDHA), pyruvate kinase L/R (PKLR), pyruvate kinase M
(PKM2), aldolase (ALDOA), aldolase B (ALDOB), glycogen synthase 2 (GY S2), glucose-6-phosphate
dehydrogenase (G6PD), transketolase (TKT), ribose-5-phosphate isomerase (RPIA), HMG-CoA
reductase (HMGCR), 3-Hydroxy-3-Methylglutaryl-CoA Synthase 1 (HMGCS1), ATP citrate lyase
(ACLY), ELOVL fatty acid elongase 6 (ELOVL6), acyl-CoA Synthetase 5 (ACSL5), acyl-CoA
dehydrogenase long chain (ACADL), asparagine synthetase (ASNS), phosphoglycerate
dehydrogenase (PHGDH).

V.4 Effect of insulin on mRNA expression

Metabolic reprogramming of the carbohydrate metabolism is a hallmark of cancer cells
(Yu et al., 2017). The question was addressed whether insulin impacts on the
expression of crucial genes of the carbohydrate metabolism in dHepaRG™ and
HepaRG™.

GLUT1 and GLUT2 are transmembrane carrier proteins which transport glucose from
the blood into liver cells. The GLUT1 mRNA expression appeared to be positively
influenced by insulin since a concentration of 50nM induced an approximately 1,7-fold
increased expression in dHepaRG™ cells, which remained elevated at 200nM and

1uM. In HepaRG™ cells GLUT1 transcription level reached the highest value at 200nM
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insulin (approximately 1,5-fold increased). In HepaRG™ cells mMRNA expression of
GLUTZ2 was elevated with rising insulin concentrations in the medium, reaching the
highest level at 1uM of insulin. In dHepaRG™ cells the opposite effect was seen, i.e.,
the mRNA expression decreased with rising insulin concentrations compared to

conditions without insulin (see Fig. 25).

HK1 catalyzes the rate-limiting and first step of glycolysis. The diagram in fig. 25 shows
that in dHepaRG™ cells the expression was increased after insulin treatment, with the
highest expression at 200nM insulin. In HepaRG™ cells HK1 expression did not
change significantly up to 200nM but was increased approximately 3-fold with 1uM

insulin.

In analogy to HK1, HK4 (GCK) catalyzes the first step of glycolysis. Furthermore, it
may increase or decrease glycogen synthesis depending on glucose levels. In
dHepaRG™ cells the transcription dropped at all insulin concentrations but was
elevated only at 200nM. On the other hand, HK4 expression was slightly elevated in

HepaRG™ cells by insulin displaying the highest mRNA levels at 50nM insulin.

LDHA is an isoenzyme which catalyzes the conversion of the glycolysis product
pyruvate into lactate. The RT-qPCR data of dHepaRG™ cells show that LDHA
expression dropped after insulin treatment. The results of HepaRG™ cells show that

LDHA levels were elevated steadily with rising insulin concentrations.

PKLR is expressed mainly in the liver, while PKM2 occurs predominantly in embryonic
development and cancer cells. The enzymes catalyze the last step in glycolysis,
namely the production of pyruvate and ATP. The RT-gPCR results of PKLR show
expression changes with no specific trend in dHepaRG™ and HepaRG™ cells. In
dHepaRG™ cells PKM2 transcription tended to dropp under insulin, whereas in

HepaRG™ the expression was upregulated with rising insulin concentrations.

ALDOA and ALDOB are both involved in glycolysis. The RT-gPCR results show that
in dHepaRG™ cells insulin caused a slight decrease of ALDOA mRNA expression at
almost all concentrations. In HepaRG™ cells ALDOA gene expression was increased

at higher insulin concentrations. In dHepaRG™ cells mRNA levels of ALDOB fell with
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increasing insulin concentrations, while the expression was more or less unchanged
in HepaRG™ cells.

GYS2 is expressed exclusively in the liver and is important for glycogen storage. The
RT-gPCR results show that in dHepaRG™ an insulin concentration of 200nM led to a
sharp increase of GYS2 expression. In HepaRG™ insulin positively affected the mRNA

expression reaching the highest expression at 1uM insulin.
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Figure 25. Effect of insulin on mRNA expression of genes involved in carbohydrate metabolism.
dHepaRG™ and HepaRG™ cells were seeded and after 5 days they were starved for 72 hours in serum-
and insulin-free medium. Then, the cells were treated with OnM, 2nM, 50nM, 200nM or 1uM of insulin
for 24 hours. RNA was extracted and transcribed into cDNA to determine mRNA by RT-qPCR. The
housekeeping gene B-actin served to normalize expression levels. Symbols: white bars: serum- and
insulin free; light grey bars: serum- free and insulin treatment. The data are normalized by expression
values obtained at OnM insulin (control), are based on one or two independent experiments, and are
expressed as mean + SEM. The statistical significance of the data was analyzed by the One-Sample t-
test. a: p<0.05, b: p <0.01.

To conclude, the data indicate that insulin might have enhanced glycolysis and
glycogenesis especially in HepaRG™ cells as indicated by an increased expression of
GLUT2, HK1, ALDOA and GYS2. In dHepaRG™ cells the mRNA expression of HK1

was positively affected by insulin.




The pentose phosphate pathway is another critical pathway for liver cancer since it
contributes to a higher nucleotide synthesis thus supporting indirectly growth of tumor
cells. (Ciou et al., 2015). To study whether insulin exerts effects on this pathway, RT-
gPCR analysis served to determine the transcript levels of crucial pathway-
components, such as G6PD, TKT and RPIA (see Fig. 26).

G6PD is the rate limiting enzyme in the pentose phosphate pathway. In both,
dHepaRG™ and HepaRG™ cells G6PD expression was elevated together with
increasing insulin concentrations. TKT catalyzes the reaction connecting the pentose
phosphate pathway with glycolysis. In dHepaRG™ and HepaRG™ insulin positively
affected TKT expression. RPIA catalyzes the conversion between ribose-5-phosphate
and ribulose-5-phophate. In dHepaRG™ the expression remained nearly unchanged
by insulin treatment. The RT-qPCR results of HepaRG™ give evidence that with rising

insulin concentrations the mRNA expression was elevated as well.
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Figure 26. Effect of insulin on mRNA expression of genes of the pentose phosphate pathway.

dHepaRG™ and HepaRG™ cells were seeded and after 5 days they were starved for 72 hours in serum-
and insulin-free medium. Then, the cells were treated with OnM, 2nM, 50nM, 200nM or 1uM insulin for
24 hours. RNA was extracted and transcribed into cDNA to determine mRNA by RT-gPCR. The
housekeeping gene B-actin served to normalize expression levels. Symbols: white bars: serum- and
insulin free; light grey bars: serum- free and insulin treatment; dark grey bars: serum-free and highest
insulin concentration. The data are normalized by expression values obtained at OnM insulin (control),
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are based on one or two independent experiments and are expressed as mean + SEM. The statistical
significance of the data was analyzed by the One-Sample t-test. a: p<0.05, b: p <0.01.

To conclude, the data indicate that insulin may enhance the pentose phosphate
pathway which is suggested by an upregulation of G6PD and TKT in dHepaRG™ and
HepaRG™ and of RPIA in HepaRG™ cells.

Cholesterol and fatty acid metabolism are pathways which play a critical role in
membrane synthesis and lipid signaling and are thus contributing to proliferation of
cancer cells (Yang et al., 2020). To study the effect of insulin on these metabolic
pathways the gene expression of HMGCR, HMGCS1, ACLY, ACSL5, ACADL and
ELOVLG6 was analyzed, as shown in fig. 27.

The enzyme HMGCR is the rate-controlling enzyme of the cholesterol biosynthesis.
The RT-gPCR data show that in both, dHepaRG™ and HepaRG™ cells, insulin clearly
led to an increased HMGCR expression.

HMGCS1 is involved in acetyl-CoA metabolic process, the farnesyl diphosphate
biosynthetic process as well as the mevalonate pathway. Insulin treatment of
dHepaRG™ and HepaRG™ cells resulted in a clear upregulation of HMGCS1
expression.

ACLY is an enzyme which connects carbohydrate metabolism with fatty acid
biosynthesis by converting citrate to acetyl-CoA. The RT-qPCR results of dHepaRG™
and HepaRG™ cells show that 1uM insulin caused an upregulation of the gene.
ELOVL6 elongates saturated and monosaturated fatty acids. In dHepaRG™ cells
higher insulin concentrations (50nM, 200nM, 1uM) lead to an upregulation of mMRNA
expression which was also seen in HepaRG™ cells at 200nM and 1uM.

With regard to the degradation of fatty acid we studied two enzymes. ACSL5 is an
enzyme of the B-oxidation pathway. In dHepaRG™ cells the expression clearly
declined, whereas in HepaRG™ cells insulin leads to a higher expression of ACSL5
MRNA. The enzyme ACADL is involved in B-oxidation of fatty acids as well. The RT-
gPCR results of dHepaRG™ cells show that the gene expression decreased with
elevated insulin concentrations. In contrast, in HepaRG™ cells gene expression

tended to increase under insulin.
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Figure 27. Effect of insulin on mRNA expression of genes in cholesterol/ fatty acid metabolism.
dHepaRG™ and HepaRG™ cells were seeded and after 5 days they were starved for 72 hours in serum-
and insulin-free medium. Afterwards the cells were treated with OnM, 2nM, 50nM, 200nM or 1uM insulin
for 24 hours. RNA was then extracted and transcribed into cDNA to measure mRNA levels by RT-qPCR.
The housekeeping gene B-actin served to normalize expression levels. Symbols: white bars: serum-
and insulin free; light grey bars: serum- free and insulin treatment; dark grey bars: serum-free and
highest insulin concentration. The data are normalized by expression values obtained at OnM insulin
(control), are based on one or two independent experiments and are expressed as mean + SEM. The
statistical significance of the data was analyzed by the One-Sample t-test. a: p<0.05, b: p <0.01.

To conclude, the data suggest that insulin supports higher cholesterol/ fatty acid
synthesis since both HMGCR and HMGCS1 show an increased mRNA expression in
dHepaRG™ and HepaRG™ cells after a 24h of insulin treatment. ACLY and ELOVL6
are overexpressed in dHepaRG™ and HepaRG™ cells, indicating a shift towards

enhanced synthesis of fatty acids. This is also supported by the observation that in
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dHepaRG™ cells B-oxidation seems to be suppressed as indicated by a decreased
expression of ACADL and ACSL5. Only in the dedifferentiated HepaRG™ cells B-

oxidation is positively affected by relatively high insulin concentrations.

Enhanced amino acid synthesis may contribute to cancer cell development by
sustaining amino acid pools which are used as important building blocks, for epigenetic
modifications and bioenergy supply. To investigate the effect of insulin on this pathway
the mRNA of the following enzymes was analyzed: ASNS and PHGDH.

ASNS generates asparagine from aspartate. Insulin treatment of dHepaRG™ and
HepaRG™ cells showed transcriptional upregulation at higher insulin concentrations.
PHGDH is crucial in L-serine biosynthesis. The RT-qPCR results show that insulin
increased the mRNA expression in dHepaRG™ and HepaRG™ cell lines.
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Figure 28. Effect of insulin on mRNA expression of genes in amino acid synthesis.

dHepaRG™ and HepaRG™ cells were seeded and after 5 days they were starved for 72 hours in serum-
and insulin-free medium. Afterwards the cells were treated with OnM, 2nM, 50nM, 200nM or 1uM insulin
for 24 hours. RNA was then extracted and transcribed into cDNA to measure mRNA levels by RT-qPCR.
The housekeeping gene B-actin served to normalize expression levels. Symbols: white bars: serum-
and insulin free; light grey bars: serum- free and insulin treatment; dark grey bars: serum-free and
highest insulin concentration. Data evaluation is based on one or two independent experiments and
represented as mean + SEM. The data are normalized by expression values obtained at OnM insulin
(control), are based on one or two independent experiments and are expressed as mean + SEM. The
statistical significance of the data was analyzed by the One-Sample t-test. a: p<0.05, b: p <0.01.

To conclude, the data indicate that insulin promotes amino acid synthesis both in
dHepaRG™ and HepaRG™ cells which is suggested by an mRNA upregulation of
ASNS and PHGDH.
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V.5 Isotype expression in dHepaRG™ and HepaRG™ cells

In cancer cells regulation of alternative splicing is often disturbed which leads to cancer
specific switches in isoenzyme expression patterns. Here, it was studied whether in
dHepaRG™ and HepaRG™ cells the expression of isoenzymes is affected by the state
of differentiation of the cells and/or by treatment with insulin. Therefore, 4 isoenzyme-
pairs were examined, i.e., GLUT1/GLUT2, HK1/HK4, ALDOA/ALDOB and
PKLR/PKM2.

Fourteen different glucose transporters with variable affinities for glucose have been
identified in mammalian tissues. In liver cells GLUT2 is predominant, while GLUT1 has
a very high affinity for glucose and therefore is often expressed in cancer cells (Hay,
2016).

Without insulin treatment the GLUT1:GLUT2 expression ratio was higher in
dHepaRG™ than in HepaRG™ cells. Under influence of insulin the ratio remained fairly
constant in the differentiated cells but was suppressed in the undifferentiated state.

(Figure 29 panel C)
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Figure 29. The effect of insulin on mRNA expression of GLUT1 and GLUT2 and the GLUT1:GLUT2
ratio in dHepaRG™ and HepaRG™ cells. Cells were seeded and after 24 hours medium was changed
to serum-free medium. After 72 hours of starving, cells were subsequently treated with OnM, 2nM, 50nM
or 1uM insulin for 24 hours. Then mRNA was extracted, transcribed into cDNA and mRNA levels were
measured by RT-gPCR. Expression levels were normalized by (3-actin. The results are depicted as fold
change relative to OnM (control) in (A, B) orin (C) as ratio of the two isoforms (ACt(GLUT1)-ACt(GLUT2);

Z'AACt). Symbols: white bars: no insulin treatment; light grey bars: treated insulin concentration; dark
grey: highest treated insulin concentration. The data derive from one to three independent experiments
and are expressed as mean + SEM. Statistics: Data in A and B were analyzed by the One-Sample t-
test; data in C were analyzed by one-way ANOVA: no significance was found.

In humans four genes code for different hexokinase isoenzymes. HK4 is predominant
in hepatocytes and often is replaced by HK1 and/or HK2 during the transition from a
normal cell to HCC (Pusec et al., 2019)
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In untreated controls a higher HK1:HK4 ratio was found in HepaRG™ than in
dHepaRG™ cells. The ratio was elevated by insulin towards HK1 in the differentiated
state but was unaltered or even suppressed at higher hormone concentrations in
HepaRG™ cells (Fig. 30 panel C).
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Figure 30. The effect of insulin on mRNA expression of HK1 and HK4 and the ratio of HK1:HK4
in dHepaRG™ and HepaRG™ cells. Cells were seeded and after 24 hours medium was changed to
serum-free medium. After 72 hours of starving, cells were subsequently treated with OnM, 2nM, 50nM
or 1uM insulin for 24 hours. Then mMRNA was extracted, transcribed into cDNA and mRNA levels were
measured by RT-qPCR. Expression levels were normalized by B-actin. The results are depicted as fold

change relative to OnM in (A, B) or in (C) as ratio of the two isoforms (ACt(HK1)-ACt(HK4); 2" AACt)
Symbols: white bars: no insulin treatment; light grey bars: treated insulin concentration; dark grey:
highest treated insulin concentration. The data derive from one to three independent experiments and
are expressed as mean + SEM. Statistics: Data in A and B were analyzed by the One-Sample t-test;
data in C were analyzed by one-way ANOVA: no significance was found.

ALDOA and ALDOB are glycolytic enzymes cleaving fructose-1,6-bisphosphate to
dihydroxyacetone phosphate (DHAP) and glucose-3-phosphate. Three different genes
code for three aldolase isoforms. ALDOB is the predominant form in normal
differentiated hepatocytes, while HCC tend to express rather ALDOA than ALDOB
(Hay, 2016). Without insulin the ratio ALDOA:ALDOB was considerably higher in the
dedifferentiated than in the differentiated state of the HepaRG™ cells. dHepaRG™
cells exhibit a slightly higher expression of ALDOA:ALDOB ratios at 50 and 200nM of
insulin, whereas in HepaRG™ cells the ratios remained fairly constant (Figure 31 panel
C).
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Figure 31. The effect of insulin on mMRNA expression of ALDOA and ALDOB and the
ALDOA:ALDOB ratio in dHepaRG™ and HepaRG™ cells. Cells were seeded and after 24 hours
medium was changed to serum-free medium. After 72 hours of starving, cells were subsequently treated
with OnM, 2nM, 50nM or 1uM insulin for 24 hours. Then mMRNA was extracted, transcribed into cDNA
and mRNA levels were measured by RT-qPCR. Expression levels were normalized by -actin. The
results are depicted as fold change relative to OnM in (A, B) or in (C) as ratio of the two isoforms

(ACt(ALDOA)-ACt(ALDOB); Z'AACt). Symbols: white bars: no insulin treatment; light grey bars: treated
insulin concentration; dark grey: highest treated insulin concentration. The data derive from one to three
independent experiments and are expressed as mean + SEM. Statistics: Data in A and B were analyzed
by the One-Sample t-test; data in C were analyzed by one-way ANOVA. a: p<0.05, b: p <0.01.

Pyruvate kinase is a key enzyme in glycolysis and catalyzes the last reaction, the
formation of pyruvate from phosphoenolpyruvate (PEP). It exists in four isoforms
(PKM1, PKM2, PKR and PKL). In normal liver PKL is highly expressed, whereas in
liver cancer cells PKM2 often is the predominant form (Hay, 2016).
The PKM2:PKLR ratio was higher in untreated HepaRG™ than in dHepaRG™ cells.

In the differentiated and dedifferentiated state transcription shifted towards PKM2.
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Figure 32. The effect of insulin on mMRNA expression of PKLR and PKM2 and the PKM2:PKLR
ratio in dHepaRG™ and HepaRG™ cells. Cells were seeded and after 24 hours medium was changed
to serum-free medium. After 72 hours of starving, cells were subsequently treated with OnM, 2nM, 50nM
or 1uM insulin for 24 hours. Then mRNA was extracted, transcribed into cDNA and mRNA levels were
measured by RT-qPCR. Expression levels were normalized by B-actin. The results are depicted as fold

change relative to OnM in (A, B) or in (C) as ratio of the two isoforms (ACt(PKM2)-ACt(PKLR); Z'AACt).
Symbols: white bars: no insulin treatment; light grey bars: treated insulin concentration; dark grey:
highest treated insulin concentration. The data derive from one to three independent experiments and
are expressed as mean + SEM. Statistics: Data in A and B were analyzed by the One-Sample t-test;
data in C were analyzed by one-way ANOVA. a: p<0.05, b: p <0.01.

To conclude, the data indicate that without insulin treatment the dedifferentiated state
showed a shift to the isoenzymes generally upregulated in malignancies. Only GLUT1
was expressed at higher levels in the dHepaRG™ than HepaRG™ cells (Kim et al.,
2017) In dHepaRG™ cells insulin tended to shift the expression ratios toward the

isoenzyme usually being predominant in malignancies.

V.6 Clonogenicity and migration of dHepaRG™ and HepaRG™ cells
with InsR-A or InsR-B overexpression

To study the impact of InsR-A and InsR-B overexpression in HepaRG™ cells two cell
lines were established, overexpressing either the one or the other IR isoform
(HepaRG™ InsR-A or InsR-B) using lentiviral transfection. HepaRG™ EC cell lines
functioned as control group, as they were transfected with a vector containing no gene
sequence. All three vectors carried a CMV promotor, an IRES gene, a puromycin
resistance gene and an eGFP gene. Cells with a successful transduction survived in a
medium containing puromycin and fluoresced green, which enabled the elimination of

cells no containing the insert.
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Figure 33. HepaRG™ InsR-A, InsR-B and EC cells visualized with inverse light microscopy or
GFP fluorescence. HepaRG™ InsR-A (A and B), HepaRG™ InsR-B (C and D), HepaRG™ EC (E and
F) with 10x magnification; left panel: visible light, right panel: GFP fluorescence.

Quantification of overexpression

To verify the successful overexpression of InsR-A and InsR-B in HepaRG™ cells, the
mRNA levels of the overexpressing cell lines and the control group (HepaRG™ EC)
were measured with RT-qPCR. The data of the control group in Table 17. show that
the expression of InsR-B is basically higher than InsR-A.

The fold change of InsR-A and InsR-B expression in both InsR-A and InsR-B
overexpressing cell lines compared to the empty control cell line was calculated in
Figure 34 panel A. As indicated, InsR-B overexpression was significantly higher than
InsR-A overexpression. B and C show the ratios of InsR isoforms in both

overexpressing cell lines.
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HepaRG™EC HepaRG™InsR-A HepaRG™InsR-B
InsR-A 9,36 6,93 7,97
InsR-B 6,71 7,10 0,34

Table 17. Expression of InsR-A and InsR-B in HepaRG™ EC, InsR-A and InsR-B depicted as ACt
values normalized with B-actin.
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Figure 34. Quantification of InsR-A and InsR-B expression in HepaRG™ InsR-A and HepaRG™
InsR-B cell lines. Cells were cultivated in 6-well plates with 10% FCS medium. At around 90%
confluency cells were harvested, mMRNA was extracted, transcribed into cDNA and mRNA levels were
measured by RT-gPCR. Expression levels were normalized by B-actin. The results are depicted as (A)
fold change of InsR-A and InsR-B expression in InsR-A and InsR-B overexpression HepaRG™ cell lines
relative to empty control HepaRG™ EC cell line and (B) as InsR-B:InsR-A ratio (ACt(InsR-B)-ACt(InsR-

A); 224CY 2n4 (€) as InsR-A:InsR-B ratio (ACt(InsR-A)-ACt(InsR-B); 2 AACt
experiment.

). The data arise from one

Clonogenicity Assay

The clonogenicity assay is determining the ability of a single cell to generate a colony
at a low cell density, which is a characteristic feature of cancer cells. We asked whether
the insulin receptor variants A or B may enhance the expression of this feature of a
malignant phenotype.

dHepaRG™ cells, overexpressing the EC, InsR-A or InsR-B failed to form colonies
when seeded at low density. Therefore, we used InsR-A and InsR-B overexpressing
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HepaRG™ cells. As described in chapter 1V.10 HepaRG™ cells were seeded at
different low cell densities (1200 or 2000 per well) and were kept in a medium
containing 1%, 3% or 10% FCS for 5 weeks.

Concerning the HepaRG™ EC cell line, the number of colonies tended to be elevated
at higher FCS concentrations in the growth medium and when the assay was started
with 1200 cells per well (Figure 35 panel A1). The colony number and size of
HepaRG™ EC cells (starting with 2000 cells per well) was positively affected also by
increasing FCS concentrations. The largest colony size was found when seeding 1200
cells per well and applying 1% FCS.

The results show that on average HepaRG™ InsR-B cells were able to form more
colonies than HepaRG™ InsR-A cells and the clonogenicity of HepaRG™ InsR-B was
elevated by increasing FCS concentrations. In contrast, HepaRG™ InsR-A cells do not
form colonies at 3% and 10% FCS when starting with 2000 cells per well. Concerning
the colony size per mm? HepaRG™ InsR-B colonies were generally larger than

HepaRG™ InsR-A colonies.
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Figure 35. Effect of InsR-A and InsR-B overexpression on number, size and area of colonies
formed by HepaRG™ cells. HepaRG™ InsR-A and InsR-B cells were seeded at 1200 and 2000
cells/well (6-well plate). After 24 hours cells were washed with serum free medium, GM with different
FCS concentrations was added and cells were kept in the incubator for the next 5 weeks. Medium was
changed once a week. Then cells were stained with crystal violet and pictures were taken. Number of
colonies per cm? (A1, A2, A3), colony size per mm? (B1, B2, B3) and total area of colonies in mm?/cm?
(C1, C2, C3) were determined by using LUCIA G 4.6 software. The data derive from one to four
independent experiments and are expressed as mean + SEM. The statistical significance of the data
was analyzed by the One-sample t-test. a: p<0.05, b: p <0.01.

To conclude, the data indicate that overexpression of InsR-B in HepaRG™ cells led to
more and larger colonies compared to HepaRG™ EC cells. On the other hand, the

overexpression of InsR-A did not promote colony formation.
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Scratch Assay

For the formation of tumor cell metastasis, migration of cancer cells is required for
invasion into surrounding tissues. A scratch assay was performed to determine if the
overexpression of InsR-A or InsR-B in dHepaRG™ and HepaRG™ cells and/or the
additional treatment with insulin alters the migratory phenotype of the cells. For this
purpose, cells were seeded, cultured for one week until a confluent monolayer had
formed and were subsequently starved for further 72 hours. Then the cell layer was
scratched by a pipette tip followed by an insulin treatment with different insulin
concentrations (OnM, 2nM, 50nM, 200nM, 1uM). After Oh, 24h, 28h, and 72h a picture
of the scratch was taken under the microscope and the changed scratch area was
determined. Since the differentiated dHepaRG™ InsR-A cell line did not grow well and
densely these cells were excluded from the experiment.

First, it was studied whether the overexpression of InsrA or InsrB has an impact on the
cells without any insulin treatment. The data indicate that HepaRG™ InsR-B cells have

an increased migration compared to HeapRG™ InsR-A cells and dHepaRG™ InsR-B.
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Figure 36. Effect of Insr-A or Insr-B overexpression on the migratory phenotype of dHepaRG™
and HepaRG™ cells. HepaRG™ EC, dHepaRG™ EC, HepaRG™ InsR-A, HepaRG™ InsR-B and
dHepaRG™ InsR-B cells were seeded with a density of 2.0 x 10° cells per well, incubated for one week
and starved for 72h. After scratching the cell layer, pictures of the scratch were taken after Oh, 24h, 28h
and 48h, scratch area was measured by Image J program and data were normalized by the scratch
area determined at Oh. The data derive from one to 4 independent experiments and are expressed as
mean + SEM. The statistical significance of the data was analyzed by the One-Sample t-test. a: p<0.05,
b: p <0.01.

dHepaRG™ EC and dHepaRG™ InsR-B cells, being treated with various insulin
concentrations, did not show considerable changes compared to untreated controls.
The ability of HepaRG™ InsR-A cells to migrate also remained quite unchanged by the

insulin treatment.
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In HepaRG™ EC cells insulin treatment caused an increase in migration, i.e.,
enhanced reduction of scratch area was observed, starting at 2nM insulin and reaching
the highest effect at 1uM insulin. Twenty-four hours after scratching and treatment with
1uM insulin the area was reduced by 20% and after 48 hours by 50%. A similar
outcome was observed for HepaRG™ InsR-B cells, particularly after treatment with
1uM of insulin, i.e., insulin caused an area reduction by around 20% after 24 hours of
treatment and by 40% after 48 hours.
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Figure 37. Effect of insulin on the migratory phenotype of InsR-A or InsR-B overexpression
HepaRG™ cells. HepaRG™ EC, dHepaRG™ EC, HepaRG™ InsR-A, HepaRG™ InsR-B and
dHepaRG™ InsR-B cells were seeded with a density of 2.0 x 10° cells per well, incubated for one week
and starved for 72h. After scratching the cell layer, insulin treatment with different concentrations (OnM,
2nM, 50nM, 200nM, 1uM) was performed. Pictures of the scratch were taken after Oh, 24h, 28h and
48h, scratch area was measured by Image J program and data were normalized by the scratch area
determined at Oh. The data derive from two to four independent experiments and are expressed as
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mean + SEM. The statistical significance of the data was analyzed by the One-Sample t-test. a: p<0.05,
b: p <0.01.

The experiments showed that insulin positively affected the migration of HepaRG™
EC and InsR-B cells but does not influence considerably the differentiated
(dHepaRG™) cell types expressing EC and InsR-B. Furthermore, the capability of
HepaRG™ InsR-A cells to migrate remained unaffected by insulin.

V.7 PKM2 protein expression after insulin treatment

Published data show that PKM2 may enter the nucleus as a transcription factor which
is associated with cell proliferation. The second part of the present work investigated
the effect of insulin on protein expression and nuclear translocation of PKM2. For this
purpose, dHepaRG™, HepaRG™ and HCC-1.2 cells were treated with different insulin
concentrations (OnM, 2nM, 50nM, 200nM, 1uM) for 3h, 6h or 24h as described in
chapter IV.8.1. Then, proteins were extracted from cytoplasmic and nuclear fraction
(see chapter IV.9.3) and were separated via SDS-PAGE and subjected to western
blotting. PKM2 and B-actin (loading control) were detected by immunostaining (Figure
38).

Figure 39 shows the PKM2 levels in the cytoplasmic and nuclear fraction after 3h, 6h
or 24h of insulin treatment compared to untreated controls. At the 3h time point PKM2
levels were elevated in the nuclear fraction of dHepaRG™ and HepaRG™ cells at
200nM and 1uM insulin. At 6hrs PKM2 levels were still elevated in the nuclei of
dHepaRG™ cells at 1uM insulin and of HepaRG™ cells at 200nM and at 1uM insulin.
After 24h insulin treatment of dHepaRG™ and HepaRG™ cells insulin did not impact
on the nuclear occurrence of the PKM2 protein. At all time points and insulin
concentrations the PKM2 protein levels in the cytoplasmic fraction did not show
considerable changes.

In a single experiment on HCC-1.2 cells insulin tended to increase the PKM2 levels in
the nucleus and to concomitantly decrease the occurrence of the protein in the

cytoplasm.
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Figure 38. Effect of insulin on PKM2 protein levels in cytoplasmic and nuclear fraction of
HepaRG™, dHepaRG™ and HCC-1.2 cell line. Five days after seeding HepaRG™ and dHepaRG™
cells were starved with serum- and insulin-free medium. After 72h cells were treated with OnM, 2nM,
50nM, 200nM and 1uM insulin. After 3h cytoplasmic and nuclear fraction were extracted, and SDS-
PAGE and immunoblotting was performed. The blot was then incubated with antibodies against PKM2
and B-actin as loading control.
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Figure 39. PKM2 protein levels after 3h, 6h, and 24h of insulin treatment. After a 3h, 6h and 24h
insulin treatment of dHepaRG™, HepaRG™ and HCC-1.2 cells, PKM2 protein levels were determined
by western blots. The protein levels were normalized to 3-actin and fold change compared to OnM insulin
(control) was calculated and depicted in the diagram. Symbols: white bars: serum- and insulin free; light
grey bars: serum-free and insulin treatment. Data are based on one or two independent experiments
and are expressed as mean + SEM: no significance was found.

To conclude, the data suggest that insulin treatment increased the PKM2 occurrence

in the nuclear fraction of dHepaRG™ and HepaRG™ cells.
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VI.Discussion

The question about a causal association between conditions leading to
hyperinsulinemia and liver cancer development has been the topic of various cancer
studies and is still not completely clarified (Vigneri et al., 2020; Arcidiacono et al., 2012;
Jee et al., 2005) In unaltered hepatocytes insulin has an impact on the expression of
a number of genes which is documented by many publications (Sutherland et al., 2013;
O’Brien, et al., 2001; Shahbazi, et.al., 2019). However, this hormone could be involved
also in the deregulation of the metabolism and could impact on the malignant

phenotype of emerging tumor cells, which is discussed below.

The first aim of this thesis was to find (i) genes which are deregulated in the liver cancer
prestages PNL and HCA and (ii) indications that these gene deregulations are due to
the effect of insulin. To address this problem, data of whole genome expression
analysis of rat PNL and HCA were evaluated. To find out if the deregulated genes in
rat samples are also up- or downregulated in human PNL and HCA a literature search
was performed. Further, published data were examined for genes which are
transcriptionally or post-transcriptionally influenced by insulin. The majority of
metabolic genes were found to be under the influence of insulin. The literature search
revealed that the hormone has an impact on crucial genes of metabolisms such as
glycolysis, pentose-phosphate pathway, amino acid synthesis and fatty acid synthesis.
Some of these genes are also deregulated in human or rat PNL and HCA, whereas for
human PNL no conclusive data could be found.

In cancer cells metabolism is often disturbed in a way, that survival, proliferation and
the formation of metastasis is supported. The Warburg effect is a hallmark of cancer
cells, meaning an increased glucose intake and production of lactate via aerobic
glycolysis which is an inefficient way of generating energy (Liberti et al., 2016) In liver
cancer cells glycolytic metabolites enter the pentose-phosphate pathway instead of the
TCA cycle. This shift ensures elevated nucleic acid levels for cell replication and
increased NADPH synthesis supporting invasion and angiogenesis (Kowalik et al.,
2017). Accordingly, the glycolysis key enzyme HK1% is upregulated in cancer
prestages; ALDOA (Nissim 2016) as well as TKT and G6PD, both enzymes of the
pentose-phosphate pathway, are overexpressed in liver cancer (Kowalik et al., 2017,
Lu et al., 2018; Qin et al., 2019). This pathway ensures elevated nucleic acid synthesis
and NADPH production which is crucial for liver cancer cells to grow, proliferate and
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metastasize (Kowalik et al., 2017). In addition, these four genes are also
transcriptionally upregulated by insulin- which supports the assumption that the
hormone is involved in the metabolic reprogramming of cancer cells 7-41-88.33 (Kowalik,
etal., 2017; Qin et al., 2019; Sangineto et al., 2020)

Dysregulations in hepatocellular adenoma and carcinoma also affect the lipid
metabolism, as documented by upregulation of genes involved in fatty acid
biosynthesis, such as, ACACA®3 %4 ACLY?® % and FASN?®3. % (Sangineto et al., 2020;
Hayes & Chayama, 2019; Wang et al., 2015). The enhanced synthesis of fatty acids
may serve as important sources of energy, thus supporting cell division and inhibiting
cell death (Hayes et al., 2019; Wang et al., 2015). The inhibition of fatty acid synthesis
is regarded as promising therapeutic tool against cancer. Inhibition of FASN in HepG2
cells suppresses proliferation and favors apoptosis, exemplifying the importance of
fatty acids for liver cancer cells. The expression of ACACA, ACLY and FASN is
elevated by insulin which implies that the hormone might promote growth of HCC cells
indirectly via enhanced synthesis of fatty acids. (Snaebjornsson et al., 2019; Zhang et
al., 2020)

The next aim of this work was to study whether the altered expression of important
metabolic genes in HCC may occur early in hepatocarcinogenesis during de-
differentiation of hepatocytes (Song et. al., 2022; Zhu et al., 2020). To address the
possible impact of de-differentiation dHepaRG™ (differentiated) and HepaRG™ (de-
differentiated) cell lines were studied in parallel with the differentiated cells
representing normal liver cells and the de-differentiated cells reflecting a phenotype on
the pathway to cancer. Basal mRNA expression levels of 21 metabolic genes (from
carbohydrate metabolism, pentose-phosphate pathway, cholesterol/ fatty acid
synthesis and amino acid synthesis) were measured by RT-qPCR. The data showed
that almost all genes (GLUT1, GLUT2, HK4, GYS2, LDHA, LDHB, PKLR, PKM2,
ALDOA, ALDOB, G6PD, HMGCR, HMGCS1, ACLY, ACSL5, ACADL, ASNS and
PHGDH) were expressed at higher levels in dHepaRG™ cells than in HepaRG™ cells
except for a few genes (HK1, TKT, RPIA, HMGCS1 and ACLY) which were equally
expressed in both differentiation states.
Our results indicate that de-differentiation is reducing the expression level of metabolic
genes. These observations are consistent with the data of Ma et al. who showed that

metabolic gene expression patterns changed upon dedifferentiation of thyroid cancer
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cells with many genes being downregulated (Ma et al., 2019). In a model of
adipogenesis, many metabolic genes were downregulated when cells de-
differentiated. In detail, genes of the carbohydrate metabolism (GYS1, and PCK1), the
fatty acid metabolism (ACACA, FASN and ELOVLYS) and the insulin signaling pathway
(FOXO1, IRS1, IRS2) were upregulated during differentiation and showed reduced
expression level during dedifferentiation. (Ullah et al., 2013) The data support our
results that genes involved in carbohydrate and fatty acid metabolism are expressed
lower in the dedifferentiated state, which appears to be a general phenomenon,

occurring not only in epithelial cells but also in cells of mesenchymal origin.

The next step was to compare the impact of insulin on mRNA expression of crucial
metabolic genes in dHepaRG™ and HepaRG™ cells, representing the differentiated
and the de-differentiated state. We chose genes which encode key-enzymes of
important metabolic pathways (carbohydrate metabolism, pentose phosphate
pathway, cholesterol/ fatty acid synthesis and amino acid synthesis) and which were
also subject of our previous literature search. The results showed that insulin impacts
on the transcription of crucial metabolic genes in both dHepaRG™ and HepaRG™
cells, affecting all pathways. The following genes showed an elevated transcriptional
level due to insulin in dHepaRG™ cells: HK1(glycolysis) and ASNS, PHGHD, and
ELOVL6 (amino acid synthesis). There was a weak trend to transcriptional induction
for G6PD and TKT (pentose phosphate pathway) and HMGCR and HGMCS1
(cholesterol/ fatty acid synthesis). However, a few genes were downregulated by the
hormone in dHepaRG™ cells, i.e., GLUT2, LDHA, PKLR, ALDOA and ALDOB
(glycolysis), RPIA (pentose-phosphate pathway) and ACSL5 and ACADL (fatty acid
synthesis).

In HepaRG™ cells insulin led to an increased expression of GLUT2, HK1, ALDOA
(glycolysis), GYS2 (glycogenesis), G6PD, TKT and RPIA (pentose-phosphate
pathway), HMGCR, HMGCS1, ACADL, ACSL5, ELOVL6 (cholesterol/ fatty acid
synthesis), and ASNS, PHGDH (amino acid synthesis). Thus, starting from a generally
lower basal expression in the de-differentiated state in HepaRG™ cells, genes were
probably more prone to be upregulated by insulin than in dHepaRG™ cells. These
findings support to some extent the idea that the upregulation of the genes, as

observed in rat PNL and HCA and human HCA in section V.1 may be due to the impact
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of insulin. This raises the questions on the molecular mechanisms of the higher
responsiveness of dedifferentiated liver cells to the metabolic insulin effects.

HCC, further advanced stages of hepatocarcinogenesis, exhibit deregulations of
several signaling pathways, which are influenced by insulin under experimental
conditions. These deregulations may indicate a changed responsiveness of the HCC
cells to the hormone. An example is provided by the mTOR pathway, a regulator of cell
proliferation and gene transcription, which is activated by insulin via the IRS1/PI13K/Akt
pathway. (Yoon, 2017; Zou et al., 2020; Khamzina et al., 2005; Dif et al., 2006)

For its part, mTOR is an important key player in metabolic signaling of insulin by
regulating the transcription factor SREBP that controls the expression of metabolic
genes, such as HMGCR, HMGCS, ACACA, FASN, ELOVL, and ALDOC. (Saxton et
al., 2018; Takano et al., 2001; Horton et al., 2003). It remains to be studied whether
deregulations of insulin-induced pathways occur not only in HCC but also early in

hepatocarcinogenesis.

In cancer cells the splicing regulation of gene isoforms is often changed resulting in a
cancer specific isoform switch of the transcripts (Vitting-Seerup et al., 2017). Since
protein isoforms may have different functions, a deregulation of splicing can lead to
altered signaling cascades and promote cancer development (Karakulak et al., 2021).
The present thesis examined if (i) the differentiation state impacts on the isoform
expression and (ii) insulin is able to induce a switch which is characteristic for HCC
cells. For this purpose, dHepaRG™ and HepaRG™ cells were treated with insulin and
transcription levels of isoform pairs were evaluated by RT-qPCR. The data of isoform
pairs HK1/HK4, ALDOA/ALDOB and PKM2/PKLR reveal that in the dedifferentiated
state (HepaRG™) the isoenzyme which is generally upregulated in malignancies was
expressed at higher levels leading to shifts towards HK1, ALDOA and PKM2. High
expression levels of PKM2 and ALDOA, as compared to their isoforms, were also
reported for HCC. (DeWaal et al., 2018; Kim et al., 2017; Lv et al., 2018; Tang et al.,
2021; Cheng et al., 2021; Peng et al., 2008) This metabolic profile resembles the so-
called Warburg effect, which is associated with higher expressions of PKM2 and
ALDOA and a decreased expression of HK4 (GCK) when compared to the respective
isoenzymes (Lee et al., 2018; DeWaal et al., 2018). Our results further show an insulin-
induced shift towards a cancer specific expression in the dHepaRG™ cell line since
the ratios of ALDOA:ALDOB and PKM2:PKLR tended to be elevated. In HepaRG™
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cells the ratios of ALDOA:ALDOB, HK1:HK4 and PKM2:PKLR were already high and
could not be further elevated by insulin. This may indicate that the isoform switch had
been caused already by the dedifferentiated state and was not further inducible. This
is not consistent with published data, which indicate that insulin is able to induce this
cancer specific PKM2 switch in HepG2 cells (Igbal et al., 2013). In hepatoma cells
expression switches from PKLR towards PKM2 which might be advantageous due to
distinct functional characteristics of the isoforms such as the function of PKM2 as

transcriptional regulator (Dayton et al., 2016; Gao et al., 2012).

Another frequent isoform switch in carcinogenesis is the shift from Insr-B to Insr-A.
InsR-A and InsR-B are the two isoforms of IR, produced by alternative splicing. InsR-
B is predominantly expressed in liver and associated with metabolic and differentiating
signals. Instead, the InsR-A isoform is prevalent in fetal and cancer tissues such as
HCC and is known to play a major role in cell growth, proliferation and survival (Belfiore
etal., 2017; Benabou et al., 2019; Malaguarnera & Belfiore, 2011).

The present work examined if InsR-A - contrary to InsR-B - might be a key factor in
cancer development by pushing cancer cell prestages towards a malignant phenotype.
To test this hypothesis two cell lines were established, overexpressing one of the IR
isoforms. Cell-biological assays were performed to test the malignant phenotype, i.e.
the clonogenicity and the migratory capabilities of the cell lines generated. The
formation of a clone from just one cell is a characteristic feature of cancer cells and
differentiates them from normal cells. The clonogenicity assay showed that in the
absence of insulin-treatment InsR-B overexpression led to the formation of more and
larger colonies in contrast to InsR-A overexpression which did not seem to promote
colony formation. Similar observations were reported by other groups confirming our
data. Massimino, et al. showed that in absence of insulin InsR-B expressing murine
fibroblast cells are better protected against apoptosis compared to InsR-A expressing
cells. When insulin is bound, both IR isoforms promote cell growth but InsR-A
expressing cells show greater effects. In addition, Perks, et al. showed that prostate
cancer cells with active InsR-A but silenced InsR-B were inhibited in cell growth due to
a disabled response to insulin. These data indicate that InsR-B may support survival
pathways which may increase the chance that cells survive at low cell density,

increasing the probability for clone formation. (Perks et al., 2016)

84



In contrast studies showed that changes in InsR-B:InsR-A ratio triggers ligand-
independent apoptosis in hepatocytes. Cells expressing only InsR-A take up more
glucose than immortalized liver cells expressing only InsR-B. In consequence this
might lead to lower apoptosome formation which suppresses apoptosis. (Nevado et
al., 2008)

The scratch assay determines the ability of cells to migrate which is a requirement for
cancer cells to metastasize. The results reveal that the control cell line and the InsR-B
overexpressing cell line show enhanced migration compared to InsR-A overexpressing
cells. After insulin treatment InsR-A overexpressing cells remained unaffected whereas
migration of HepaRG™ InsR-B and EC positively affected by insulin. In disagreement
with our results published data reveal that InsR-A transfected HepG2 cells show
increased migration after insulin treatment, whereas InsR-B transfected cells show the
opposite effect (Malaguarnera & Belfiore, 2014).Similar observations were made in
colon cancer cells (Andres et al., 2013) In addition, overexpression of InsR-A
compared to InsR-B was shown to promote migratory and invasive properties of liver
cancer  cells (Benabou et al, 2019; Wang et al, 2019).
The establishment of HepaRG™ InsR-A and InsR-B cells via lentiviral transduction
resulted in a higher overexpression of InsR-B compared to InsR-A. InsR-B is the
isoform expressed predominately in mature hepatocytes whereas InsR-A is expressed
in undifferentiated cells and cancer cells (Chettouh, et al., 2015; Vella et al., 2018;
Massimino et al., 2021). Interestingly, our data disagree since we observed a higher
expression of InsR-B in the undifferentiated control group (HepaRG™ EC).
Furthermore, Gutmann showed in his master thesis 2020 that InsR-B is predominantly
expressed in human HCA and HCC. Based on these studies and the expression data
of our control group InsR-B might be the predominant isoform in differentiated as well
as undifferentiated liver cells. These observations could explain the advantage of InsR-

B overexpressing cells in developing a malignant phenotype.

The present thesis was also interested in the question whether insulin induces the
translocation of PKM2 into the cell nucleus. In cancer cells, the PKM2 tetramer may
be modified post-translationally to form a dimer which is capable to enter the nucleus.
(Zahra et al., 2020). Studies showed that insulin induced the dissociation of the
tetramer into the PKM2 dimer form (Igbal et al., 2013; Prakasam et al., 2018). To

examine the impact of insulin on the nuclear PKM2 occurrence, differentiated and
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dedifferentiated HepaRG™ cells and HCC-1.2 cells were treated with insulin. Western
blot analysis showed that insulin caused elevated the PKM2 levels in the nucleus of
dHepaRG™ and HepaRG™ cells and probably also in the HCC-1.2 cell line
(Alguaraishi et al., 2019; Liu et al., 2021; Zahra et al., 2020) Xu, et al. (2015) showed
that activation of IGF-1/IGF-IR (insulin-like growth factor 1 receptor) induces nuclear
transfer of PKM2 and it is known that insulin is able to bind and activate this receptor
as well (Taniguchi et al., 2016; Cai et al., 2017) Further, Teng et al. (2016) showed that
ERK1/2 is activated by insulin and Yang et al. (2012) revealed that ERK1/2 in turn
phosphorylates PKM2 which enables its transfer into the nucleus. Nuclear PKM2 was
shown to be an important for the mTOR-induced Warburg effect by directly regulating
the expression of genes involved in the cell cycle (cyclin D1, c-Myc) and cell
proliferation (Oct-4, HIF-1a). C-Myc, in turn, upregulates transcription of genes
involved in glucose metabolism (GLUT1, LDHA, ALDOA, PKM2). Accordingly, a
disruption of mTOR pathway or PKM2 suppressed cell proliferation and tumorigenesis
(Sun et al., 2011; Wiese et al., 2018; Yang et al., 2013; Dong et al., 2020)

Zhao et al. found that PKM2 stabilizes the transcription factor SREBP-1a and thereby
activates lipid synthesis, e.g. genes of cholesterol and fatty acid synthesis, such as
HMGCR and FASN, are positively regulated by SREBP-1a (Zhao et al., 2018; Madison
et al., 2016). Our results showed an insulin-induced nuclear PKM2 translocation and
concomitant upregulation of ALDOA, LDHA, PKM2, FASN and HMGCR in HepaRG™
cells which might be the link between insulin action and metabolic reprogramming of
emerging cancer cells.

In summary, the data suggest that insulin may induce a metabolic reprogramming in
early stages of hepatocarcinogenesis, which may involve PKM2 translocation to the
nucleus. Insulin may also favor the development of a malignant phenotype, as
indicated by enhanced clonogenicity and migration. Further research is necessary to

characterize thoroughly the effects of insulin in emerging liver tumor cells.
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VII. Abbreviations

Abbreviation

Explanation

ACC acetyl-CoA-carboxylase

Acetyl-CoA Acetyl-coenzyme A

ACLY ATP citrate lyase

ADP Adenosine diphosphate

Akt (PKB) Proteinkinase B

AldoA Aldolase A

AP-1 Activator protein-1

ATP Adenosine triphosphate

bp base pairs

Cdk Cyclin dependent kinase

cDNA complementary DNA

ddH20 Double-distilled H20

DEPC Diethyldicarbonate

DMSO Dimethyl sulfoxid

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphate

EC Empty control

EGF Eepidermal growth factor pidermal growth factor
ENO1 Enolase 1

ERK Extracellular signal-regulated kinase

E2F E2 factor

FADH:2 Flavin adenine dinucleotide

FAS, FASN Fatty acid synthase

FBP Fructose-1,6-bisphosphatase

FBS Fetal bovine serum

FCS Fetal Calf serum

FOXO Forkhead box-containing protein, O subfamily
FoxO1 Forkhead box-containing protein, O subfamily 1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFP Green Fluorescent Protein

GLUT Glucose transporter
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GM

Growth Medium

GPI Glucose-6-phosphate isomerase

Grb2 Growth factor receptor-bound protein 2

GSK3 Glycogen synthase kinase 3

G6PC Glucose-6-phosphatase

G6PD Glucose-6-phosphate dehydrogenase

HCC Hepatocellular Carcinoma

HGF Hepatocyte growth factor

HK Hexokinase

HMGA1 High mobility group AT-Hook 1 protein

HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase

hnRNP Heterogenous nuclear ribonucleoprotein

HK1 Hexokinase 1

HTFIR hepatocyte-specific transcription factor of the
insulin receptor gene

IGF-2 Insulin-like growth factor 2

IGFBP insulin-like growth factor binding protein

IL-6 Interleukin 6

Ins Insulin gene

InsP3 Inositol 1,4,5-triphosphate

InsR-A, IR-A Insulin receptor A isoform

InsR-B, IR-B Insulin receptor B isoform

InsR, IR Insulin receptor

IRNF-I, IRNF-II Insulin receptor nuclear factors | and Il

IRS-1, IRS-2 Insulin receptor substrate 1,2

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCV Hepatitic C virus

HIF-1a Hypoxia inducible factor-1a

HMGA1 High-mobility group protein A1

LDH Lactate dehydrogenase

MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein
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MEK

Mitogen-activated protein kinase kinase

MIF Migration inhibition factor

MMP-9 Matrix metalloproteinase-9

MRNA Messenger ribonucleic acid

mTOR Mammalian target of rapamycin

mTORC1 Mammalian target of rapamycin conplex 1

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate

NAFLD Nonalcoholic fatty liver disease

NFkB Nuclear factor kB

Oct 4 Octamer binding transcription factor

PEP Phosphoenolpyruvate

PEPCK Phosphoenolpyruvate carboxylase

PDC Pyruvate dehydrogenase complex

PDH Pyruvate dehydrogenase

PDK4 Pyruvate dehydrogenase kinase 4

PGAM1 Phosphoglycerate mutase 1

PIN1 Peptidyl-prolyl cis-trans isomerase

PI3K Phosphatidylinositol 3-kinase

PIP2 Phosphatidylinositol-4,5-triphosphate

PIP3 Phosphatidylinositol-3,4,5-triphosphate

PPI Protein phosphatase |

PPP Pentose-phosphate pathway

PK Pyruvate kinase

PKLR Pyruvate kinase liver and red blood cells

PKL Pyruvate kinase liver

PKM Pyruvate kinase muscle

PKR Pyruvate kinase erythrocytes

pRb Retinoblastoma protein

RT-gPCR Real Time Quantitative polymerase chain
reaction

Raf Rapidly accelerated fibrosarcoma

Ras Rat sarcoma
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RNA Ribonucleic acid

ROS Reactive oxygen species

RPI Ribose-5-phosphate isomerase

rpm Rounds per minute

RT Room temperature

RTK Receptor tyrosine kinase family

SCD1 Stearoyl-CoA desaturase

SDS-PAGE Real time gPCR

SEM Standard error of the mean

SHC Src homology 2 domain containing protein
SHGB Sex hormone-binding globulin

SP1 Spesific protein 1

SREBP Sterol regulatory element-binding proteins
SRSF1 Serine/arginine-rich splicing factor 1
STAT3 Signal transducer and activator of transcription 3
TF Tissue factor

TCA Tricarboxylic acid

TGFa Transforming growth factor alpha

TGFB1 Transforming growth factor beta 1

TNFa Tumor necrosis factor

T2DM Type-2 diabetes mellitus

uv Ultra violet

B-cat B-catenin
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Xl.Appendix

Zusammenfassung

Die Entstehung des hepatozellularen Karzinoms (HCC), wird durch Hyperinsulinamie
begunstigt, was eine wichtige Rolle des Insulins bei der Hepatokarzinogenese nahe
legt. In der vorliegenden Arbeit wurde der Effekt des Hormons als auch die Rolle der
Insulinrezeptor-Splicevarianten A und B bei der Entwicklung des malignen Phanotyps
untersucht.

Die Expression von Insulin-regulierten Genen wurde mittels whole-genome
Genexpressionsanalysen in HCC-Vorstufen der Ratte erhoben und mit publizierten
Genexpressionsdaten von humanen HCC-Vorstufen verglichen. Als Zellkultur Modelle
dienten differenzierte (dHepaRG™) und nicht-differenzierte (HepaRG™) Zellen, die mit
Insulin behandelt wurden. Mittels lentiviralem Gentransfer wurden Insulinrezeptor A-
und B-Uberkexprimierende Zelllinien hergestellt. Der Hormon-Effekt auf die Expression
metabolischer Gene wurde durch RT-qPCR und auf den malignen Phanotyp durch
Kolonieformations- und Zellmigrations-Tests erfasst. Der Western Blot diente dem
Nachweis der Translokation der Pyruvatkinase M2 (PKM2) in den Zellkern.

Die Genexpressionsmuster in HCC-Vorstufen der Ratte und des Menschen zeigten
eine Uberexpression vieler Insulin-regulierter Gene im Kohlenhydrat-, Cholesterol-,
Fettsaure und Aminosaure-Stoffwechsels und Pentosephosphatweg. Im Zellmodell
induzierte Insulin viele dieser Gene vor allem in HepaRG™ und induzierte teilweise
die Expression krebsspezifischer Isoenzyme in dHepaRG™ Zellen. Eine
Uberexpression des Insulinrezeptor-B filhrte zur erhdhten Koloniebildung und
Migration der Zellen, wahrend der Insulinrezeptor-A keinen Effekt zeigte. Die
Insulinbehandlung fihrte auch zu verstarkter nuklearer PKM2 Translokation in
dHepaRG™ und HepaRG™, was die erhéhte Expression einiger metabolischer Gene
erklaren konnte.

Die Ergebnisse zeigen, dass Insulin durch seine regulatorische Wirkung auf die
Expression metabolischer Gene und die vermehrte nukledre PKM2-Translokation zur
Entwicklung eines HCC beitragen konnte. Die Auspragung eines malignen

Phanotyps kdnnte Gber den Insulinrezeptor B vermittelt werden.
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Legend: + increased

- decreased

/ no information available

Table 18.

The table was created in cooperation with Schwarz Paula (2021).

UNALTERED HEPATOCYTES

Effect of
. . e . Rat PNL Rat HCA
GENE PROTEIN insulin on Posttranscriptional | Information on .
. . . (Preneoplastic | (Hepatocallular | Human HCA
mRNA effects of insulin experiments .
) Lesions) Adenoma)
expression
insulin enhanced
Acetyl-coenzyme A promotor activity of
ACACA carboxylase alpha + / Acetyl-CoA Carboxylase unchanged + T
gene in HepG2 cells '
ACADL knockout leads
ACADL /LCAD Acyl'coﬁ::g]:ﬁgenase‘ / to defect in insulin signal unchanged unchanged /
transduction in mice 2
Acyl-Coenzyme A hlgher ACADM mRNA
ACADM dehydrogenase, medium + / expression in liver of - - 493
chain diabetic mice 3
Increased expression in
ACLY ATP citrate lyase/ synthase + / liver of SREBP unchanged unchanged +94

overexpressing mice *
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ACSL5

acyl-CoA synthetase long-
chain family member 5

ACSLS5 gene expression
is induced by insulin in
cultured hepatocytes
and in liver of insulin
treated diabetic mice °

Insulin increased
expression in primary rat
hepatocytes mediated by

SREBP 6

ALDOA

Aldolase A

Insulin increases gene
transcription in HepG2
cells 7

ASNS

Asparagine Synthetase

Insulin promotes gene
expression in Foa cells
(rat hepatoma cell line) 8

ATF3

Activating Transcription
Factor 3

Insulin promotes gene
expression in Fao cells
(rat hepatoma cell line) 8

CAV1

Caveolin 1 (Membrane
microdomain) 1

Promotor has an Sp-1
and Ap-1 binding site.
Sp-1 is a transcription
factor in the liver.
AP-1 mediates insulins
effect. 91011

unchanged

CCNB1

Cyclin B1

Akt activates coactivator
p300 which activates
CCNB1 expression '2

Decreased in liver of
insulin deficient,
streptozotozin induced
rats. 13

=94 95
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metformin (insulin
sentisizer) supresses

CCND1 Cyclin D1 insulin induced hepatic + + =94
CCND1 expression in
obese/diabetic mice 4
CD36 Antigen / Collagen Insulin directly increases
CD36 Type | Receptor / CD36 expression in liver + +
Thrombospondin Receptor) 15
Sp-1 and Ap-1
CDK2 Cyclin-dependent kinase 2 . tr?nscrlptlgn factor unchanged -
binding sites in promoter
16
Insulin activates cyclin
CDK4 Cyclin-dependent kinase 4 D1-CDK4 WhICh. unchanged unchanged
supresses hepatic
glucose production 7
CPEB1-knockout mice
have increased
Cvioplasmic volvadenviai expression of PTEN and
ytoplasmic polyadenylation
CPEB1 element-binding protein 1 STAT3 and decreased unchanged +
insulin signaling to
protein kinase B (Akt) in
the livers of mice 18
The mRNA levels
CPT1A Carnitine of .CPT?A'are requced _ )
palmitoyltransferase | by insulin in the liver of
rats 19 20
DDR1 is upregulated by
Discoidin domai . IGF-1, IGF-2 and insulin
IScoidin aomain receptor
DDR1 yrosine kinase through the + +
PI3K/AKT/miR-199a-5p
circuit 2!
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Alpha-ketoglutarate-

PHD3 depletion leads to
impaired insulin

dependent hydroxylase 3 /
EGLN3/PHD3 Hypoxia-Inducible Factor signalling in hepatocytes + +
Prolyl Hydroxylase 3 22
ELOVL-6 is a target of
SREBP-1 transcription
elongation of long-chain fatty factor in hepatocytes.
ELOVL6 acids family member 6 Knochdown of SREBP-1 + +
in mouse liver supressed
ELOVL-6 mRNA 2
FOXO-1 decreases the
ENO1 Enolase zniﬁzé(a(\ée&soi?ﬁozlizg unchanged unchanged
livers 24
Insulin reduces ENPP1
Ectonucleotide . .
ENPP1 pyrophosphatase /phospho- expression in rat unchanged unchanged
diesterase 1 hepatocytes and HepG2
hepatoma cells 25
Hepatic expression of
FAMS3B is increased
under obese state.
FAM3B induced insulin
resistance in
hepatocytes and human
FAM3B/PANDER | ~amiywith sequence HepG2 cells. 2 - unchanged

similarity 3, member B

Reduced expression in
liver of obese and
diabetic mice,
overexpression in liver
resulted in increased
insulin sensitivity 27
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FASN

Fatty acid synthetase

increased in primary rat
hepatocytes after insulin
administration 2

In liver, insulin activates
FASN mRNA expression
and gene transcription 2°

unchanged

+ o

FBP1

Fructose-1,6-biphosphatase-
1

FPB1 gene expression
increases in Insulin
resistant liver of rats 30

9304

FOXA2
=HNF3beta

Forkhead Box A2

Foxa2 is inactive in
insulin-resistant mice 3

unchanged

unchanged

G6PC

Glucose-6-phosphatase

Insulin disturbs G6PC
gene expression in
hepatocytes 32

G6PD

Glucose-6-phosphate
dehydrogenase

Insulin induces G6PD
gene expression in
hepatocytes of rats 33

GAPDH

Glyceraldehyde-3-phosphate
dehydrogenase

Insulin increases mRNA
levels of GAPDH in
hepatoma cells. Insulin
response elements
(IRE)are in the upstream
regulatory region of
GAPDH gene 3

unchanged

unchanged

GHR

Growth hormone receptor

Insulin increases mMRNA

expression in Huh7 cells
35

+93

GK

Glycerolkinase

Increased glycerol
kinase activity in liver of
Bar Habor mice after
after insulin treatment 36

+o4

GPAM

Glycerol-3-phosphate
acyltransferase,
mitochondrial

Reduced in hepatocytes
of transgenic mice model
with constitutive active
FoxO13%7

unchanged

unchanged
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Reduced in hepatocytes
of transgenic mice model

Glucose-6-phosphate
: 94
GPI isomerase with constitutive active unchanged unchanged +
FoxO1%7
Increased mRNA levels
GPLD1/ GPI-PLD | 9"cosylPhosphatidylinositol in the liver of diabetic + o4
specific phospholipase D1 : = -
mice38
Glycogen synthase kinase 3 Insulin inhibits GSK3
GSK3A alpha activity in liver3® unchanged /
glycogen synthase kinase 3 Insulin inhibits GSK3
GSK3B beta activity in livers® unchanged unchanged /
Insulin increased GYS2
GYS2 Glycogen synthase activity in rhesus - - =493
monkeys*?
eleveted Akt activation
HKA1 Hexokinase 1, 2. 3, leads to Ir.10re.as.ed HK1 + + /
expression in liver of
mice 41
Insulin-dependent
HK4/GCK Hexokinase 4/Glucokinase downstream pron?Ote.r unchanged unchanged -94
regulates expression in
the liver*2
3-hydroxy-3-methylglutaryl- Insulin increases the rate
HMGCR Coenzyme A reductase / of transcription of + + + o4
HMG-CoA Reductase hepatic HMGCR#43
Increased after insulin
HMGCS1 Hyd;‘;ﬁﬂi?{gﬁ:;ﬁ'&fm treatment in the liver of - - /
mice**
After insulin treatment of
liver of DIE knock-out
IDE Insulin degrading enzyme mice IR levels and unchanged unchanged /

insulin stimulated
phosporylation are
reduced.*
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IGF1

Insulin-like growth factor 1

Studys in diabetic rats
showed that deficiency
of insulin causes IGF-1
gene downregulation 46

+93

IGF1R

Insulin-like growth factor 1
receptor

IGF1R is not expressed
in healthy mature
hepatocytes. Response
to IGF1 are mediated by

extra-hepatocyte actions
47

unchanged

unchanged

IGF2

Insulin-like growth factor 2

Correlation between
increased PI3K and
MAPK activation and
increased IGF2 levels in
liver of mice 48

unchanged

unchanged

493

IGF2BP3

insulin-like growth factor 2
mRNA binding protein 1-3

A positive feedback loop
may exist between the
IGF/PIBK/IMAPK/mTOR
pathway and IGF2BP3
expression in cancer
cells 4°

IGFBP1

Insulin-like growth factor 1
binding protein 1

Insulin is an inhibitor of
IGFBP1 gene
expression %0

unchanged

unchanged

IGFBP3

Insulin-like growth factor 1
binding protein 3

Insulin stimulates
IGFBP3 gene
transcripotion in rat liver
cells®

INSIG1

INS induced gene 1

INSIG1 mRNA is
reduced by insulin in the
liver of rats 52

INSIG2

INS induced gene 2

INSIG2 mRNA is
reduced by insulin in the
liver of rats 52

unchanged

+o4
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INSR

Insulin Receptor

In liver cells FOXO acts
as transcription factor for
the INSR gene.
Reduction of INSR gene
expression after in vitro
insulin treatment. 53

unchanged

IRS2

INS receptor substrate 2

Insulin represses IRS2
gene expression through
the phsophatidylinositol
3-kinase/Akt pathway %*

LDHB

Lactat dehydrogenase A-D

Higher expression in
fetal rat livers treated
with insulin 5

LEP

Leptin

Leptin improves hepatic
insulin sensitivity and
glucose metabolism in
diabetic ob/ob mice %6

unchanged

unchanged

LEPR

Leptin receptor

Insulin downregulates
LEPR transcription in
liver of mice %7

MFSD2

Major facilitator superfamily
domain-containing protein 2

Decreased after insulin
treatment in the liver of
glucose clamped mice %8

NCK1

NCK adaptor protein 1

Improved insulin
signalling in liver of

obese mice lacking Nck1
59

unchanged
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NCOA5

Nuclear receptor coactivator
5

Impaired insulin
signalling in liver of
NCOAS5 haplo-
insufficient (single allele
knock-out) mice
(decreased
phosphorylation of IR
beta chain, IRS1 and
Akt) 60

unchanged

NR1H4; FXR

Farnesoid X receptor /
nuclear bile acid receptor

FXR expression is
decreased in livers of
streptozotocin-induced
diabetic rats. Insulin
supplementation
normalizes the
expression 6

unchanged

unchanged

NUCKS1

Nuclear ubiquitous casein
and cyclin-dependent
kinases substrate

NUCKS is a
transcriptional regulator
of the insulin signaling
components (e.g. IR).
knock out mice show
decreased insulin
signaling 2

unchanged

unchanged

=95

PCK1

Phosphoenolpyruvate
carboxykinase (cytocolic)

Insulin supresses PCK1
gene expression in rat
primary hepatocytes 53

-94

PDK2

Pyruvatedehydrogenase
Kinase 2

Insulin represses
expression of PDK2 via
phosphorylation of
transcription factor
FOXO through Akt/PI3K
signaling.%*

unchanged

unchanged
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PDK4

Pyruvatedehydrogenase
Kinase 4

Insulin represses
expression of PDK4 via
phosphorylation of
transcription factor
FOXO through Akt/PI3K
signaling. 8°

Reduced in liver of
transgenic mice model
with constitutive active

FoxO1 6

493

PFKL

Phosphofructokinase L, M, P

In liver of mice insulin
upregulates PFKL gene
expression &7

unchanged

unchanged

PGAM1

Phosphoglycerate mutase 1

mTOR enhances
expression

unchanged

unchanged

PGK1

Phosphoglyceratkinase 1, 2

Insulin stimulates PGK1

activity in HEK293T cells
69

unchanged

unchanged

PHGDH

phosphoglycerate
dehydrogenase

Insulin activates ATF4 in
mouse lymphocytes,

ATF4 activates PHGDH
expression 7071

-94

PKLR

Pyruvate kinase (liver and
RBC)

Insulin treatment of
diabetic rats results in an
increase of PKL
transcription and mRNA
level. 72

unchanged

=94 95

PRKCI

PKC-i

Overexpression in
primary Zucker lean rat
hepatocytes impaired
insulin signal
transduction and insulin
regulated gene
expression 73
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RPIA

Ribose-5-phosphate

isomerase A

Reduced in liver of
transgenic mice model
with constitutive active

FoxO1 74

unchanged

unchanged

RPS6KB1

Ribosomal protein S6 kinase

1

Increased activating

phosphorylation in liver

of insulin resistant
Zucker rats 7°

unchanged

unchanged

SCD1

Stearoyl-CoA desaturase (A-

9-desaturase)

Studies in human liver
showed an activation of
the SCD1 promoter by
insulin via
Akt/PIBK/mTOR pathway
which targets the insulin
response element (IRE)
on the SCD1 promoter 76

increased in primary rat
hepatocytes after insulin
administration 77

+ o4

Serpin B1a

Serpin B1a

Foxo1 promotes serpin
B1a expression in
hepatic insulin
resistance 78

SERPINA12

Serine (or cysteine)
peptidase inhibitor / clade A
(alpha-1 antiproteinase,
antitrypsin), member 12 /

vaspin

Serpina12 mRNA
expression in liver is
induced after insulin

injection in fasting mice.
79

unchanged

unchanged

SLC25a22

mitochondrial glutamate

carrier

Gene transcription is
downregulated by insulin
in liver of mice &

unchanged

493
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SLC2A2

GLUT2

GLUT2 gene expression
in primary rat
hepatocytes is
downregulated by insulin
via an unknown
mechanism &

unchanged

unchanged

SLC2A4

GLUT-4

Reduced mRNA levels in
liver of diet induced
obese rats (a following
high fat diet showed

increased insulin levels)
82

unchanged

SLC2A8

GLUT-8 (Glucosetransporter
type 8)

Down regulation in liver
of streptozotocin induced
diabetic mice &

unchanged

SORT1

Sortilin 1/ NTSR 3

Insulin treatment induces
expression of ATF3 in
Fao cells 8

SORT1 expression is
repressed by ATF3 8

SREBF1 =SREBP

sterol regulatory element
binding transcription factor 1

Insulin increases
SREBP-1c mRNA in the
livers of rats with
streptozotocin-induced
diabetes 8¢

+93

ST3GALS5

ST3 beta-galactoside alpha-
2,3-sialyltransferase 5

ST3GALS5 knock-out
mice showed enhanced

insulin sensitivity in liver
87

TKT

Transketolase

Reduced in liver of
transgenic mice model
with constitutive active

FoxO1 8
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TXNIP knock-out mice
show enhanced insulin-

TXNIP thioredoxin interacting protein mediated suppression of unchanged unchanged 493
glucose production in
hepatocytes 8°
Increased in IRS1
UTP glucose-1-phosphate knock-out mice with a
UGP2 uridylyltransferase 2 / UDP- ) e + unchanged +93
Glucose- Pyrophosphorylase liver SpeCIfIC IRS2
knock-out %
Increased protein levels
USF1 Upstream stimulatory factor o P o1 - - /
in liver of refeed rats
Nuclease-sensitive element- Akt phosphorylates
YBX1 binding protein YBX1{ % unchanged unchanged /
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