Aus der . Medizinische Klinik
der Medizinischen Fakultat Mannheim
(Direktor: Prof. Dr. med. Matthias Ebert)

PRRX1 expression and functions in hepatocellular carcinoma

Inauguraldissertation
zur Erlangung des Doctor scientiarum humanarum (Dr. sc. hum.)
der
Medizinischen Fakultat Mannheim
der Ruprecht-Karls-Universitat
zu
Heidelberg

vorgelegt von
Weronika Pioroniska

aus
Koscian, Polen
2021



Dekan: Prof. Dr. med. Sergij Goerdt
Referent: Prof. Dr. rer. nat. Steven Dooley



TABLE OF CONTENTS

ABBREVI AT ION S . ..o et 1
I N @ 15 1 L @ I T 4
Lol TRE LIVeE e 4
1.1.1 The physiologic anatomy of the liver...........cccccceoiiiiiiiiecic e, 4
I I U od o] PR 5
1.2  Hepatocellular carcinoma (HCC)......coooiiiiiiiiiiiiiieeeeeee e 6
1.2.1 Etiology, risk factors and pathOgenesIS..........ccccevveeeeiiiieiiiiiiiiie e, 6
1.2.1.1 Molecular pathogenesis/signatures of HCC..................ccevvvviiiieneeeennn. 9
1.2.1.2 Alterations in metaboliSM.........cccooiiriiiiiiiii e 10
1.2.2 DIAGNOSIS ...ccieiiiiiiiiieeee ettt 11
1.2.3 StagiNg SYSIEMIS ...ovviiiiiii i e e e e e e e e 12
1.2.4 TrEAMENT ...eeeieeie e e e e e e e e e e e e e e e e e ennnns 12
1.3 TGF-B Signaling coooeeeeeeeeeeeeeeeeeeeee 13
1.3.1 TGF-Bin IVer diSEASE.......cccvvviiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 14
1.3.2 TGF-B iNNIVEr CANCET ...cooiiiiiiiiiiiieeiieeeeeeeeeeeeeeeeeeeeeeeee e 14
1.3.2.1 TGF-Band EMT...cocoiiiiiiiiiiieeee ettt 15
1.4  Paired related homeoboX 1 (PRRXL) ..cccovviiiiiiiiiiiieiieee e, 16
1.4.1 General functions of PRRXL........ccooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee 17
R o R W o= Vg o P 17
1.4.3 PRRXL N IVEE CANCEN ....cccceieieeeeeee et e e e e e e s 18
2 AIMS OF THE STUDY .ooiiiiiiiiiiiitiiieee ettt e e e e e e e e eeeeee s 20
2.1 Regulation of PRRXL......ccooiiiiiiiiiiiieeeeee e 20
2.2 FUNCtioNS Of PRRXL ...t e e e e e 20
3 MATERIALS AND METHODS ...ttt 21
Bl MALEIIAIS . 21
3.1.1 Equipment and cONSUMADIES...........uuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiieeees 21
3.1.2 REAGENLS ...ttt 24
.13 BUBIS e 27
.14 ANIDOIES ... 28

3.1.5 Gene primer sequences used for qPCR ........ccoovivviiiiiiiiieecr e 29



3.1.6 Bioinformatics platforms and analytical tools ............cccceeeeiiiiiiiiiiiiineeeen, 31

3.2 MELNOAS ..o 32
3.2.1 BIOINFOIMALICS ..euvuiiiiieeeieeeeiiiee e e e e e e e 32
3.2.1.1 Collection of liver cancer microarray datasets ..............ccccceeeeeeeeeeenn. 32
3.2.1.2 Correlation of deregulated genes in HCC with PRRX1..................... 32
3.2.1.3 Clinicopathological parameters...........ccovvvvviiiiiiee e 32
3.2.1.4 Pathway analyses and gene ontology ..., 33
3.2.2 Cell BiOIOQY .. tttuutiiiiiiiiiiiiiiieiiiiei e 33
3.2.2. 1 Cell CURUIE ... 33
3.2.2.2  Knockdown of PRRXL .....ccooiiiiiiiiiee et 34
3.2.2.3 WeESIEIN DIOL ... e e e eeeees 35
3.2.2.4 Migration SCratCh @SSAY ........cceeeeeeeeeeeeeee e 35
3.2.2.5 Proliferation aSSay .........cccceiiiiiiiiiiiiie e 36
3.2.2.6 ClONOJENIC @SSAY ...vvvvuniiieeeiiiiiiiiiiii e e e e e e eeeetas e e e e e e e e eea s e e e e eaeeeennes 36
3.2.2.7  APOPLOSIS BSSAY....cciieeeeeeieeeeeee e 37
3.2.2.8 Glucose consumption and lactate output............cccoeeeeeeeiieiee e, 37
3.2.2.9 Analysis of metabolites in cells............cooovriiiiiiii e, 38
3.2.2.10 ATP determination @SSaAY............ueieeeeeeeereeiiiiiiieeeeeeeeeesnnnnsaeeeeseeeennns 39
3.2.3 MoIeCUIAr BiOlOQY .......uuuuuuuumiiiiiiiiiiiiiiiiiiiiiiiiiib e 40
3.2.3.1 RNA isolation and cDNA SynthesiS..........ccccoeveiiiiiii 40
3.2.3.2 Quantitative polymerase chain reaction................ccccvvvviiiiiiiieeeiennnnn, 40
3.2.4 Statistical @NalySES ........coovuiiiiiii i 41

N s U I T 42
4.1 PRRX1 expression iN HCC.........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiibesieeeeesneeeeenees 42
4.1.1 PRRX1 is frequently upregulated in HCC ..., 42
4.1.2 Expression patterns of PRRX1 in HCC cell lines...........cccceeieiii. 43
4.1.3 Correlation of PRRX1 with TGF-B isoforms and receptors ...................... 46
4.1.4 TGF-B regulates PRRX1 @XPreSSION ........cccovveuriuiiiiieeeeeeeeiiiieeeeeeeeeeeennns 48
4.2 PRRXLTUNCHONS IN HCC ...eiie e 50
4.2.1 In silico analysis of PRRX1 related genes ..........ccooeeevieiiee, 50
4.2.2 Correlation with clinicopathological variables............cc.ccociiiiiiiiin s 52
4.2.3 ZEB1 and ZEB2 as novel transcription factors related to PRRX1............ 53

4.2.4 Influence of PRRX1 on migration and the expression of EMT markers in
HCC 59



4.2.5 Cell proliferation...............eiiiieeiiiiieiie e e e e e e e e e eeene 60

4.2.6 Cell ClONOGENICILY ...cceveiiiiiii et e e e e e e e e e e e e e e eeene 62
4.2.7 PRRX1 and cell death...........ccoooeiiiiiii 62
4.3 PRRX1 and liver cancer cell metabolism ..........ccceoiiiiiiiiiiiiiiiiieeee 63
4.3.1 Inverse correlation with metabolic pathways...............cccovvvviiiiiiiiieeeeeeenns 63
4.3.2 PRRX1, glycolysis and the TCA CYCIe ......ccooeiiiiiii, 67
4.3.2.1 Gene expression level ... 67
4.3.2.2 Role in glucose consumption and lactate output ...........cccccevvveeennenn. 73

4.3.2.3 Alteration of metabolites in sugar metabolism and the TCA cycle ....74

4.3.2.4 Alterations of ATP leVel ... 78
4.3.3 PRRX1 and fatty acid metaboliSm ............ccooovimiiiiiiiiieiiieiee e 79
4.3.3.1 Gene expression level ... 79
4.3.3.2 Total fatty acid / metaboliteS .............coovrviiiiiiiiii e, 80
DISCUSSION ...t 84
51 PRRX1 expression in HCC........coooiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 84
5.2 TGF-B as regulator of PRRX1 @XPreSSioNn .....cccvvvvvieeiiiiiiiiiiiiiiieieeieeeeeeeeen 85
5.3 Thefunctions of PRRXL iN HCC.......oooiiiiiiiii e 85
Y 111 - 2 90
REFERENCES ... ..o 91
RESUME ... 103

ACKNOWLEDGEMENTS ...ttt e e e eeeees 106



ABBREVIATIONS

ACACA/B
ACOX2
ACSL5
AFP
APS
ATP
BCLC
BSA
ccc
CDH1/2
CPT2
DAVID
DMEM
DMSO
dNTP
DPBS
ECM
EGF
EMT
FASN
FBS
FH
GAPDH
GCIMS
GLS1
GLUT1/2
GO
GOT1/2
GPT1/2
GSEA
HBSS
HBV

acetyl-CoA carboxylase alpha/beta

acyl-CoA oxidase 2

acyl-CoA synthetase long chain family member 5
alpha fetoprotein

ammonium persulfate

adenosine triphosphate

Barcelona clinic liver cancer

bovine serum albumin

cholangiocarcinoma

cadherin 1/2

carnitine palmitoyltransferase 2

The Database for Annotation, Visualization and Integrated Discovery

Dulbecco’s modified eagle medium
dimethyl sulfoxide

deoxynucleoside triphosphates
Dulbecco's phosphate buffered saline
extracellular matrix

epithelial growth factor
epithelial-to-mesenchymal transition
fatty acid synthase

fetal bovine serum

fumarate hydratase

glyceraldehyde 3-phosphate dehydrogenase
Gas chromatography/Mass spectrometry
glutaminase 1

glucose transporter 1/2

gene ontology

glutamic-oxaloacetic transaminases 1/2
glutamate-pyruvate transaminases 1/2
gene set enrichment analysis

Hank’s balanced saltsSolution

hepatitis B virus



HCC

HCV

HGF
HK1/2
HSC
IDH3A/B
IGF

KEGG
LDHA/B
MDH1
MRNA
MTT
NAFLD
NASH
NCBI GEO
o/n

OGDH

oS

PCK1
PDHX
PPARYy
PPIA
PRRX1la/b
gPCR
SDHA/B/C/D
SDS
SIRNA
SLC1A5
SNAI1/2
STAT
SUCLG1/2
TBS
TBST
TCA

hepatocellular carcinoma
hepatitis C virus

hepatocyte growth factor
hexokinase 1/2

hepatic stellate cells

isocitrate dehydrogenases 3A/B
insulin like growth factor

Kyoto Encyclopedia of Genes and Genomes
lactate dehydrogenase A/B
malate dehydrogenase 1
messenger RNA

thiazolyl blue tetrazolium bromide
non-alcoholic fatty liver disease

non-alcoholic steatohepatitis

National Center for Biotechnology Information Gene Expression Omnibus

overnight

oxoglutarate dehydrogenase

overall survival

phosphoenolpyruvate carboxykinase 1

pyruvate dehydrogenase complex

peroxisome proliferator activated receptor gamma
peptidylprolyl isomerase a

paired-related homeobox 1 a/b

guantitative polymerase chain reaction

succinate dehydrogenase complex flavoprotein subunits A/B/C/D
sodium dodecyl sulfate

small interfering RNA

transmembrane sodium

snail family transcriptional repressor 1/2

signal transducer and activator of transcription
uccinate-CoA ligase GDP/ADP-forming subunit 1/2
tris-buffered saline

tris-buffered saline with Tween 20

tricarboxylic acid cycle



TCGA
TEMED
TGF-B1/2/3
TGFBR1/2/3
TNM

TP53
TWIST1/2
VEGF

VIM

WB
ZEB1/2

The Cancer Genome Atlas
N,N,N’,N'-tetramethylethylenediamine
transforming growth factor beta receptor 1/2/3
transforming growth factor beta 1/2/4
tumour-node-metastasis classification

tumor protein P53

twist family BHLH transcription factor 1/2
vascular endothelial growth factor

vimentin

western blot

zinc finger E-box-binding homeobox 1/2



1. INTRODUCTION

1.1 The Liver

The liver is the largest internal organ in the human body with a width of about 15 cm.
Depending on gender and body size, the weight of a liver ranges between 1.3 to 1.7
kg, which also makes it the heaviest internal organ. This organ is located in the right
part of the abdomen (Abdel-Misih & Bloomston, 2010) and has a plethora of essential
functions (Trefts, Gannon, & Wasserman, 2017), such as:

e the metabolism of fats, carbohydrates and proteins

e synthesis of plasma proteins (e.g., albumin and clotting factors)

e storage of glucose, especially in the form of glycogen and fats

e metabolism of vitamins and minerals

e bile production and excretion

¢ detoxification and removal of xenobiotics
The mentioned crucial tasks of the liver can be efficiently accomplished due to its

unigue architecture described in the following section.

1.1.1 The physiologic anatomy of the liver

The liver in healthy state is a reddish-brown, wedge-shaped organ. It is divided into
two loges, a large right lobe and a small left lobe by the attachment of the falciform
ligament. Two further lobes are located on the visceral surface of liver. The liver is
connected to two blood vessels termed the hepatic artery and the portal vein. The
hepatic artery delivers oxygenized blood from the aorta, while the portal vein delivers
nutrient-rich blood from the digestive tract, spleen and pancreas. The lobes of the liver
are built up by lobules that are shaped like a hexagonal plate and consist of the portal
triad, hepatocytes and a central vein, which is located in the centre of the lobule (Trefts
etal., 2017). In the periphery of the lobules are ducts for bile. The external fibrous layer
that envelopes the liver lobules is called Glisson's capsule. At the level of the liver
lobules, the hepatic artery and the portal vein divide into small capillaries called the
liver sinusoids. These sinusoids run parallel to the hepatocytes, the main cell type in
the liver, and culminate into the central vein. Besides the hepatocytes, which constitute
the main cell population, the liver also consist of several other cell types, including the
cholangiocytes, Kupffer cells (also known as stellate macrophages), hepatic stellate
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cells (HSCs), and liver sinusoidal endothelial cells (Pineiro-Carrero & Pineiro, 2004).
The cholangiocytes are the second group of the epithelial cell population of the liver
and are key linings of the bile duct lumen. The crucial physiologic function of
cholangiocytes is modification of hepatic canalicular bile being transported along the
biliary tree (Maroni et al., 2015). Kupffer cells, which are the resident macrophage
population of the liver, recognize multiple stimuli from pathogens and trigger
subsequent immune responses. HSCs are located inside the space of Disse (a small
area between the sinusoids and hepatocytes) in the liver and are a cell population that
can exist in two states, in a quiescent or in an activated state (Shang, Hosseini, Liu,
Kisseleva, & Brenner, 2018). HSCs store lipid droplets and the majority of vitamin A in
the human body in the quiescent state (Pineiro-Carrero & Pineiro, 2004). Liver
sinusoidal endothelial cells play important roles in the liver physiology. Those cells
mediate the filtration and allow the liver to have a scavenger functions. Moreover, those
cells have immunological functions (Shetty, Lalor, & Adams, 2018). Thus, each of
these cell types plays special roles that together regulate liver function at multiple levels
and the structure of the liver in general, which enables the liver to accomplish all

regulatory and homeostatic functions.

1.1.2 Functions

The liver is a critical center for many physiological processes in the human organism,
e.g. metabolic and hormonal homeostasis, coagulation, detoxification, maintains
homeostasis of fats, proteins, and carbohydrates, stores glucose in the form of
glycogen as well as fats, proteins, vitamins, and minerals. Liver is responsible for
gluconeogenesis, using distinct amino acids, lactate, or glycerol to generate glucose.
The glucose then can be stored in form of glycogen, and upon energy demand, the
liver use glycogenolysis process to releases glucose into the blood (Trefts et al., 2017).
The liver is also responsible for the homeostasis of lipids and cholesterol, thus oxidizes
lipids, package excess lipids for secretion and storage in adipose tissue. Moreover, the
liver is a major coordinator of the metabolism of proteins and amino acids. Albumin is
a major protein produced by the liver that plays an important role in regulating blood
osmotic effects and hormone transport. The liver also produces ferritin, which is an iron
storage protein particularly in the hepatocytes. In addition, the liver is involved in blood
coagulation processes, as it is a producer of coagulation factors. It also produces bile

salts, which supports the secretion of non-polar compounds, fatty acid degradation and
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detoxification. The liver also acts as a ‘gland’ as it synthesizes the hormone
angiotensinogen as part of a complex system that regulates sodium and potassium
levels in the kidneys and in blood pressure control. Further, the liver participate in the
production of thrombopoietin (Jelkmann, 2001). The liver also plays a large role in
biotransformation of toxic compounds and xenobiotics (Trefts et al.,, 2017). These
extensive physiologic roles make the liver one of the most important organs in the
human body.

1.2 Hepatocellular carcinoma (HCC)

Liver cancer is a common and deadly cancer. The most prevalent type of liver cancer
is hepatocellular carcinoma (HCC), which derives from transformed hepatocytes (Sia,
Villanueva, Friedman, & Llovet, 2017). The term liver cancer comprises also
cholangiocarcinoma (CCC), which originate from cholangiocytes, and secondary
tumours which spread as metastasis into the liver (Sia, Jiao, et al., 2017). The first two
groups are thus classified as primary liver cancer and the metastasis group secondary
liver cancer.

Worldwide, liver cancer is the fourth most common cause of death related to cancer
and ranks sixth in terms of the number of incidents (International Agency for Research
on Cancer, World Health Organization: Cancer today (https://gco.iarc.fr/today/home)).
Notably, there is a difference in the number of cases in relation to gender. More than
2 times higher incidence and mortality of liver cancer are observed in men than in
women patients all over the world. The World Health Organization (WHO) estimates
that by 2030, the number of incident liver cancer cases for both males and females will
be more than a million of patients. Beyond sex, there are also differences in the number
of liver cancer cases regarding geographical zones. Most cases are recorded in South
East Asia and North West Africa. In these areas, liver cancer leads also to higher
mortality than in the other parts of the world. To better understand the complexity of
HCC, in following chapters are presented general information about its etiology, risk

factors, as well as diagnosis and treatment.

1.2.1 Etiology, risk factors and pathogenesis

Most cases of HCC occur in Asia (particularly in East Asia, for example in Mongolia,
Korea, Japan, and in China) have a very high incidence (more than 20 cases per 100
000 population) (Gomaa, Khan, Toledano, Waked, & Taylor-Robinson, 2008). Another
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area of concern is sub-Saharan Africa (the western part of Africa and the Republic of
Mozambique) (Gomaa et al., 2008). In contrast, a relatively low incidence (less than 5
cases per 10 000) is found in Canada, the United States and in Scandinavia (Gomaa
et al., 2008).

The major risk factors of HCC occur in patients with underlying liver disease, mostly
as a result of infection with hepatitis B or C virus (HBV or HCV), addiction to alcohol,
aflatoxin B1, non-alcoholic fatty liver disease (NAFLD) as well as non-alcoholic
steatohepatitis (NASH) (Sanyal et al., 2010), (Mittal & El-Serag, 2013), (Refolo, Messa,
Guerra, Carr, & D'Alessandro, 2020), (Michelotti, Machado, & Diehl, 2013). Besides,
sex, age and smoking are also included as risk (co-)factors for HCC development
(Feitelson et al., 2002), (Koh et al., 2011), (Lauby-Secretan et al., 2016). Infection with
HBV and HCV virus are the most dominant ground of HCC, whereas the key
predisposing factors are chronic inflammation and necrosis resulting from those viral
infections. Noteworthy, the main etiology of HCC differs between parts of the Worlds.
HBYV infection is the major reason of HCC in China. In Western countries and Japan
HCV and high alcohol consumption are major etiologies of HCC. In HBV-infected
patients, the viral load triggers a massive inflammatory response, which in turn leads
to hepatocyte death, influx of immune cells, fibrosis, cirrhosis and HCC development
(Pazgan-Simon et al., 2018). HCV-related HCC is often in the company of
steatohepatitis, and associated to inflammation. HCV proteins conflict with host lipid
metabolism leading to lipid peroxidation and activation of inflammatory cascade of
inflammatory cytokines, e.g. tumor necrosis factor a and IL-1, which are closely
involved in the development of steatohepatitis, and later HCC (Vescovo, Refolo,
Vitagliano, Fimia, & Piacentini, 2016). Furthermore, ethanol metabolites, acetaldehyde
and many reactive oxygen species, produced by the activity of alcohol dehydrogenase
and cytochrome P450 2E1 induce chronic oxidative damage and further chronic
process of inflammation, leading to liver cirrhosis and disease progression (Ghouri,
Mian, & Rowe, 2017). Further, aflatoxin B1 is a mycotoxin that is produced by mold
fungus, and after consumption leads to liver inflammation, which as chronic
inflammation causes liver fibrosis, then cirrhosis and finally leads to HCC. Aflatoxin B1
was described as a main etiology of HCC in African countries, where impure
nourishment is consumed very often (Feitelson et al., 2002). Another rising cause of
severe liver disease is the agglomeration of fat in the liver with structural

disorganization called Non-alcoholic fatty liver disease (NAFLD). This accumulation of
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the fat is strongly associated with adiposity and the metabolic syndrome. A subset of
patients with NAFLD develop NASH, a more dangerous form of liver injure with
significant inflammation. Those patients might develop cirrhosis and liver cancer
(Michelotti et al., 2013). Noteworthy, it is well documented that most cases of HCC are
related to liver cirrhosis irrespective of the etiology (Fattovich, Stroffolini, Zagni, &
Donato, 2004), (Stickel, 2015), (M. N. Kim et al., 2015), (Walker et al., 2016). The 5-
year cumulative risk of developing HCC for patients with cirrhosis is very high and
ranges between 5% and 30% of the cases (Walker et al., 2016). In cirrhotic livers,
metabolic and oxidative injury causes a detrimental negative feedback via
inflammation, necrosis, repeated balancing regeneration and increased turnover of
hepatocytes over a long period of time leads to initiation of genetic mutations
(Jhunjhunwala et al., 2014).

The pathogenesis of HCC is a process consisting many steps involving the progressive
accumulation of molecular changes. Viral infections and other known risk factors lead
to cell damage, which induces an inflammatory response that is chronic. Chronic
hepatitis, fibrosis associated with hepatitis and then cirrhosis are the main reasons for
malignant cell transformation in the liver (Drucker et al., 2006). In the process of
development of liver fibrosis and liver cirrhosis, HSCs play a stimulating task following
their activation and transition into myofibroblasts, which are important for control the
production and deposition of extracellular matrix (Gressner, Weiskirchen, Breitkopf, &
Dooley, 2002). However, it is the interaction of the different cell types by the actions of
an excess of growth factors and mediators that work pro-inflammations, including
cytokines and reactive oxygen species. The pathophysiology leading to carcinogenesis
in the liver is a not balanced and long process of regeneration due to damage (Drucker
et al., 2006). It is followed by the growth of a particular tumour microenvironment that
can supply sufficient amounts of oxygen and distinct nutrients, e.g. by the initiation of
an angiogenic program. Additionally, molecular alterations provide dysplastic cells with
invasive, proliferative and survival benefits and terminate the transition of cells to
cancer HCC cells.

The sequence of events, changes of the phenotypes of the cells, synthesis as well as
genetic programs activated at the stage of pre-cancer, point to their important role in
the promoting of HCC (Dooley, Weng, & Mertens, 2009).



1.2.1.1 Molecular pathogenesis/signatures of HCC

There is an increasing interest in molecular mechanisms that are involved in the
development of HCC for improvement of novel targeted therapies. The latest
achievements in molecular profiling have highlighted the importance of deregulation of
gene expression in HCC carcinogenesis (Llovet, Villanueva, Lachenmayer, & Finn,
2015). Multiple signaling pathways were observed to be dysregulated as answer to
viral infection in HCC. HCC cells accumulate alterations in DNA (mutations and
chromosomal aberrations). HCC is a very heterogenic cancer entity. Thus, no unique
and simple pattern of mutations is found, although reports show that the most frequent
genetic alterations are in the TERT promoter, found in about 60% of cases (Zucman-
Rossi, Villanueva, Nault, & Llovet, 2015), (Schulze, Nault, & Villanueva, 2016). Further,
several other potential molecular signatures of HCC have been identified, containing
mutated genes affecting the cell cycle (tumor protein P53 (TP53), in ~ 30% of cases)
and WNT signaling (catenin beta 1 (CTNNB1), in ~ 30%) (Villanueva, 2019). Several
studies suggest that modification in several molecular signaling pathways are essential
for carcinogenesis (Dimri & Satyanarayana, 2020). The pathways include receptor
tyrosine pathways, phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of
rapamycin (MTOR), Ras mitogen-activated protein kinase (Ras/Raf/MAPK), Wnt/3-
catenin, and Janus kinase - signal transducer activator of transcription factor
(JAK/STAT). Besides these signaling molecules, induction of HCC and progression
are notably impacted by several growth factors, including vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF), epithelial growth factor (EGF) as well
as insulin-like growth factor (IGF). The liver as a highly vascularized organ relies on
efficient angiogenesis and in HCC, this fact is crucial for growing of the tumour,
vascular invasion and tumour metastasis. Thus, upregulation of VEGF and its receptor
is observed in HCC (Poon et al., 2004). HGF promotes proliferation of the cancer cells,
their migration, invasion and survival as well as grants immunity to therapy (Matsumoto
& Nakamura, 1996). Further, mutation in EGF receptor has a meaningful role in the
development of blood vessels and proliferation of the tumour. Moreover, the IGF
signaling pathway is also frequently upregulated (Lund, Schubert, Niketeghad, &
Schirmacher, 2004). In addition, there are studies that identified modifications in

expression of several metabolic signatures and in the levels of metabolites, which



provide evidence of altered metabolism in HCC (Pope et al., 2019), (De Matteis et al.,
2018), (Ferrarini et al., 2019).

1.2.1.2 Alterations in metabolism

In the 1920s, Otto Warburg and his colleagues reported that cancer cells taking up
enormous amounts of glucose compared to what they observed in the surrounding
tissue, choosing glycolytic pathway with lactate formation even in the presence of
oxygen (Warburg, 1956). This observation was studied several years and finally
changes in metabolism became one of the hallmarks of cancer. The cancer cells use
mainly the aerobic glycolytic pathway to generate adenosine triphosphate (ATP)
instead of using more effective oxidative phosphorylation (Liberti & Locasale, 2016). In
cancer cells are many metabolic changes, dysregulation of glycolytic pathway is only
one of them (Hanahan & Weinberg, 2011). Although our knowledge of the metabolic
changes in HCC is currently at a rather early stage, patterns of deregulated metabolic
networks have already been reported. Given that in glycolysis tumour cells produce
ATP very fast, but not that productive as by using aerobic process, the cells have to
consume high level of glucose to keep needed level of energy (Cairns, Harris, & Mak,
2011). To assess alterations in glucose metabolism in HCC, its uptake in the liver has
been investigated. The expression of glucose transporters GLUT1 (Amann et al.,
2009), (Sun et al., 2016) and GLUTZ2 (Paudyal et al., 2008), (Y. H. Kim et al., 2017), is
frequently increased. Moreover, high expression levels of GLUT1 correlate with bad
prognosis (Sun et al., 2016). In HCC, glucose-6-phospate levels are increased as well
as the responsible enzyme hexokinase 2 (HK2) which mediates the conversion from
glucose (Q. Huang et al., 2013), (J. W. Kim, Gao, Liu, Semenza, & Dang, 2007). In the
last step of glycolytic pathway, pyruvate is formed which can be converted to lactate
by upregulated in HCC lactate dehydrogenase (LDH). Pyruvate can enter the
tricarboxylic acid cycle (TCA) for aerobic oxidation. Levels of intermediate metabolites
of the TCA cycle, such as fumarate and malate are found to be reduced in HCC (Budhu
et al., 2013), (Q. Huang et al., 2013). The conversion of succinate into fumarate is
catalysed by succinate dehydrogenase (SDH), a huge enzyme built of four subunits
(SDHA, SDHB, SDHC, SDHD). SDH and fumarate hydratase are considered tumour
suppressors (King, Selak, & Gottlieb, 2006), (Pollard et al., 2005). In another study it
was reported that the expression of SDHB was reduced in HCC and associated with
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increased proliferation, migration, tumour growth and metastasis as well as a switch
from aerobic respiration to glycolysis was monitored (Tseng et al., 2018).

Then, a modulation of the urea cycle also possesses impact on cellular phenotypes
and correlate with the repression of invasion and metastasis markers (extracellular
matrix protein 2 (ECM2) and matrix metallopeptidase 9 (MMP9)) (Nwosu et al., 2017),
(Chaerkady et al., 2008). Furthermore, liver tumours depend on the amino acid
glutamine. Accordingly, the glutamine transporter SLC1A5 (Sun et al., 2016) and
glutamine synthetase (GLS1) (Di Tommaso et al., 2007) were found upregulated.
Glutamine is important for cell proliferation (involved in synthesis processes,
generating alpha-ketoglutarate in the TCA cycle) (Zaidi et al.,, 2013). One of the
features of cancer metabolism is the deregulation of the pathways that control fatty
acids biosynthesis (Zaidi et al., 2013). Thus, the tumour cells by proliferation process
are able to form lipid membranes and can produce enough energy that they need. It
was reported, that upregulation of fatty acid synthase (FASN) influenced growing of
cancer cells, production of lipds and reduced cell death processes (Calvisi et al., 2011).

In conclusion, HCCs show several alteration in metabolism processes. A detailed
understanding of these changes and factors that influence those alterations could lead
to improved understanding of events that promote disease progression.

1.2.2 Diagnosis

Liver cancer can often arise and grow for a long time being unnoticeable, because it
often develops without giving symptoms. This property leads to late diagnosis, when
no curative treatment is possible (Feitelson et al., 2002). However, early diagnosis of
HCC is important to increase chances for curative treatment. Cirrhosis is a major risk
factor for HCC, but mostly is asymptomic, thus, people at risk with the presence of
clinical symptoms of decompensated cirrhosis (e.g. hepatic encephalopathy)
connected with non-specific symptoms of liver diseases (e.g. loss of appetite and
weight) (Tsochatzis, Bosch, & Burroughs, 2014) may suggest an underlying HCC.
Nevertheless, HCC often gives no symptoms and is therefore diagnosed late, which is
accompanied by a high risk of mortality. HCC nodules can be detected computed
tomography if they are larger than 1 cm in diameter. For nodules with an inconclusive
pattern from imaging the diagnosis relies on biopsy (Villanueva, 2019). Moreover,

biomarkers can help in the early detection of HCC although not many have been

11



established. Current and applied biomarkers include high serum levels of alpha
fetoprotein (AFP) and lectin-bound isoform of AFP (AFP-L3) (Villanueva et al., 2011).

1.2.3 Staging systems

Given that cirrhosis is risk factor for the development of HCC, prognosis for the patients
depend also on the degree of their liver dysfunction. Thus, staging becomes a key
strategy to stratify patients and to determine treatment schedules. In the case of solid
tumours in the liver, staging is performed during surgery. The samples are analyzed
by pathology experts by using the tumour-node-metastasis (TNM) classification
(Marrero et al., 2018). The TNM classification is used to evaluate a three parameters:
the extent of the primary tumour (T) as well as if the lymph node are involve (N) and/or
the presence of extrahepatic metastasis (M) (Shindoh & Vauthey, 2014). However, the
TNM staging system misses two important parameters, namely the degree of liver
dysfunction and patient's general condition, which has to be taken to account when
planning the treatments.

Moreover, Barcelona clinic liver cancer classification (BCLC) is often used in medical
practice. This staging includes five stages, namely 0, A, B, C, D (from very early to
advanced HCC) (Kinoshita et al., 2015). Furthermore, they are some optional staging
systems that have been suggested, e.g., the Okuda staging system, the Cancer of the
Liver Italian Program, the Japan Integrated Staging, the Hong Kong Liver Cancer

classification, among others (reviewed in (Kinoshita et al., 2015)).

1.2.4 Treatment

The experts recommend resection of the liver, transplantation and ablation when the
patients are diagnosed with early-stage HCC (Roayaie et al., 2015). Resection is
correlated with survival rates above 60% at 5 years, but still, ~70% of these patients
show tumour recurrence at 5 years (Ishizawa et al., 2008). Meanwhile, patients with
diagnosed intermediate stage of HCC are suited for radiofrequency ablation and
transarterial chemoembolization, which lead to the local destruction of liver tissue, with
focus on the cancerous areas (Bruix & Colombo, 2014). Then, for patients with
advanced stage, sorafenib is recommended. Sorafenib is multikinase inhibitor and was
the first systemic drug approved by the Food and Drug Administration for the first line
therapy of advanced HCC patients (Llovet et al., 2008). However, other compounds

are investigated as potential new drugs for HCC and after Sorafenib, other multiple
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kinase inhibitors received Food and Drug Administration approval for the cure of HCC
- lenvatinib (Kudo et al., 2018) and regorafenib as second-line treatment with sorafenib
(Bruix et al., 2017). Moreover, ongoing phase 3 trials are testing immune-based
therapies which inspire confidence to be effective in the treatment of HCC (Villanueva,
2019). In end stage HCC is recommended best supportive care to relieve patients

suffering (Pons, Varela, & Llovet, 2005).

1.3 TGF-B signaling

The transforming growth factor beta (TGF-B) superfamily is a numerous family of
cytokines, which include a transforming growth factor beta family and other families
and factors (e.g., bone morphogenetic proteins, activins, inhibins, Millerian inhibiting
substance, left-right determination factor (Lefty), and nodal growth differentiation factor
(Javelaud & Mauviel, 2004), (Heldin, Landstrom, & Moustakas, 2009). TGF- have to
be released and activated before it can bind to its related transmembrane receptors
(Barton et al., 1988). There are a total of seven type one receptors (ALK1 to ALK7)
and five type two receptors (TBRII, ActRIl, ActRIIB, BMPRII and AMHRII) for TGF-B
family cytokines (Yue & Mulder, 2001). Type | and Il receptors are needed upon ligand
binding for signal transmission into the cells. Among the TGF- superfamily cytokines,
TGF-B is the most extensively studied (Moses, Roberts, & Derynck, 2016). TGF-3
exists as three isoforms, TGF-f1 to 3 (TGF-B1 is the most abundant isoform). TGF-3
acts through classical canonical signaling as well as by crosstalk with other signaling
pathways via non-canonical signaling. Canonical signaling pathway of the TGF-f
superfamily depends on SMADs. The SMAD family includes 5 receptors (R)-SMADs,
1 universal signaling partner (SMAD4) and 2 inhibitors (SMAD6-7). (Heldin &
Moustakas, 2012). The canonical TGF-f signaling pathway is initiated upon binding of
the dimers to the type Il receptor, which is then activated by autophosphorylation and
incurs the type | receptor ALK-5. As next, phosphorylation activates this receptor and
active ligand receptor complexes affect R-SMAD2 and R-SMAD3. R-SMADs are
activated through C-terminal phosphorylation and subsequently can form complexes
with the signaling partner SMADA4, thereby facilitating transcriptional regulation of
target genes in conjunction with other co-transcription factors after having shuttled into
the nucleus (Meindl-Beinker, Matsuzaki, & Dooley, 2012). Besides this classical
canonical signaling pathway, TGF- may transiently signal by using the type | receptor

ALK-1 in some cell types (inclusive the cells in the liver, hepatic stellate cells and
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hepatocytes). This pathway leads to regulation of other TGF-B regulated genes
(Meindl-Beinker et al., 2012). Moreover, TGF-B is able to modulate a different
pathways without involvement of SMADs. Frequently, TGF-B activates the pathway,
which signals influence cell survival (MAPK pathway), or activates signals connected
to the stress situation in the cells (c-Jun N-terminal kinase) (Lee et al., 2007).
Hartsough and Mulder found activation of ERK through MAPK pathway by TGF-3
cytokine in epithelial cells (Hartsough & Mulder, 1995) (Hartsough & Mulder, 1995) and
it participates in epithelial-to-mesenchymal transition (EMT) induction (Xie et al., 2004).
Phosphatidylinositide 3-kinases (PI3K)/Akt signaling also belong to non-canonical
pathway used by TGF-B, which show that TGF-3 mediates survival signaling as well
as EMT in epithelial cells (Bakin, Tomlinson, Bhowmick, Moses, & Arteaga, 2000) and
have impact on proliferation in mesenchymal cells (Wilkes et al., 2005).

TGF-B signaling is mostly operated by canonical pathway. Nevertheless, TGF-3
influences non-canonical pathways, hence create a more complicated picture and the
integration of signaling events is responsible for cell and context dependent TGF-f3

coordinated cellular phenotypes.

1.3.1 TGF-Bin liver disease

TGF-f is upregulated in almost all chronic liver diseases, e.g. in hepatitis, fibrosis of
the liver, liver cirrhosis and liver cancer (Dzieran et al., 2013), (Fabregat et al., 2016).
In hepatocytes that are under metabolic stress, TGF- signaling will mediate to their
death and accumulation of the lipids, thus, leading to initiation of nonalcoholic
steatohepatitis development. (Yang et al., 2014). TGF-B is also identified as a
profibrogenic cytokine in view of its role in HSC activation and as it acts as promoter
synthesis of extracellular matrix (Dewidar, Meyer, Dooley, & MeindI-Beinker, 2019).

Thus, TGF-B influences the progression of most liver diseases.

1.3.2 TGF-Bin liver cancer

Depending on cell type and disease stage, TGF-B plays a dual role by acting as either
a suppressor or promoter of disease progression (Lebrun, 2012). This duality of
function emphasizes the need to understand TGF-B signaling in the details. A
functional genomic study suggested that the early TGF-$ genes (e.g., BAG3, BTG1,
IGFBP3) are connected to suppression of the tumour by TGF-, this includes arrest of
the cell cycle and cell death, while the late TGF-f targets (e.g., VIM, CDH1, SNAI) are

essential to advancement of the cancer, being linked with an overall poor prognosis in
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HCC patients (Tu, Huang, Huang, Luo, & Yan, 2019). In premalignant epithelial cells,
TGF-B suppresses tumourigenesis. Nevertheless, the cancer cells can use TGF-§3 to
promote cell differentiation into an invasive phenotype by losing its tumour-supressive
function. Afterwards, the cells can disseminate from their epithelial layers and form
metastasis or expand metastatic colonies (Massague, 2008). Further, TGF-3 has been
reported to be an activator of SMAD-independent signaling pathways (MAPK siganling
pathway, fibroblast growth factor signaling) which induce cell proliferation (Chapnick,
Warner, Bernet, Rao, & Liu, 2011). TGF- has been also linked to the stimulation of
relevant in HCC angiogenesis (Ito et al., 1995). TGF-B mainly exerts anti-inflammatory
functions (Li, Wan, Sanjabi, Robertson, & Flavell, 2006); therefore, higher TGF-3
expression around tumour ultimately support escape of immune surveillance (Niitsu et
al., 1988).

1.3.2.1 TGF-B and EMT

Tumour aggressiveness is increasing upon enhanced migration, invasion and
metastasizing capacity of cancer cells acquired through molecular changes and TGF-
B may be involved in those processes. EMT is a biological process during the cells
change their phenotype, namely they lose polarity and change to mesenchymal
phenotype (Kalluri & Weinberg, 2009). In EMT process, cells lose adhesion and their
cytoskeleton is remodeled. These processes have originally been described in
embryonic development and organogenesis. However, this process has very
significant role in progression and metastasis of cancer (Du & Shim, 2016). Tumour
cells express higher level of mesenchymal protein (N-cadherin, CDH2) and involved in
EMT transcription factors, such as SNAI, SLUG, ZEB, and TWIST, while they decrease
the expression of epithelial markers (E-cadherin, CDH1). This re-programming thus
can induce ability to migration and invasion of the cancer cells (Diepenbruck &
Christofori, 2016).

HCC tumours with late-stage gene signatures are distinguished by an upregulation of
cell cycle targets, targets engaged in the building of blood vessel which lead to an
aggressive phenotype related to a poor prognosis (Mancarella et al., 2019). In the
crossing between the stages (early and late), TGF- does as a strong inducer of EMT
process (Giannelli, Koudelkova, Dituri, & Mikulits, 2016). Moreover, TGF- induced
EMT is accompanied with repression of expression of epithelial markers (CDH1,
zonula occludens 1 (ZO-1)). In contrast, standard mesenchymal markers, e.g. CDH2,
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vimentin (VIM) and collagens are increased (Dooley et al., 2008). In vitro, TGF-
treatment induced extensive migration in AML12 hepatocyte cell line or in PLC/PRF/5
human HCC cell lines (Dooley et al., 2008), (Malfettone et al., 2017). Correspondingly,
inhibition of TGF-B induce the expression of epithelial marker CDH1 and reduce
migratory and invasive properties in highly invasive HCC cell lines (Fransvea,
Angelotti, Antonaci, & Giannelli, 2008). These findings underline the capacity of TGF-
B to influence EMT processes and possibly enhanced tumourigenicity.

1.4 Paired related homeobox 1 (PRRX1)

Transcription factors are proteins that bind to the promoter or enhancer regions of
specific genes to regulate transcriptional processes (Latchman, 1997). In addition, they
interact with RNA polymerase Il or other transcription factors to control the messenger
RNA (mRNA) production of distinct genes (Latchman, 1997). Homeobox
transcriptional factors are a family of transcriptional proteins that have a homeobox
domain binding to conserved sequences of the DNA (Sugiyama et al.,, 2015).
Homeobox proteins are describes as a kay players in the developmental processes of
organisms consisting of many cells, and the accumulated scientific results detected
that some homeobox targets have inpact on the progression of various kinds of
cancers (Shah & Sukumar, 2010).

The paired related homeobox 1 (PRRX1) belong to the paired-type family of homeobox
transcription factors. PRRX1 has been shown to be expressed during development
mainly in the mesenchyme and has an important role in the development of structures,
such as cartilage, bone and tooth structures (ten Berge, Brouwer, Korving, Martin, &
Meijlink, 1998), (Mitchell et al., 2006). The mature protein of PRRX1 is located in cell
nucleus (www.uniprot.org). The family of paired-related homeobox transcription factors
consists of PRRX1 isoforms (PRRX1a, PRRX1b) and PRRX2. The paired related
homeobox 1 (PRRX1) is a transcriptional co-activator that is produced in two isoforms
by alternative splicing, PRRX1a and PRRX1b (Reichert et al., 2013). PRRX1a is

formed by 217 amino acids and weights 24 kDa. Full length isoform b consists of 245

amino acids and weights 27 kDa (www.uniprot.org). The two PRRX1 variants are

identic from the N terminus to amino acid 199, while they differ at their C terminus.
Within the C-terminus, there is an 14 amino acid motif within the C-terminal region of
paired-like homeodomain containing proteins) in isoform b which is not found in isoform
a (H. Liu et al., 2012). This implicates that via this strongly conserved domain, isoform

specific functions could be mediated (Norris & Kern, 2001). An important paralog of
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PRRX1 is PRRX2, formed by 253 amino acids and weighting 27 kDa

(www.genecards.orq).

1.4.1 General functions of PRRX1

Moreover, its role is crucial in embryonic development as its deletion is lethal in mice
(Martin & Olson, 2000). Mice that lack both Prrx1 and Prrx2 have radical damage in
differentiation of mesenchymal cells in the craniofacial region (ten Berge et al., 1998).
Further, the PRRX1 protein functions as a transcription co-activator, increasing the
DNA-binding activity of serum response factor, a protein needed for the induction of
factors involved in cell growth and differentiation. PRRX1 protein regulates muscle
creatine kinase, showing a role in the establishment of diverse mesodermal types of
muscle (ten Berge et al., 1998), (Mitchell et al.,, 2006). Moreover, upregulated
expression of PRRX1 may promote activity of TGF-B in adipose tissue and contribute
to abnormal function of adipocytes during obesity (Du et al., 2013). Thus, PRRX1 is an

important factor in embryonic development.

1.4.2 PRRX1in cancer

To date, contradictory information exists on the role of PRRX1 in cancer. Transcription
factors play a crucial role by controlling key processes in cancer, e.g. cell growth,
metabolism, immune evasion, and metastasis (Ell & Kang, 2013), (Bradner, Hnisz, &
Young, 2017). PRRX1 has been found to be overexpressed in breast, pancreas, head
and neck squamous cell carcinoma, and colon cancer (Ocana et al., 2012), (Reichert
et al., 2013), (Takahashi et al., 2013), (J. Jiang et al., 2019), (Lv et al., 2016). For
example, in murine pancreatic cancer and human breast cancer cell lines, the
knockdown of isoforms Prrxla or Prrx1b reduced migration and invasion indicating
functional similarities (Reichert et al., 2013), (Lv et al., 2016), (Takano et al., 2016).
Furthermore, Ocana et al. reported that PRRX1 overexpression causes the induction
of EMT related transcription factors VIM, SNAI2, TWIST1 (but not SNAI1) and
reduction of the epithelial marker CDH1 in breast cancer (Ocana et al., 2012). Next to
that, Reichert et al. showed induction of cell migration in pancreatic cancer after
overexpression of PRRX1a, while PRRX1b was more involved in cell cycle regulation
(Reichert et al., 2013), thus supporting a divergent molecular function between the
isoforms. Further, the knockdown of PRRX1b inhibited proliferation as well as
migratory and invasive capabilities of triple negative breast cancer cell lines (Lv et al.,

2016). In another study, knockdown of PRRX1 reduced tumour volume of MDA-MB-
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231 mice xenografts, and its overexpression in colon cancer cell lines increased colony
formation and anchorage independent growth (Takahashi et al., 2013). These data
indicate a tumour-promoting role of PRRX1 in some cancer settings. On the contrary,
PRRX1 has also been shown to exert tumour suppressor functions. For example, low
expression of PRRX1 enabled metastatic colonization of lung by breast cancer cells
(Ocana et al.,, 2012). In clinical contexts, PRRX1 has been associated with
contradictory prognostic outcomes. For example, high expression of PRRX1 predicted
improved overall survival in colorectal cancer (Takahashi et al., 2013), but was
associated with metastasis and poor survival outcome in breast cancer (Ocana et al.,
2012). Although the precise roles of PRRX1 and its isoforms, PRRX1a and PRRX1b,
are unclear in human cancer, PRRX1 was often associated with cancer stemness and
epithelial-mesenchymal transition (EMT) (Ocana et al., 2012), (Reichert et al., 2013),
(Takano et al., 2016). In human colon cancer cell lines, overexpression of PRRX1
induced EPH receptor B2 — an intestinal stem cell marker (Takahashi et al., 2013). In
contrast, stemness features were increased upon knockdown of PRRX1 in breast
cancer (Ocana et al., 2012). Regarding EMT, a crucial process in cancer metastatic
dissemination (J. Wan et al., 2013), overexpression of PRRX1 caused the upregulation
of the EMT gene TWIST1 (Ocana et al., 2012). In addition, its knockdown reversed
invasiveness (Takano et al., 2016). Taken together, PRRX1 plays a role in cancer, but
the effects can be contradictory. There are also few studiesthat investigated PRRX1 in

liver cancer.

1.4.3 PRRX1 in liver cancer

To date, only little is known on the role of PRRX1 in liver cancer. Few studies have
investigated PRRX1 expression in HCC (Hirata et al., 2015), (Fan et al., 2017), (Yi et
al., 2016), (Tang et al., 2019), and its functions are largely unknown. Hirata et al.
performed in silico analyses from HCC gene expression data sets and showed that
reduced expression of PRRX1 is correlated with poorer overall survival of HCC patients
(Hirata et al., 2015), indicating that in liver cancer, PRRX1 expression is beneficial. Yi
and colleagues proofed that loss of E-cadherin had prognostic value to predict
recurrence of HCC, but PRRX1 was not correlated with EMT nor prognosis nor
recurrence, as determined by immunohistochemical analyses of HCC tissue. They
concluded that further studies with a larger series of HCC samples are required
to elucidate the significance of PRRX1 in HCC (Yi et al., 2016). Further, Fan et al.

reported that PRRX1 regulates p53 by inhibiting apoptosis in HCC cells and the
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reduction of PRRX1 expression induces cell invasion and metastasis, therewith
contributing to poor clinical outcome (Fan et al., 2017). In addition, Tang and
colleagues suggested that loss of PRRX1 expression is associated with regulation of
the STAT3 pathway and synergistically influences HCC metastasis (Tang et al., 2019).
These few available studies indicate that PRRX1 has a role in HCC, but that further

experimental work is needed for a detailed clarification of its functions.
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2 AIMS OF THE STUDY

Liver cancer is the fourth most common cause of cancer-related death and ranks sixth
in terms of incident cases (International Agency for Research on Cancer, World Health
Organization: Cancer today (https://gco.iarc.fr/today/home)). HCC accounts for the
majority of primary liver cancers. Chemoresistance, tumour relapse and molecular
heterogeneity are characteristics of HCC, which, in conjunction with late diagnosis,

lead to limited curative treatment options.

PRRX1 is a transcription factor and has been linked to epithelial to mesenchymal
transition (EMT) processes. A role in diverse cancer entities has been described, but
information in liver cancer is scarce. EMT is a hallmark of cancer progression leading
to spread of tumour cells into surrounding liver tissue and other organs. Here, the
TGF-B cytokine exerts a crucial role as it is a known/well acknowledged EMT inducer
and plays an important role in HCC. Based on current knowledge the aim of this study
was to clarify the regulation of PRRX1 expression and its functions in HCC. The

specific questions to be addressed in this study are as follows:

2.1 Regulation of PRRX1
e How PRRX1 and its isoforms are expressed in HCC?
e Whether TGF-3 affect PRRX1 expression?

2.2 Functions of PRRX1

e Does PRRX1 have clinical impact on patients with HCC?
e Which cell functions are modulated by PRRX1 in HCC (e.qg. proliferation,
apoptosis, clonogenicity)?

e Does PRRX1 change metabolic activities in HCC?
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3 MATERIALS AND METHODS

3.1 Materials
3.1.1 Equipment and consumables

Material

Source

- 80°C freezer

Autoclave

Cell culture flasks

Cell culture hood

Centrifuges

Culture plates

Electrophoresis Power Supply

GC/MS-QP2010 Plus
Imiging System Fusion Sl4

Incubator

Panasonic Healthcare Co. Ltd, Japan
Ultra-low Tempwrature Freezer
MDF-DU500VH #15030041

Systec GmbH, Wettenberg, Germany
Greiner Bio-One, GmbH, Germany

550 ml (175 cm?), Ref. 660175

250 ml (75 cm?), Ref. 658175

50 ml (25 cm?), Ref. 690175

Kendro Laboratory Products GmbH,
Germany

Hera Safe Type KS9 (S/N 40347630)
Eppendorf AG, Hamburg, Germany
Model 5418 #0006937

Kendro Laboratory Products, Hanau,
Germany

Biofuge  Fresco  Heraeus  Order
#75005521/01

Biofuge Promo R Heraeus #75005440
Grainer Bio-One GmbH, Germany

6 well, Ref. 657160; 12 well, Ref.
665180; 24 well, Ref. 662160; 48 well,
Ref. 677180; 96 well, Ref. 655180
PegLab, Belgium

S/N 85895

Shimadzu, Germany

PegLab Erlangen, Germany

#13200703

Thermo Scientific, Germany

Hera Cell 240i COzincubator
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Material

Source

Inverted Microscope (Bright Field/
Phase Contrast/ Fluorescent)

Magnetic Stirrer Hotplate

Microflex Powder-Free Nitrite Exam
Gloves
Microplate Reader (Infinite M200)

Neubauer Chamber

Nanoquant Plate

Nitrocellulose Blotting Membrane

Amersham Protran 0.2uM NC
Petri dish 145x20mm

Pegstar Thermocycler
pH Meter (Inolab Ph7110)

Pipettes

Pipette Tips

StepOnePlus Real-Time PCR System
(Applied Biosystems)

ThermoStat Plus (Heating block)

Tubes

Leica Microsystems W, GmbH, Germany
Type 090-143.010.000

Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany (MR3001K, S/N
110479466)

Ansell Healthcare Europe NV, Belgium
Lot #1700113100565

TECAN Austria GmbH

S/N 9040000933

Sondheim, Germany

TECAN Austria GmbH

#30035094

GE Healthcare Life Sciences, Freiburg
Cat# 10600001

Carl Roth, Mannheim, Germany

XH90.1

VWR International GmbH, Germany
WTW Weilheim, Germany

#1518038

Greiner Bio-One GmbH, Germany

5 ml, Ref. 606107; 10 ml, Ref. 607180
Eppendorf AG, Hamburg, Germany

10 ul, Ref. 1984124; 20 pl, Ref.
1969534; 100 pl, Ref. 3839209; 200 pl,
Ref. 3900193; 1000 pl, Ref. 2897987
Life Technologies Holdings Pte Ltd,
Singapore

S/N 272008110, Cat # 4376592
Eppendorf AG, Hamburg, Germany
#5352 01869

Greiner Bio-One GmbH, Germany

15 ml, Ref. 188271; 50 ml, Ref. 210261
Cryo.S Freezing Tubes, Ref. 126280
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Material

Source

Ultrasonic bath

Vortex

Water bath

Weight balance

Bandelin Electronic, Berlin, Germany
Sonorex RK100 (Instr. #301201066)
Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany

REAX Top, S/N 070108806

Memmert GmbH + Co. KG, Schwabach,
Germany

Type WNB 14, F Nr.L413.1238
Sartorius AG, Gottingen, Germany
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3.1.2 Reagents

Item Catalogue Company
number

5x HOT FIREPol EvaGreen qPCR 08-24-00020 Sigma-Aldrich, Munich,
Mix Plus (ROX) Germany
Acrylamide/bis-acrylamide, 30% 10688.02 Serva, Heidelberg
solution Germany
Agar 5210.1 Carl Roth, Mannheim,
Germany

Ammonium persulfate (APS) A3678-25G Sigma-Aldrich, Munich,
Germany

ATP determination kit A22066 Life Technologies,
Oregon, USA

Bovine serum albumin (BSA) 11930 Serva, Heidelberg
powder Germany
Caspase-3 Assay 30401 Biomol, Hamburg,
Germany

Chloroform Y015.1 Carl Roth, Mannheim,
Germany

Crystal violet Q21A018 ThermoFisher, Kandel,

Dulbecco’s modified eagle medium
(DMEM)
Dimethyl sulfoxide (DMSO)

DNA/RNA free water

Deoxynucleoside triphosphates mix
(dNTP Mix), 10 mm each, 0.2 ml
Dulbecco's Buffered
Saline (DPBS)

Ethanol 99%

Phosphate

BE12-709F/12-

M

41639-500ml

W4502

R0191

9124.1

T171.4

Germany
Lonza, Basel, Switzerland

Sigma-Aldrich, Munich,
Germany

Sigma-Aldrich, Munich,
Germany

Thermo Fischer Scientific,
Massachusetts, USA

Carl Roth, Mannheim,
Germany

Carl Roth, Mannheim,

Germany
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Item Catalogue Company
number

Fetal bovine serum (FBS) 10270 Thermo Fischer Scientific,

Massachusetts, USA

Glycerol G5516-500ml Sigma-Aldrich, Munich,

Germany

Hank’s Balanced Salt Solution BE10-547F Lonza, Basel, Switzerland

(HBSS)

Heptadecanoic acid H3500 Sigma-Aldrich, Munich,

Germany

Hydrogen peroxide (30%) K43258310210 Merck KGaA, Darmstadt,

Germany

InviTrap Spin Universal RNA Mini MJ160021 Stratec Molecular, Berlin,

Kit Germany

L-glutamine G7513 Sigma-Aldrich, Munich,

Germany

Lipofectamine RNAIMAX 13778-075 Invitrogen, USA

Luminol 09253-25G Sigma-Aldrich, Munich,

Germany

Ly2157299 S2230 Selleckchem, Munich,

Germany

Methanol 4627.2 Carl Roth, Mannheim,

Germany

Methoxyamine hydrochloride 226904 Sigma-Aldrich, Munich,

Germany

N,N,N’ N'- T9281-25ML Sigma-Aldrich, Munich,

tetramethylethylenediamine Germany
(TEMED)

Opti-MEM 1 (1x) 31985-070 Gibco Life Technologies,

Paisley, UK

PageRuler Plus Prestained Protein 26620 Thermo Fischer Scientific

Ladder (UE), Lithuana

p-Coumaric acid C9008-5G Sigma-Aldrich, Munich,

Germany
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Item Catalogue Company
number

Penicillin-streptomycin 100x (P/S) P0781 Sigma-Aldrich, Munich,
Germany
Phosphatase inhibitors cocktail P5726 Sigma-Aldrich, Munich,
Germany
Ponceau S P7170-1L Sigma-Aldrich, Munich,
Germany
Powder milk T145.3 Carl Roth, Karlsruhe,
Germany
Protease Inhibitor Coctail Tablets 4693116001 Sigma-Aldrich, Munich,
Germany
Random Hexamer Primer S0142 Thermo Fischer Scientific,
Massachusetts, USA
Pyridine 270970 Sigma-Aldrich, Munich,
Germany
Revertaid H Minus Reverse EP0451 Thermo Fischer Scientific,
Transcriptase Massachusetts, USA
Ribitol A5502 Sigma-Aldrich, Munich,
Germany
Sodium dodecyl sulfate (SDS) 2326.2 Carl Roth, Mannheim,
Germany
TGF-B1/2/3 100-21/100- PeproTech, Hamburg,
35/100-36E Germany
Tris 5429.5 Carl Roth, Mannheim,
Germany
Thiazolyl Blue Tetrazolium Bromide M5655-1g Sigma-Aldrich, Munich,
(MTT) Germany
Trypsin-EDTA solution 10x T4174-100M Sigma-Aldrich, Munich,
Germany
Tween 20 1247ML500 neolLab, Heidelberg,
Germany
B-mercaptoethanol A4338,0250 AppliChem, Darmstadt,

Germany
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3.1.3 Buffers

Name

Recipe

10% SDS
10x TBS

Crystal violet working solution

ECL Blot signal detection
buffer

Laemmli Protein Loading
buffer (5x)

MTT Reagent
Protin lysis buffer (RIPA)

Solubilization reagent

TBST
WB Blocking solution
WB Electrophoresis gel (12%)

WB Running buffer

WB Transfer buffer

10 g SDS in 100 ml ddH20
12.1 g Tris, 87.66 g NacCl, fill up to 1 L with H20

0.5% Crystal violet in water, mixed 50% with

absolute methanol prior use

Solution 1 (5 ml of 0.1 M Tris buffer, 50 pl of 250
mM Luminol, 22 pl of 90 mM p-cumaric acid);
Solution 2 (5 ml of 0.1 M Tris buffer, 3ul of 30%
Hydrogen peroxide H202).

Solution 1 and 2 were mixed together

2.5 ml B-mercaptoethanol, 2 g SDS, 10 mg
bromophenol blue, 6 ml of 1 M Tris, pH 6.8, 200
pl of 0.5 M EDTA, 10 ml glycerin, 1.3 ml ddH20
5 mg/mlin PBS

25 mM Tris (pH 7.4), 150 mM NacCl, 0.1% SDS,
0.5% Nonident P40,
Protease Inhibitor Coctail Tablet, Phosphatase
Inhibitor (used 1:100)

4 parts DMSQO, 4 parts 10% SDS, 2 parts PBS,
acetic acid (0.012% of total reagent volume).

sodium deoxycholate,

Mixed 5 minutes before use (prepared freshly
prior use)

0.1% Tween 20 per 1000 ml TBS

5 % milk or BSA in TBST

1.6 ml ddH20, 3.2 ml 30% Acrylamide Solution,
3.04 ml 1.5 M Tris (pH 8.8), 80 1 10% SDS, 80 pl
APS, 3.2 ul TEMED

10x Laemmli — 144 g glycine 30.34 g Tris, 100 ml
10% SDS, adjust to pH 8.3, fill to 1L with ddH20
Diluted to 1x laemmli as working solution

100 ml 10x TRIS, 200 ml methanol, 700 ml
ddH20
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3.1.4 Antibodies

Primary antibodies

Catalogue number

Company

PRRX1 (rabbit)
PRRX1 (rabbit)
PRRX1 (rabbit)

pSMAD3 (rabbit)

GAPDH (mouse)

GTX17237
GTX56163
ab208919

ab52903

SC-32233

GeneTex, California, USA
GeneTex, California, USA
Abcam, Cambridge,
United Kingdom

Abcam, Cambridge,
United Kingdom

Santa Cruz
Biotechnology,

Heidelberg, Germany

Secondary antibodies Catalogue number Company
Goat anti-mouse IgG- sc-2060 Santa Cruz
HRP Biotechnology,
Heidelberg, Germany
Goat anti-rabbit IgG-HRP sc-2301 Santa Cruz

Biotechnology, Heidelberg

Germany
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3.1.5 Gene primer sequences used for gPCR

Gene Forward sequence Reverse sequence
ACACA ATGTCTGGCTTGCACCTAGTA | CCCCAAAGCGAGTAACAAATTCT
ACACB CCCCAGACAAGTATCCCAAAG GGGTACTCCTGGGTCTTAAAC
ACOX2 GAACATGCTGAGTCGCTTTG GGGAAGGTAGTTGCTCTGTG
ACSL5 GTGCCTCGACTCCTTAACAG TGTCCCAGAAACTATCATGCC
CDH1 CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
CDH2 CATCCAGACCGACCCAAACA ACAGACACGGTTGCAGTTGA
CPT2 TTGAGTGCTCCAAGTACCATG GCAAACAAGTGTCGGTCAAAG
FASN ACAGCGGAATGGGTAC GACTGGTACAACGAGCGGAT
FH CGTTTTGGCCTCCGAACG CATGCGTTCTGTCACACCTC
GOT1 CAACTGGGATTGACCCAACT GGAACAGAAACCGGTGCTT
GOT2 TAACGTTCTGCCTAGCGTCC ACTTCGCTGTTCTCACCCAG
GLS1 GCAACAGCGAGGGCAAAGAG CTGGGATCAGACGTTCGCAAT
GPT1 GGTCTTGGCCCTCTGTGTTA TCCGCCCTTTTCTTGGCATC
GPT2 GACCCCGACAACATCTACCTG TCATCACACCTGTCCGTGACT
HK1 CCAACATTCGTAAGGTCCATTCC | CCTCGGACTCCATGTGAACATT
HK2 CCAGATGGGACAGAACACGG TGGAGCCCATTGTCCGTTAC
IDH3A ATCGGAGGTCTCGGTGTG AGGAGGGCTGTGGGATTC
IDH3B TCTCAGCGGATTGCAAAGTTTG CTTGTGGACAGCTGTGACCTT
LDHA GCAGCCTTTTCCTTAGAACAC AGATGTTCACGTTACGCTGG
LDHB CTTGCTCTTGTGGATGTTTTGG TCTTAGAATTGGCGGTCACAG
MDH1 CATTCTTGTGGGCTCCATGC AGGCAGTTGGTATTGGCTGG
OGDH GAGGCTGTCATGTACGTGTGCA | TACATGAGCGGCTGCGTGAACA
PCK1 GCAAGACGGTTATCGTCACCC | GGCATTGAACGCTTTCTCAAAT
PDHX TTGGGAGGTTCCGAC CAACCACTCGACTGTCACTTG
PPARYy GTGGCCGCAGAAATGACC CCACGGAGCTGATCCCAA
PRRX1 GAAGAGAAAGCAGCGAAGGA ACTTGGCTCTTCGGTTCTGA
PRRX1a CGAGAGTGCAGGTGTGGTTT AATCCGTTATGAAGCCCCTCG
PRRX1b GTCTCCGTACAGCGCCAT GGCCTTCAGTCTCAGGTTGG
SNAI1 AATCGGAAGCCTAACTACAGCG GTCCCAGATGAGCATTGGCA
SNAI2 GCTGGCCAAACATAAGCAGC AGGGTCTGGAAAACGCCTTG
SDHA TGATGGGAACAAGAGGGCATC | ACCTGGTAGGAAACAGCTTGG
SDHB CACCCGAAGGATTGACACCA GTTGCTCAAATCGGGAACAAGA
SDHC TCCTCTGTCTCCCCACATTACT | CCAGACACAGGGACTTCACAA
SDHD GCAGCACATACACTTGTCACC CTGACAACCCTCTCGCTAGTC
SLC1A5 TTTGCGGGTGAAGAGGAAGT |AGCATTCCGAAACAGGTAACTTT
SNAIL2 GCTGGCCAAACATAAGCAGC AGGGTCTGGAAAACGCCTTG
SUCLG1 ATTATGCCGGGTTACATCCA AAAAGGATCCCCACCAATTC
SUCLGZ | TTTGCTATGGACGACAAATCAGA | CTGGCTTCCCACCATTAAGG
TWIST TGCATGCATTCTCAAGAGGT CTATGGTTTTGCAGGCCAGT
TWIST2 CTACAGCAAGAAGTCGAGCGA AGCGTGGGGATGATCTTGC
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VIM

ZEB1
ZEB2
PPIA

CACGTCTTGACCTTGAACGC
CAGCTTGATACCTGTGAATGGG
GGAGACGAGTCCAGCTAGTGT

AGGGTTCCTGCTTTCACAGA

CTCCTGGATTTCCTCTTCGTGG
TATCTGTGGTCGTGTGGGACT
CCACTCCACCCTCCCTTATTTC

CAGGACCCGTATGCTTTAGG
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3.1.6 Bioinformatics platforms and analytical tools

Name

Outcome

Link

References

cBioPortal

DAVID

GCMS solution

software
Gene
Expression
Omnibus
(GEO)
Genecards

GEO2R

GraphPad
Prism v. 6
ImageJ
NCBI —
Primer Blast

Oncomine

Venny

Visualization,
analysis,
download of
cancer genomic
data
Gene functional
annotation
Metabolomics
data
Functional
genomics  data

repository

Description of
genes and their
function

Comparison  of

samples

Graphs, statistic

Image analysis
Gene primer

design

Transcriptomics
data
Plotting Venn

diagram

http://www.cbioportal.org/

https://david.ncifcrf.gov/

http://www.ncbi.nim.nih.g

ov/geo/

http://www.genecards.org
/

https://www.ncbi.nlm.nih.

gov/geo/geo2r/

https://imagej.nih.govi/ij
https://www.ncbi.nlm.nih.
gov/tools/primer-
blast/index.cgi?LINK_LO
C=BlastHome
https://www.oncomine.or
o/
http://bioinfogp.cnb.csic.e

s/tools/venny/

(Gao et al., 2013)

(W. Huang, 2017)

(Barrett et al.,
2013)

(Safran et al.,
2010)

(Rhodes et al.,
2007)
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3.2 Methods

3.2.1 Bioinformatics

3.2.1.1 Collection of liver cancer microarray datasets

Eight liver cancer microarray datasets were obtained from the National Center for
Biotechnology Information Gene Expression Omnibus (NCBI GEO) and the expression
values for PRRX1 and other genes of interest were accessed by using the NCBI
GEOZ2R tool. Additionally, the Cancer Genome Atlas (TCGA) liver cancer data was
assessed via cBioPortal platform. The expression values for PRRX1 probes were
compiled for each dataset, and its differential expression in HCC compared to normal
or adjacent non-tumour tissues was determined using Student T-test in GraphPad
Prism version 6. Furthermore, Oncomine platform was used to analyzed PRRX1
expression in HCC samples in five further datasets. In total, 1.421 human HCC gene
expression profiles were compared to control tissues, which included 755 adjacent
non-tumour and 259 healthy liver samples (Table 1). Statistical significance was

considered with a P < 0.05.

3.2.1.2 Correlation of deregulated genes in HCC with PRRX1

Genes positively or negatively correlating with PRRX1 in liver cancer data were
downloaded from cBioPortal platform and overlapped with genes that have previously
been associated with cancer recurrence (Zucman-Rossi et al., 2015). Furthermore,
genes were overlapped with deregulated metabolic genes in HCC as defined in
(Nwosu et al., 2017) and EMT related genes (MMP9, MMP2, VIM, CDH1, ZEB1, ZEB2,
SNAIL, TWIST). Overlapping genes were used for Pearson correlation analyses in the
TCGA and GSE14520 datasets using GraphPad Prism. For extensive analysis,
PRRX1 was correlated with TGF-3 family genes. Expression values were accessed
from datasets mentioned in the Table 1. Statistical significance was considered with
a P <0.05.

3.2.1.3 Clinicopathological parameters

To assess the role of PRRX1 for clinical outcome of HCC patients, their clinical data

were used for additional analyses. The dataset GSE14520 is available online with
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published clinical data and was used for survival analysis as well as for correlation
analysis of other clinicopathological parameters. PRRX1 expression was analyzed with
focus on tumour size, BCLC and TNM staging, alanine transaminase (ALT) and AFP
levels in HCC patients. For Kaplan-Meier overall survival analyses of PRRX1 in
conjunction with other genes, it was considered whether these genes were directly or
inversely correlating with PRRX1, i.e. for genes directly correlating with PRRX1, the
tumours with high expression of the gene and PRRX1 were compared with tumours
with low expression of both. In contrast, for genes inversely correlating with PRRX1,
tumours with high PRRX1 and low expression of the selected gene were selected and
compared with tumours showing low PRRX1 and high level of the gene. The number

of patients for each group is indicated in the respective figure.

3.2.1.4 Pathway analyses and gene ontology

The Database for Annotation, Visualization and Integrated Discovery (DAVID) (W.
Huang, 2017) was used to perform functional annotation and gene ontology analysis
of the differentially expressed genes in TCGA dataset (HCC samples n=371). For this
analysis, the gene list was first ranked by logFC. Thereafter, as threshold, the 5% of
top upregulated (n=1022) and top downregulated (n=1022) genes with PRRX1 being
significantly upregulated were used for functional annotation with reference to the
pathway database of the Kyoto Encyclopedia of Genes and Genome (KEGG).
Subsequently, these gene lists (upregulated or downregulated genes) were used for
gene ontology analysis under terms: biological processes and cellular components.

The results were prepared as graphs in Excel (2016).

3.2.2 Cell Biology

3.2.2.1 Cell culture

Commercially available HCC cell lines were used in this work. The Hep3B, HLF and
HUH7 cell lines were provided by Prof. Kern (Pathology, Heidelberg). SNU398 cells
were obtained from Dr. Francois Helle (University of Picardie Jules Verne, France).
The HUH7 cell line was established in 1982 from a well-differentiated hepatocellular
carcinoma that was originally taken from a liver tumor in a 57 years old Japanese male
(Nakabayashi, Taketa, Miyano, Yamane, & Sato, 1982). Those cells show an epithelial

phenotype. The Hep3B cell line was isolated from a well-differentiated early stage HCC
33



from an 8 year old black American male. These cells have epithelial features and
contain an integrated HBV genome (Knowles, Howe, & Aden, 1980). The SNU398 line
was established in 1990 from a hepatocellular carcinoma that was resected from a 42-
year old Korean male (Park et al., 1995). The SNU398 cells contain HBV DNA and
have epithelial morphology. Nevertheless, this cell line is reported as poorly-
differentiated HCC cell line, because of the lack of expression of hepatocyte lineage
and epithelial cell markers. Additionally, SNU398 cell line shared many features with
mesenchymal cells, such as the expression of mesenchymal markers, high motility and
invasiveness (Yuzugullu et al.,, 2009). The HLF cell line was established from
hepatocellular carcinoma cells of a 68 years old patient (Dor, Namba, & Sato, 1975).
The cells are poorly-differentiated and own more mesenchymal (Dor et al., 1975).

The cells were cultured at 37°C in a humidified atmosphere of 5% CO-. The cell culture
media was Dulbecco Modified Eagle’s medium (DMEM, High glucose, Lonza, BE12-
709) supplemented with 2 mM glutamine (GIn), 10% fetal bovine serum (FBS),
penicillin (100 U/l), and streptomycin (100 mg/ml). All used cell lines were
authenticated by short tandem repeat profiling (STR). PCR Mycoplasma Test
(PromoCell, Huissen, Netherlands) was performed frequently to prove that cells were

free of mycoplasma.

3.2.2.2 Knockdown of PRRX1

The sequence of siPRRX1 (UUCUGAGUUCAGCUGGUCAUUGUCC), not
distinguishing the PRRX1 isoforms, was obtained from a published paper (Ocana et
al., 2012), and oligos were purchased from Eurofins Genomics (Ebersberg, Germany).
Transfection of SIRNAs or non-targeting control (siControl) (Qiagen, Hilden, Germany)
was performed with Lipofectamine RNAIMAX according to manufacturer’s instructions
(Invitrogen, Darmstadt, Germany). Prior transfection, cells were seeded into 12 well
plates at ~ 70 % density (Greiner Bio-One, Frickenhausen, Germany) and allowed to
attach overnight (o/n). Next day, the transfection mix was prepared as follows: tube A)
50 pl Opti-MEM and siRNA with final concentration 25 nM were gently mixed by
pipetting up and down; tube B) 50 pl Opti-MEM and 2 ul RNAIMAX were gently mixed.
Tube A and B were subsequently mixed together und incubated 15 minutes in room
temperature. 100 pl of transfection mix were added to the well with cells containing 1
ml of fresh medium with subsequent incubation as indicated. Thereafter, cells were

cultured in fresh complete media for the indicated duration of the experiments.
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3.2.2.3 Western blot

To assess protein abundance and signaling activity in HCC cells, western blot was
performed. Following cell culture, culture media was aspirated off, the cells were
washed once with 1x HBSS, placed on ice, and cell protein lysates were prepared
using RIPA buffer supplemented with protease inhibitor cocktail and phosphatase
inhibitor. Protein concentration was determined with Bio-Rad Protein Assay Kit
according to manufacturer’s instruction. For electrophoresis, 50-70 pug of protein
samples were loaded on 12% SDS-PAGE gels and separated by applying 120V for 80
min. Proteins were subsequently transferred onto nitrocellulose membranes (EG
Healthcare Life Sciences) with a current of 300 mA for 90 minutes. Thereafter,
membranes were briefly stained with Ponceau S solution to visualize protein bands
and verify successful blotting. The blots were then washed 3x in TBST to remove
stains. The membranes were then blocked for 1 h with 5% milk dissolved in TBST
(PSMAD3 antibody in 5% BSA dissolved in TBST), washed briefly in TBST and later
incubated o/n at 4°C with the primary antibody of interest diluted 1:1000 in TBST
(except pSMAD3 in BSA). The membranes were then washed 3x in TBST for 10
minutes each. For detecting the target protein, the corresponding mouse or rabbit
secondary antibodies were first diluted 1:10000 in TBST and incubated for 1 h at room
temperature, followed by washing 3x for 10 minutes each. Subsequently, membranes
were briefly incubated in enhanced chemiluminescence (ECL) detection buffer,
prepared as described in 3.1.3. Afterwards, immunoreactive bands were detected and
visualized in the Fusion SL Imaging system (PeglLab). The primary and secondary
antibodies used in this study are described in section 3.1.4. PRRX1 was not detectable
at protein level in any HCC cell line. In this study 3 different primary antibody for PRRX1
were tested (listed in section 3.1.4), but PRRX1 was not detected under any condition,

whereas the overexpression of the protein could be detected.

3.2.2.4 Migration scratch assay

The wound healing assay, also termed migration scratch assay because it is conducted
by making a scratch on a cell monolayer, is a standard in vitro technique for
examination of ability of the cells to migrate. Thus, to investigate migration capacity of
the cancer cells upon PRRX1 modulation, 50.000 cells were seeded in 24 well plates,

incubated o/n and thereafter siRNA transfection was performed using siRNA oligos as
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described in 3.2.2.2 (scaled down for 24 wells plate) to knock down PRRX1. Next day,
the cell monolayers were scratched using 200 pl pipette tips (1 scratch perwell) and
the middle point of the well was marked with a needle. Then media was changed and
2 images (left and right side of the middle point) per well were taken (as time point O,
to) from each well. After 24h, images were taken again (tzs). Using ImageJ, 25
equidistant measurements of the gap (the scratch) were taken and distances were
calculated from each image (to and t24). Percentage of migration was calculated as:
100 x (measured gap distance at to — t24)/gap distance at to
75 measurements per condition were analyzed and significance of the difference in
migration between control and PRRX1 knock down samples was determined by
Student t-test.

3.2.2.5 Proliferation assay

Cell growth is associated with the activity of proliferation associated proteins, such as
proliferating cell nuclear antigen or MKI-67. Thus, these markers can be used as
proliferation markers (Kelman, 1997), (Sahin et al., 1994). Nevertheless, proliferation
measurements were also performed with the thiazolyl blue tetrazolium bromide (MTT)
assay. For this assay, 7.000 cells per well were seeded in quadruplicate in 48-well
plates. After attachment o/n, cells were transfected with siRNA to knock down PRRX1
as described in 3.2.2.2 (scaled down for 48 wells plate) and treated for the indicated
time(s). At the end of the experiments, 25 pl of MTT reagent was added to each well
and incubated for 3 — 4 h at 37°C to enable formation of formazan crystals. Then,
media was aspirated, 250 pl of solubilization reagent (prepared as described in 3.1.3)
added to the wells and the plate was then incubated o/n at 37°C to dissolve the
formazan crystals. Absorbance was read next day at 560 nm with background
correction at 670 nm using an Infinite 200 Spectrophotometer (Tecan GmbH, Austria).
Data were normalized to control (transfection with siControl).

3.2.2.6 Clonogenic assay

The clonogenic assay is an in vitro cell survival assay used to study cancer cell
behaviour, i.e. to proof the ability of a single cell (cells seeded in very low density) to
grow into colonies. Thus, 50.000 cell per well were seeded in 12 well plates and
allowed to attach o/n. The next day, transfection was performed with siRNA oligos as
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described in 3.2.2.2 to knock down PRRX1. 24 h later the cells were trypsinized and
1.500 cell per well were transferred to 6 well plates. After 8 days, cells in each well
were fixed with methanol for 5 minutes, followed by a staining with 0.5% crystal violet
solution diluted 50% v/v with methanol for 20 min. Then, the solution was removed and
the wells were washed with water. Thereafter, the plates were allowed to dry at room
temperature and overview images of the plates were taken by camera and
representative pictures were shown in results part of this work. Afterwards, the crystal
violet stain on the cells was further quantified. For this, 10% acetic acid was added to

each well to solubilize the stain, followed by absorbance measurement at 595 nm.

3.2.2.7 Apoptosis assay

To assay apoptotic processes, caspase-3 activity was measured in HCC cell lines.
5x10* cells (HUH7 and HLF) per well were seeded in triplicate in 24 well plates and
allowed to attach o/n. Next, transfection was performed with sSiRNA oligos as described
in 3.2.2.2 (scaled down for 24 well plates) to knock down PRRX1. Next day, the cells
were treated with 5 ng/ml of TGF- as apoptosis trigger for 48 h. Thereafter, the cells
were lysed in 40 pl of lysis buffer. Lysates were transferred to reaction tubes and then
centrifuged at 13.000 rpm for 10 min at 4°C in a table top centrifuge and supernatant
was collected. Thereafter, 30 ul of each protein lysate was incubated for 90 min at
37°C in 60 pl of reaction buffer and 10 ul AC-DEVD-AFC caspase 3 fluorometric
substrate to allow cleavage of the substrate. Subsequently, activity of the cleaved
fluorescence substrate as an indicator of caspase-3 activity was detected by
fluorometric measurement using Tecan Infinite M200 (excitation 400 nm; emission 505
nm). Caspase-3 activity signal was normalized to protein content in collected cell

lysates.

3.2.2.8 Glucose consumption and lactate output

To assess metabolic activity, first glycolytic activity was measured by determining
glucose and lactate levels in cells upon modulated PRRX1 expression. For glucose
and lactate measurements, 150.000 cells/well were cultured o/n in triplicates on 12
well plates. Then, transfection with siRNA was performed as described in 3.2.2.2 to
knock down PRRX1. After 48 h, 1 ml cell culture medium was collected from each well

and centrifuged in reaction tubes in a tabletop centrifuge for 10 min at 13.000 rpm at
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room temperature. Measurements of the supernatant were performed using the Roche
Cobas C311 Chemistry Analyzer according to the manufacturer’s instruction for the
guantification of the two metabolites. Staff at the Zentrum fur Medizinische Forschung
(ZMF, Universitatsklinikum Mannheim) performed the measurements. Raw data was

provided and processed by normalization to protein content in collected cell lysates.

3.2.2.9 Analysis of metabolites in cells

1 million of HUH7 and HLF cells per dish were seeded in triplicate in 14.5 cm petri
dishes and allowed to attach o/n. The next day, transfection with siRNA was performed
as described in 3.2.2.2, but scaled up for 1 million cells. Thus, transfection mix for 1
plate was prepared as follows: tube A) 1.5 ml Opti-MEM and siRNA with final
concentration 25 nM was gently mixed by pipetting up and down; tube B) 1.5 ml Opti-
MEM and 30 ul RNAIMAX were gently mixed by pipetting up and down. Tube A and B
were then mixed together und incubated for 15 minutes at room temperature. 3 ml of
the transfection mix were added to the plate with cells containing 15 ml of fresh
medium. The next day, medium was changed and cells maintained for 48 h. Thereatfter,
medium was removed and cells were washed with pre-warmed deionized autoclaved
pure water. Then, plates were placed on dry ice and cells were quick frozen by adding
liquid nitrogen. Plates were stored in -80°C before further processing. The samples
were then delivered to Metabolomics Core Technology Platform at the University of
Heidelberg on dry ice, where the next steps were performed. There, extraction of the
samples was performed as follows: frozen HUH7 and HLF cells on 14.5 cm petri dishes
were extracted directly on culture dishes by adding pre-cooled 1 ml 50% methanol and
10 ul Ribitol (0.2 mg/ml; internal standard for polar phase, which is a stable isotopically
labelled compound that can be easily distinguished from endogenous metabolites by
mass spectrometry). Cells were then scraped off the plate and all liquid containing the
cell debris was transferred to a 2 ml reaction tube on ice. To each tube, 0.5 ml 100%
chloroform containing 0.1 mg/ml heptadecanoic acid (internal standard for organic
phase) were added and samples were vortexed for 10 seconds. In the next steps, a
protocol was used as described in the work by Abu El Maaty and colleagues (protocol
adapted from their work) (Abu El Maaty, Alborzinia, Khan, Buttner, & Wolfl, 2017).
Firstly, to separate polar and organic phases samples were centrifuged for 10 minutes
at 11.000x g. For derivatization, 0.9 ml of the polar (upper) phase were transferred to

a fresh tube and dried in a speed-vac (vacuum concentrator) without heating and
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derivatization was performed. Pellets of the agueous phase after extraction were
dissolved in 20 pl methoximation reagent containing 20 mg/ml methoxyamine
hydrochloride in pyridine and incubated for 2 h at 37°C with vigorous shaking. For
silylation, 35 pl N-methyl-N-(trimethylsilyl)trifluoroacetamide were added to each
sample. After incubation for 45 min at 50°C, samples were transferred to glass vials

for Gas Chromatography/Mass Spectrometry (GC/MS) analysis.

Next to this, to analyze total fatty acids, 150 ul of the lower organic (chloroform) phase
after extraction were transferred to a fresh 1.5 ml reaction tube and dried in a speed-
vac without heating. For transmethylation reactions, pellets were dissolved in 40 pl tert-
butyl methyl ether and 20 ul trimethylsulfoniumhydroxide, incubated for 45 min at 50°C
and transferred to glass vials for GC/MS analysis of the fatty acid methyl esters.
Afterwards, GC/MS analysis was performed. A GC/MS-QP2010 Plus (Shimadzu,
Germany) fitted with a Zebron ZB 5MS column (Phenomenex; 30 m x 0.25 mm x 0.25
pm) was used for GC/MS analysis. The GC was operating with an injection
temperature of 250°C and 1 pl sample was injected with split mode (diluted 1:5). The
GC temperature program for polar compounds started with 1 min hold at 40°C followed
by a 6°C/min ramp to 210°C, a 20°C/min ramp to 330°C and a bake-out for 5 min at
330°C. The GC temperature program for FAMESs started with a 2 min hold at 100°C
followed by a 10°C/min ramp to 300°C, a 60°C/min ramp to 330°C and a bake-out for
1 min at 330°C. Helium was used as carrier gas with consistent linear velocity. The MS
was operated with ion source and interface temperatures at 250°C, a solvent cut time
of 5 min and a scan range (m/z) of 40-700 with an event time of 0.1 sec. Raw data
were processed using the ,GCMS solution software” (Shimadzu) and normalized to

cell number.

3.2.2.10 ATP determination assay

To determine intracellular energy levels, ATP levels were to be measured. For this
purpose, the ATP Determination kit (Invitrogen, USA) was used. This kit contains a
bioluminescence assay for quantitative determination of ATP with recombinant firefly
luciferase and its substrate D-luciferin. The assay is based on luciferase’s absolute
requirement for ATP in producing light (emission maximum ~560 nm at pH 7.8). Thus,

for ATP determination, 7.000 cells per well were seeded in 48 well plates and allowed
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to attach o/n. The next day, siRNA transfection was performed as described in 3.2.2.2
(scaled down for 48 wells plates) to knock down PRRX1. After 48 h, ATP measurement
was performed. For this, culture media was aspirated from the wells and the cells were
washed once with 1x DPBS prior lysis with RIPA buffer supplemented by phosphatase
inhibitors cocktail (40 ul/well). The luminescence was measured for ATP determination
according to manufacturer's protocol. Values were normalized to total protein

concentration of the cell lysates.

3.2.3 Molecular Biology

3.2.3.1 RNA isolation and cDNA synthesis

Total RNA was isolated using InviTrap Spin Universal RNA Mini Kit according to the
manufacturer’s protocol (Stratec Biomedical AG, Germany). RNA concentration was
quantified using Infinite 200 NanoQuant Plate (Tecan GmbH, Austria). Next, RNA (0.5
or 1 pg, depending on RNA concentration) was reverse transcribed to cDNA. cDNA
synthesis was carried out as follows: 0.5 pl 100 uM random hexamer primers were
mixed with RNA. Nuclease-free water was added to a final volume of 6.25 pl. This mix
was incubated in a thermocycler at 65°C for 5 minutes. To this solution, the reverse
transcriptase mix was added (2 pl of 5x reaction buffer, 1 pl of 10 mM dNTP and 0.25
ul RevertAid H Minus M-MuLV reverse tanscriptase) to a total volume of 10 pl. The
cDNA synthesis mix was then incubated at 42°C for 60 minutes, followed by 5 minutes
reverse transcriptase denaturation step at 70°C. Thereafter, the cDNA samples were
stored at -20°C for later use. A cDNA dilution of 1:10 was used for quantitative
polymerase chain reaction (QPCR).

3.2.3.2 Quantitative polymerase chain reaction

cDNA was used for gPCR reactions to measure changes in gene expression levels.
gPCR analysis was performed in a 10 pl reaction volume using EvaGreen PCR Master
Mix on the StepOnePlus device. The gPCR reaction mix was as follows: 2 pl
EvaGreen, 25 ng cDNA volume, 1 pl of gene primer mix, and then filled up to 10 pl with
nuclease-free water. The samples were pipetted for each target in triplicates into a 96
well plate, plate was briefly centrifuged. The reaction parameters were set: initial
denaturation at 95 °C for 15 minutes, followed by 40 reaction cycles of: denaturation

at 95 °C for 15 s, annealing at 60 °C, for 20 s, and elongation at 70 °C for 20 s. The
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experiments were performed in triplicate using peptidylprolyl isomerase A (PPIA) as
an internal reference (house-keeping gene). The threshold of fluorescence above the
background of fluorescence was defined as cycle threshold value which was then used
for calculation. The results were displayed as the cycle threshold values at which the
fluorescence of a sample crossed the threshold. mMRNA relative expression level of
targeted genes was calculated based on 2-24Ct method, where Ct means cycle
threshold value. Gene primer sequences are listed in 3.1.5.

3.2.4 Statistical analyses

Results were presented as mean + SD. Data analyses were performed using
GraphPad Prism v6 (La Jolla, USA) as well as Microsoft Excel. Where applicable,
ANOVA or Student t-test were used for data comparison and significance testing.
Kaplan-Meier overall survival analyses were performed with log-rank (Mantel-Cox) test
in GraphPad Prism. Statistical significance was accepted for P values less than 0.05.
Statistical significance is indicated as follows: * P < 0.05, ** P < 0.01, ** P < 0.001,

and **** P < 0.0001.
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4 RESULTS

4.1 PRRX1 expression in HCC
4.1.1 PRRX1is frequently upregulated in HCC

Firstly, an in silico approach was conducted to access expression of PRRX1 in human
HCC tissues compared to non-tumour control tissues using previously published
cohorts. Thus, PRRX1 expression was analyzed in nine online available human HCC
gene expression datasets and five datasets in Oncomine platform (Table 1). In total,
1.421 HCC tissue samples were compared to control tissues, which included 755
adjacent non-tumour and 259 healthy liver samples. Analysis of the logFC of PRRX1
expression in nine datasets showed that its level was upregulated in seven (in 865
HCC samples; P < 0.05) and not significantly changed in two datasets (in 264 HCC
samples) (Figure 1A). In addition to this analysis, the expression level of PRRX1 was
compared across the liver cancer cohorts in Oncomine using five HCC datasets
containing 292 tumours and 210 non-tumour samples. In the Oncomine platform
analysis, PRRX1 was upregulated in two datasets, but not significantly changed in the
three other datasets (Figure 1B). Overall, this cross-platform analysis revealed that
PRRX1 was upregulated in 990 HCC samples and was not significantly changed in
431 tumour samples. No dataset showed the downregulation of PRRX1. Thus, the
comprehensive in silico analyses showed that ~ 70 % of analyzed tumour samples
present with an upregulated expression of PRRX1 compared to control tissue.

Note: A part of the results of my work will be published in a research article (Pioronska et al.,
Dysregulated Paired related homeobox 1 impacts on hepatocellular carcinoma phenotypes). The
manuscript was written by myself, edited by co-authors (Dr. Nwosu, Dr. Meyer and Prof. Dooley) and
was partially used in this thesis.
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Table 1. Human liver cancer expression datasets

No. of human tissues

Main etiology NL/NT HCC

TCGA HBV, HCV & others aqv7 371
GSE25097 NA a243 268
GSE64041 NA 260 60
GSE55092 HBV ag1 39
GSE36376 HBV a32 38
GSE39791 HBV a72 72
GSE62232 HBV, HM NL10 17
GSEb57957 HBV a39 39
GSE14520 HBV NL220 225

804 1129

Oncomine platform:

Chen Liver HBV, HCV 269 94
Guichard Liver HBV ag86 99
Guichard Liver 2 HBV a26 26
Mas Liver HCV NL19 38
Wumbach Liver HCV NL10 35
210 292

Total: 1.014 1.421

a - adjacent non-tumorous

NL - normal liver
NA - etiology is not available

HBV - hepatitis B virus
HCV - hepatitis C virus
HM - hemochromatosis

HCC - hepatocellular carcinoma

4.1.2 Expression patterns of PRRX1 in HCC cell lines

Next to analyzing expression of PRRX1 in human cancer gene expression cohorts, the
aim was to determine its expression in human HCC cell lines, which are models for the
functional study of the role of PRRX1 in HCC. A key question was whether PRRX1
relates to the differentiation status of HCC cell lines. Well differentiated HCC cells are

usually slow-growing, have more intact metabolism and less migratory. In contrast, the
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poorly differentiated HCC cells proliferate faster, have more impaired metabolic state
and are often highly migratory (Nwosu et al., 2018). These features, i.e. high
proliferation, metabolic alteration and migration are typical hallmarks of cancer
(Hanahan & Weinberg, 2011). For expression analysis, four cell lines were used,
namely HUH7, Hep3B, SNU398 and HLF. The HUH7 and Hep3B cell lines are defined
as well-differentiated cells, while SNU398 and HLF are poorly-differentiated HCC cell
lines — prior studies in our group has extensively characterized these cell lines (Dzieran
etal., 2013; Meyer et al., 2013; Nwosu et al., 2018; Nwosu et al., 2020). Cell lines were
cultured for 48 h in full growth medium to a confluence of ~90% and RNA was collected
subsequently for measurement of total PRRX1 expression. Expression values were
normalized to expression of PRRX1 in HLF cells. In the investigated cell lines, total
PRRX1 expression, not considering isoforms, was variable. Highest expression was
found in SNU398 cells with almost 60-fold higher expression levels than in HLF cells.
Expression in Hep3B cells was almost identical with HLF (1.8-fold higher), and HUH7
showed almost a 6-fold higher expression than HLF cells (Figure 1C). These
expression differences are currently hard to confirm at the protein level after testing 3
antibodies from different companies (GeneTex and Abcam, described in 3.1.4) and
indeed basal endogenous PRRX1 could not be detected by Western blot in any of the
four HCC cell lines. However, based on RNA profiles, expression level of PRRX1 does
not correlate with differentiation status.

Further, for a more detailed understanding of PRRX1 expression in HCC, in the same
four cell lines, expression of PRRX1 isoforms a and b was analyzed. With the exception
of SNU398, all tested HCC cell lines expressed less of the truncated isoform PRRX1a
compared to the longer isoform PRRX1b (Figure 1D). The highest ratio of isoform a to
b was in SNU398 (2.69:1) and lowest in HLF cells (0.37:1, Figure 1E). In well-
differentiated cells (HUH7 and Hep3B), the ratio was 0.38:1 and 0.66:1, respectively.
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Figure 1. PRRX1 is upregulated in human HCC and shows a variable pattern in
vitro. (A) PRRX1 expression in human HCC cohorts. NT - non-tumour, HCC -
hepatocellular carcinoma. Data was analysed with Student’s t-test. Information about
sample size per cohort is provided in Table 1. (B) PRRX1 expression in 5 HCC
datasets available on Oncomine platform. The number of control/HCC samples in each
cohort is provided in Table 1 Red - upregulation, white — not significantly altered. Three
datasets show PRRX1 overexpression. (C) PRRX1 expression in human HCC cell
lines after 48 h culture. Normalized to the basal expression in HLF (lowest PRRX1
level). (D) PRRX1a and PRRX1b expression in human HCC cell lines after 48 h culture.
(E) Ratio of PRRX1a to PRRX1b isoform expression in HCC cell lines after 48 h
culture. Bars indicate mean + SD, n=3 per group. In C, D, E bars indicate mean = SD,
n=3 per group.
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4.1.3 Correlation of PRRX1 with TGF-B isoforms and receptors

Transforming growth factor beta is the most and best studied member of the TGF-8
superfamily (Weiss & Attisano, 2013) and is noted to play diverse roles in several
cellular contexts, including regulation of cell growth and being the main inducer of EMT
transcription factors in epithelial cells (Massague, 2012), (Thiery, Acloque, Huang, &
Nieto, 2009). It has been examinated and described that TGF-3 take part in all stages
of liver disease development, including early stages like inflammation, steatosis, and
fibrosis as well as advanced stages, namely cirrhosis and cancer (Dooley & ten Dijke,
2012). As a next step, the aim was to investigate whether there is a correlation between
PRRX1 expression and abundance of TGF-B isoforms or receptors in clinical HCC
tumour samples. The mRNA expression data for TGF-B genes (PRRX1, TGFB1,
TGFB2, TGFB3, TGFBR1, TGFBR2, TGFBR3) were assessed in four cohorts
(GSE25097, GSE64041, GSE57957, GSE14520; numbers of HCC samples shown in
Table 1) by using the NCBI GEO2R tool and applying the Pearson correlation. Up- or
downregulation of indicated targets were shown based on logFC values as heatmap
(Figure 2A). In two cohorts, PRRX1 was significantly higher expressed (e.g., by 2.05
fold in GSE25097, 1.50 fold in GSE64041; P < 0.0001). In the other two datasets not
significantly changed compared to non-tumour samples. Thus, two groups of patients
were defined, one with altered and one with unaltered PRRX1 expression in HCC, in
which TGF-f signatures were investigated. TGFB1 and TGFB3 were significantly lower
expressed in two cohorts: in GSE25097 (with upregulated PRRX1) by 37 % and by
129 %, while in GSE14520 with unchanged PRRX1 by 16 % and 12 %, respectively.
Interestingly, TGFB2 was highly expressed in one from two cohorts with upregulated
PRRX1 (in GSE64041 1.42 fold higher than in control) and significantly downregulated
in the other cohort with unaltered PRRX1 expression (i.e., GSE14520). Further,
expression of TGF-3 receptors was investigated. TGFBR1 was significantly higher in
patient samples with upregulated PRRX1 (in GSE25097 1.47 fold, in GSE64041 1.20
fold). In contrast, in a cohort with unaltered PRRX1, TGFBR1 showed a tendency to
downregulation (in GSE14520) that was not statistically significant. Patients with
elevated PRRX1 either showed downregulation of TGFBR2 (by 39 %) or no change,
while patients with unchanged PRRX1 expression, showed a significant upregulation
of TGFBR2 (in GSE57957 1.45 fold, in GSE14520 1.49). TGFBR3 was significantly
downregulated throughout the cohorts, with strongest downregulation when PRRX1
was strongly upregulated (GSE25097).
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In addition, a Pearson correlation analysis was performed for each of the TGF-f3 related
genes and PRRX1 based on gene expression values from the GSE25097 and the
GSE14520 cohort (Figure 2B). TGFB1, TGFB2, TGFB3 as well as TGFBR1 showed
a significant positive correlation with PRRX1 in both cohorts, regardless of PRRX1
expression. Among the receptors, TGFBR3 did not show a significant correlation with
PRRX1, whereas TGFBR2 showed a positive correlation with PRRX1 in GSE25097 (r
= 0.2685, P < 0.0001) with significantly upregulated PRRX1, but a negative correlation
in GSE14520 (r=-0.1774, P < 0.0001) with unaltered PRRX1. Taken together, patients
with high PRRX1 showed elevated TGFBR1, while patients with unchanged PRRX1
showed increased TGFBR2 levels. Moreover, TGFB1-3 and TGFBR1 as well as
TGFBR2 showed a positive correlation with PRRX1 in cohorts with significantly higher
PRRX1 expression (GSE25097, GSE64041).
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Figure 2. PRRX1 and TGFBs. (A) Heatmap showing expression of genes in HCC
cohorts. Red = upregulation, blue = downregulation, blank = not significant changed
with P > 0.05. (B) Pearson correlation of PRRX1 and TGF-B isoforms and their
receptors in human HCC cohorts.
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4.1.4 TGF-B regulates PRRX1 expression

Based on the diverse functions of TGF-[3, its role in liver diseases and the result from
the dataset analysis, the aim was to investigate the relationship between TGF- and
PRRX1 in HCC. Interestingly, prior evidence indicated that TGF- induced PRRX1
expression in the kidney MDCK cell line (Ocana et al., 2012). Thus, initially the ability
of TGF-B isoforms to induce PRRX1 expression was studied. HUH7 and HLF cells
were treated with 5 ng/ml of TGF-B1, TGF-B2, TGF-B3 for 24 h. TGF-B signaling
activation was confirmed at the protein level by measuring the pPSMADS status (Figure
3A). Indeed, quantitative PCR showed that the expression of total PRRX1 was
significantly increased after treatment with TGF-B1 (6.15 fold, P < 0.0001), TGF-32
(2.83 fold, P < 0.01) and TGF-B3 3.47 fold, P < 0.001) in the well-differentiated HCC
cell line HUH7 (Figure 3B). In HLF cell lines, which are poorly differentiated, TGF-31
also induced total PRRX1 expression (1.64 fold, P < 0.01), but TGF-B2 showed only a
tendency for a reduction of its expression and TGF-B3 did not significantly affect
PRRX1 expression (Figure 3B). Further, whether TGF-f3 isoforms influence the ratio
of PRRX1 isoforms expression was examined. In untreated control settings, the
PRRX1a:b ratio in HUH7 cells was 0.38:1 while in HLF 0.37:1. The experiment showed
that TGF-B1 significantly influenced expression of PRRX1 isoforms, inducing
expression of PRRX1a in HUH7 (0.84:1, P < 0.001) and HLF (0.89:1, P < 0.05) cells
(Figure 3C). In both cell lines, the ratio of PRRX1 was not significantly affected by
TGF-f2 (0.39:1 and a slightly increased to 0.62:1 in HUH7 and HLF, respectively).
Interestingly, TGF-B3 led to a significant change in ratio between PRRXla and
PRRX1b inducing expression of isoform a and repressing b in HLF (1.46:1, P < 0.01),
but did not affect HUH7 cells ratio.

Complementing the analyses, the effects on PRRX1 expression upon the inhibition of
intrinsic TGF-B signaling was investigated by using Galunisertib. HUH7 and HLF cells
were treated with 5 nM of LY2157299 for 24 h. LY2157299 reduced PRRX1 expression
by 70 % (P < 0.01) in HUH?7 cells, indicating that intrinsic TGF-§ signaling plays a role
in the relative high expression of PRRX1, while it did not affect expression of PRRX1
in HLF cells (Figure 3D). Taken together, there is a crosstalk between TGF- and
PRRX1 in HCC. The results prove that TGF-B isoforms impact PRRX1 expression and
significantly influence the ratio of PRRX1la:b isoforms in HUH7 and HLF cells.
Furthermore, intrinsic TGF-B signaling seems to be relevant in regulation of PRRX1

expression in distinct cell-settings, because a TGF-B receptor | inhibitor decreased
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PRRX1 expression in epithelial HUH7 cells, but did not affect its expression in

mesenchymal HLF cells.
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Figure 3. PRRX1 expression regulated by TGF-B. (A) pPSMAD3 protein expression
24 h after TGF- treatments (5 ng/ml) in HUH7 and HLF cell; C = control; 1, 2, 3 =
TGF-B isoforms (B) PRRX1 expression 24h after TGF- treatments (5 ng/ml) in HUH7
and HLF cell lines. (C) Ratio of PRRX1a:b 24h after TGF- treatment (5 ng/ml) in HUH7
and HLF cell lines. (D) Relative PRRX1 expression 24h after treatment with
Galunisertib (LY2157299, 5 ng/ml) in human HCC cell lines. Bars indicate mean + SD,

n=3 per group.
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4.2 PRRX1 functions in HCC
4.2.1 In silico analysis of PRRX1 related genes

To predict functions and pathways associated with the expression of PRRX1, in silico
analyses were performed by using bioinformatics tools. Firstly, PRRX1 co-expressed
genes were identified in TCGA HCC data from the cBioPortal platform. This cohort has
the highest number of HCC samples (N=371, see also Table 1) and showed the
upregulation of PRRX1 in the tumours (Figure 1A). The top twenty genes positively
and negatively co-expressed with PRRX1 were identified (Figure 4A). The correlating
top ranked genes include TGFB3 (mentioned in chapter 4.1.3) as well as several well-
known HCC relate genes, e.g. IL10, PTN, MRC2, PLXDC1 (upregulated), or HNF1A,
HNF4A, and FOXA2 DHCR24, (downregulated) (Zucman-Rossi et al., 2015), (Bai, Xia,
Sun, & Kong, 2017), (Cheng et al., 2014), (Taniguchi et al., 2018), (J. Liu et al., 2018),
(Chan & Chan, 2015). Thereatfter, the web platform DAVID was used to perform KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway functional annotation analyses
using the top positively correlating genes (n=1022 genes). Results show an
overrepresentation of extracellular matrix (ECM) genes, signal transduction or
regulation of actin cytoskeleton as well as gap junctions, which are consistent with cell-
cell interaction (Figure 4B). Specific alterations include ECM-receptor interaction
(n=15 genes, e.g. COL6A1/A2/A3, ITGA8/10, LAMA2/4), focal adhesion (n=29 genes,
e.g. CAV1, PDGFRA, PDGFRB, TNC, COL1A1), and PI3K-AKT signaling (n= 35
genes, e.g. PDGFRA/RB, FGF1/9, FGFR1, LPAR1/4/5/6, GNG2, PIK3R3/R5).
Crosstalk in stroma, reorganization of the cytoskeleton, or changes in adhesion are all
processes connected to cancer. Consistently, gene ontology (GO) analyses for
biological processes supported a positive correlation with stroma remodeling by
changes in ECM organization and collagen catabolic processes as well as involvement
in cell adhesion and signal transduction (Figure 4C). Moreover, involvement in

neuronal processes could be confirmed as upon KEGG analysis.

The GO classification “cellular components” supported the finding of KEGG analysis
and showed the importance of co-expressed genes for extracellular matrix and plasma
membrane. 293 genes were clustered to plasma membrane, and those included
MMP2, CAV1, FGFR1, PLPPR4, TGFB3, MSR1, and transporters such as SLC1A5,
SLC6A6, SCN3A and SLC7A3 (Figure 4D). Similarly, >300 genes were assigned as

integral membrane components, altogether implicating PRRX1 in membrane
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dynamics, plasticity and molecule transport. Furthermore, a gene set enrichment
analysis (GSEA) of PRRX1 co-expressed genes was performed to better understand
the underlying biological processes. This analysis identified association of PRRX1 with
interactions of cytokines with cytokines receptors. Next to this, EMT was identified as
a process in which genes positively correlated with PRRX1 (Figure 4E). In cancer,
EMT is associated with tumor invasion and metastasis. Further analysis of PRRX1 and
EMT were conducted and shown in chapter 4.2.3 and 4.2.4. Taken together, the genes
positively correlating with PRRX1 are involved in stroma remodeling, contribute to
signal transduction and are participating in focal adhesion as well as in EMT, crucial

cancer hallmarks.
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Figure 4 (A-D). Functional enrichment analyses of PRRX1 co-expressed genes.
(A) Genes positively or negatively correlated with PRRX1 in TCGA liver cancer data.
PRRX1 correlated genes were obtained from cBioPortal platform
(http://www.cbioportal.org/). (B) KEGG pathway annotation of genes positively
correlated with PRRX1. (C) Gene ontology ‘biological process’ of PRRX1 positively
correlated genes. (D) GSEA plot showing enrichment of cytokine-cytokine receptor
interaction and epithelial-mesenchymal transition in the genes positively correlated
with PRRX1.
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4.2.2 Correlation with clinicopathological variables

To gain insight on the association of PRRX1 with clinicopathological variables, clinical
data from the GSE14520 cohort (GPL3921, n = 225 HCC samples) were analyzed.
This cohort contained data for various clinical variables, including overall survival,
tumour size, Barcelona clinic liver cancer and tumour-node-metastasis classification
as well as ALT and AFP levels. Kaplan-Meier overall survival (OS) analysis showed a
tendency towards improved outcome for patients with high PRRX1-expressing
tumours compared to patients with low PRRX1-expressing tumours (Figure 5A).
Considering tumour size, there was a strong tendency with larger tumour sizes
(diameter > 5 cm) when PRRX1 was highly expressed (Figure 5B). PRRX1 was not
associated with other clinical variables analyzed, e.g. stage (defined by BCLC or TNM
staging), ALT, and AFP level (Figure 5B).
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4.2.3 ZEB1 and ZEBZ2 as novel transcription factors related to PRRX1

Besides correlating PRRX1 expression with TGF-B family members, the gene
expression datasets were used for further analysis. Specifically, TCGA dataset was
stratified into PRRX1-high and PRRX1-low PRRX1 tumour samples (N = 122, N =
123). This analysis revealed that PRRX1-high tumours express several genes that
were associated with the EMT (e.g., MMP2, MMP9, ZEB2, VIM) (Figure 6A). Based
on this clear link to EMT, a list of EMT targets (CDH1, MMP2, MMP9, SNAIL, TWIST,
VIM, ZEB1, ZEB2) was compiled and used to identify the candidates most correlated
with PRRX1 in the two largest HCC cohorts used in this study (i.e., TCGA and
GSE14520). Among those genes, the EMT transcription factors ZEB1 and ZEB2 were
significantly correlating with PRRX1 in both datasets (Figure 6B). To validate these
findings, correlation analyses of ZEB1/2 and PRRX1 were performed in seven
additional cohorts. ZEB2 expression correlated directly with PRRX1 in 6 out of 9,
namely in the TCGA (r = 0.5939, P < 0.0001), GSE14520 (r = 0.1710, P = 0.01),

GSE25097 (r = 0.7781, P < 0.0001), GSE64041 (r = 0.4355, P = 0.0005), GSE55092
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(r=0.3293, P = 0.04) and GSE39791 (r = 0.6395, P < 0.0001) cohorts, but negatively
in GSE36376 (r = - 0.3403, P = 0.04). ZEB1 showed a direct correlation with PRRX1
in 3outof 9,i.e. TCGA (r =0.2512, P < 0.0001), GSE25097 (r = 0.2880, P < 0.0001),
and GSE55092 (r = 0.3384, P = 0.04) datasets. In contrast, in GSE14520 (with PRRX1

not being significantly regulated), the correlation was significantly negative (r = -

0.2033, P = 0.002), while in five datasets no significant associations were observed

(Figure 6B).

Overall, ZEB1/2 correlates with PRRX1 in multiple HCC datasets.
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Figure 6 (A-B). PRRX1 correlation with ZEB1 and ZEB2 in HCC. (A) Volcano plot
showing genes differentially expressed in PRRX1-high tumours from TCGA dataset.
(B) Pearson correlation of PRRX1 and ZEB1 or ZEB2 in indicated HCC collectives.
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The clinical data from the GSE14520 dataset were further analysed in the context of
co-expression with ZEB1/2 and PRRXL1. Firstly, similar to PRRX1 (Figure 5A), neither
ZEB1 (P = 0.08) nor ZEB2 (P = 0.15) predicted overall survival when analyzed alone
(Figure 6C). Overall survival analyses were then performed for ZEB1 and ZEB2 in
combination with PRRX1. Liver tumours with high PRRX1 and low ZEB1 (P = 0.04) or
high ZEB2 (P = 0.03) predicted improved overall survival outcome (Figure 6C).
However, besides overall survival, ZEB1 or ZEB2 when combined with PRRX1 showed
no significant association with other clinicopathological variables such as ALT level,
tumour size, presence of cirrhosis, TNM and BCLC staging, and AFP level (Tables 2
and 3).
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Figure 6C. Overall survival analysis in context ZEB1/2 and PRRX1. Kaplan Meier
OS analysis (log rank test) of high PRRX1 combined with low ZEB1 or high ZEB2 in
GSE14520 dataset, based on its negative correlation with ZEB1 and positive
correlation with ZEB2 in this dataset. H = high, L = low.

Previous studies have reported the overexpression of ZEB1 and ZEB2 in HCC
(Yamada et al., 2014), (T. Wan, Zhang, Si, & Zhou, 2017). In HCC cell lines, basal
MRNA levels of ZEB1/2 relative to PRRX1 was heterogeneous. Specifically, the poorly
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differentiated cell line HLF, which express low level of PRRX1 (Figure 1C), showed
comparatively higher levels of both ZEB1/2: 14.25 and 27.37 fold higher than PRRX1,
respectively (Figure 6D). SNU398 cells, which express high PRRX1, showed also a
high level of ZEB2 (6.83 fold higher) but low ZEB1 (87 % lower), reflecting the positive
correlation between PRRX1/ZEB2 in human HCC datasets. HUH7 cells expressed
2.02 fold higher ZEB1 and lower ZEB2 compared to PRRX1 expression (Figure 6D).
To causally link PRRX1 with ZEB expression, PRRX1 was knocked down in HCC cell
lines (Figure 6E) followed by assessment of ZEB1/2 mRNA expression (Figure 6E).
The knockdown of PRRX1 led to the downregulation of both ZEB1/2 except ZEB2 in
HUH?7 cells (Figure 6F). Expression of ZEB1 was decreased by about 53 % in HUH7
and 56 % SNU398 cells, and 26 % in HLF cells (P < 0.0001). ZEB2 was decreased by
~ 16 % in SNU398 (P < 0.05) and HLF (P < 0.01) cells. Taken together, these data
identify ZEB1 and ZEB2 as PRRX1-regulated genes, likely acting in concert with

PRRX1 to influence survival of HCC patients.
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Figure 6 (D-F). (D) Differential expression of ZEB1 and ZEB2 compared to PRRX1 in
HCC cell lines. Cells were cultured for 48 h prior to analysis, bars indicate mean + SD,
n=3 per group. (E) PRRX1 knockdown in HUH7, SNU398, HLF HCC cell lines as
determined by gPCR analysis. The knockdown was induced by transfection of 25 nM
siPRRX1. Bars indicate mean + SD, each in triplicate. (F) ZEB1 and ZEB2 expression
as determined by qPCR 48 h after siPRRX1 knockdown. Bars indicate mean + SD and
representative of 3 experiments each in triplicates.
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Table 2. ZEB1 expression in combination with PRRX1 with respect to the
clinicopathological variables (n = number of patients)

Characteristics PRRX1 1 ZEB1| PRRX1 | ZEB11 P-value
n n
ALT
Low 36 36 ns
High 21 21
Tumor size
Small 35 35 ns
Large 22 22
Cirrhosis
Yes 52 55 ns
No 5 2
TNM staging
I 27 23 ns
[l 18 20
11 11 14
BCLC
0 9 6 ns
A 40 35
B 4 8
C 3 8
AFP
Low 29 27 ns
High 26 30
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Table 3. ZEB2 expression in combination with PRRX1 with respect to the
clinicopathological variables (n= number of patients)

Characteristics PRRX1 1 ZEB2| PRRX1 | ZEB2] P-value
n n
ALT
Low 32 28 ns
High 24 27
Tumor size
Small 37 36 ns
Large 19 19
Cirrhosis
Yes 52 53 ns
No 4 2
TNM staging
I 23 23 ns
[l 18 20
11 14 12
BCLC
0 6 3 ns
A 37 37
B 2 8
C 10 7
AFP
Low 31 30 ns
High 25 25
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4.2.4 Influence of PRRX1 on migration and the expression of EMT markers in
HCC

One of the properties of distinct cancer cells is their ability to migrate and form
metastases. Analysis of correlated genes revealed a link between PRRX1 and cell
migration, cell adherence and the regulation of actin cytoskeleton. Gene set
enrichment analysis (GSEA) indicated that PRRX1 participates in EMT processes.
Further, studies have reported that PRRX1 influences the expression of EMT related
transcription factors in breast cancer (Ocana et al., 2012) and promotes cell migration
in pancreatic cancer (Reichert et al., 2013). Thus, the aim was to investigate the impact
of PRRX1 on cell migration and expression of EMT markers in HCC cell lines.
Accordingly, in the control conditions, HLF cells migrated about 20% faster in a scratch
assay than HUH?7 cells after 48 h, as expected due to differentiation status of the two
cell lines. Upon the knockdown of PRRX1, migration was increased in HUH7 by 6.01%
(P < 0.001), but was decreased in the mesenchymal cell HLF by 5.21% (P < 0.01;
Figure 7A). Atthe mRNA level, the expression of EMT markers (CDH1/2, VIM, TWIST,
SNAI1/2) was assessed after 48 h of PRRX1 knocked down (Figure 7B). Firstly,
efficiency of the PRRX1 knock down was confirmed in both cell lines to be ~ 80%
(Figure 6E). In addition, the EMT marker CDH1 expression was increased by 2.20 fold
(P <0.0001) in HUH7 and not changed in HLF cells upon PRRX1 knockdown. Further,
CDH2 was decreased by ~ 30% in both HUH7 and HLF cells (P < 0.0001). VIM,
another EMT gene, was slightly decreased in HUH7 (P < 0.05), but not significantly
changed in HLF. EMT transcription factors TWIST1 and SNAI2 were downregulated in
both cell lines, but more strongly in HUH7 cells. In contrast, SNAI1 was upregulated
(1.58 fold, P < 0.05 and 1.56 fold, P < 0.01) in both cell lines. Taken together, the cell
line HUH7 showed an increased migration after the loss of PRRX1, but the epithelial
phenotype was unaffected, as indicted by alterations in EMT markers, except of SNAI1
(Figure 7B). In contrast, the mesenchymal HLF cells showed a reduced migration, but
did not change expression of epithelial marker CDH1 upon PRRX1 knockdown.
Nevertheless, in this cell line, a tendency was found towards a decrease of
mesenchymal markers (except SNAIL). Thus, these data reveal that PRRX1 influences
HCC cell migration and is able to modulate expression of EMT markers in HCC in a

cell type dependent-manner.
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Figure 7. Cell migration and EMT markers upon PRRX1 modulation (A) Cell
migration scratch assay 24 h after sSiPRRX1 transfection. Bars indicate mean + SD of
gap distance (n=18 equidistant measurements) after scratching the monolayer with
200 pl pipette tip. (B) Expression of indicated targets in HUH7 and HLF cells 48 h after
PRRX1 knockdown. Normalized to expression in cells transfected with non-targeted
siControl.

4.2.5 Cell proliferation

Cell proliferation must be tightly regulated as uncontrolled proliferation is an important

hallmark of cancer development and progression. It was previously reported that the

loss of PRRX1 reduced proliferation of breast cancer cells (Lv et al., 2016). To

60



investigate whether PRRX1 played a role in the proliferation of HCC cells, three HCC
cell lines were used for these studies: HUH7, SNU398 and HLF. PRRX1 was knocked
down in these cells (Figure 6E) and 48 hours later, proliferation was measured by MTT
assay. In SNU398, proliferation rate was unaltered by PRRX1 knockdown. In contrast,
HUH7 and HLF cell lines showed a significant increase in cell proliferation after 48 h
by 43% and 51% (P < 0.001), respectively (Figure 8A). The change in HUH7 cell
proliferation was supported by significantly increased RNA expression of Ki67 (1.48
fold, P < 0.0001) and a tendency of increased PCNA expression. The changes in
proliferation of HLF cells could not be connected to RNA expression profiles of PCNA
and Ki67, as the markers were significantly downregulated when PRRX1 was knocked

down (Figure 8B).
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Figure 8. PRRX1 and cell proliferation. (A) MTT proliferation assay as measured 48
h after knockdown of PRRX1. Experiment was repeated at least 3 times. Bars indicate
mean = SD, n=12 per group (4 from each experiment). (B) Expression of PCNA and
Ki67 in HUH7 and HLF cells 48 h after PRRX1 knockdown. Normalized to expression
in cells transfected with non-targeted siControl. Bars indicate mean + SD, n=3 per

group.
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4.2.6 Cell clonogenicity

Next, the role of PRRX1 was investigated in context of HCC cells’ ability to form
colonies. The clonogenic assay bases on the ability of cells to grow into colonies and
this is a crucial aspect for recurrence of tumors from single remaining tumor cells after
surgery or other systemic treatments. Therefore, the importance of PRRX1 on
clonogenic growth was tested. For this purpose, HUH7, SNU398 and HLF cells were
seeded in very low density (~ 10% confluence) in 6 well plate after PRRX1 was
knocked down. 8 days later, the effects of PRRX1 on colony formation was visualized
by crystal violet staining. Under control conditions, poorly-differentiated HLF cells
showed strongest ability to form colonies (30% more than HUH7 and 100% more than
SNU398). In general, HCC cells had a higher capacity to form colonies when PRRX1
level were reduced (Figure 9). In SNU398 cells, with a different a:b PRRX1 ratio
compared to HUH7 and HLF cells, strongest effects on colony formation occurred.
SNU398 cells formed ~ 4 times more colonies when PRRX1 was knocked down (P <
0.0001). An increase of colonies by 7.45% and 37.55% (P < 0.01) was found in HUH7
and HLF cells upon PRRX1 knock down compared to control groups, respectively.

Taken together, PRRX1 impacts the ability of HCC cells to form colonies.
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Figure 9. PRRX1 and colony formation. Colony formation assay 8 days after PRRX1
knockdown. Experiment was repeated at least 3 times and a representative picture is
shown. CV = crystal violet. Bars show CV quantification mean values + SD.

4.2.7 PRRX1 and cell death

Knowing that PRRX1 affects proliferation, further investigations focused on apoptosis,
a process tightly connected to cell growth. A hallmark of cancer is the ability of

malignant cells to avoid apoptosis. The mechanisms of apoptosis execution are
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complex and involve diverse pathways. Escape mechanisms can develop at any step
within these pathways, supporting malignant growth of tumor cells. A crucial step
during apoptosis execution is the activation of caspase 3, thus, its abundance and
function can be measured as an indicator of the degree of apoptosis. PRRX1 functions
on apoptosis of HCC cells was determined by measurement of caspase 3 activity. Loss
of PRRX1 did not affect cell apoptosis in HUH7, but increased caspase 3 activity by ~
25% in HLF (P < 0.001; Figure 10). Considering the stimulating impact of PRRX1
knockdown towards HLF proliferation (Figure 9), an increase in cell death is not

surprising for fast growing cancer cells.
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Figure 10. PRRX1 and cell apoptosis. Caspase 3 activity
measured 48 h after PRRX1 knockdown. Bars indicate mean + SD, n = 9 per group.

4.3 PRRX1 and liver cancer cell metabolism
4.3.1 Inverse correlation with metabolic pathways

For further predictions of functions or pathways associated with the expression of
PRRX1, in silico analyses was expanded. As described in chapter 4.2.1, PRRX1 co-
expressed genes were identified in TCGA HCC data from cBioPortal. KEGG pathway
analysis of the top 1022 genes negatively correlated with PRRX1 (based on Pearson
score) identified genes involved in metabolism — a link that had not yet been shown for
PRRX1 in HCC (Figure 11A). Among the affected metabolic processes were amino
acid metabolism, e.g. glycine, serine and threonine metabolism (n = 16 genes, e.g.
SHMT1, CHDH, GATM), tryptophan metabolism (n = 13 genes, e.g. ALDH2), histidine
metabolism (n = 9 genes, e.g. MAOA, MAOB), valine, leucine and isoleucine
degradation (n = 16 genes, e.g. ACADSB, EHHADH, ECHS1). Also processes such
as fatty acid degradation (n = 16 genes, e.g. ECI1, ECI2, ACOX1), steroid biosynthesis
(n =9, e.g. CYP51A1, NSDHL), bile secretion (n = 15 genes, e.g. ABCB4, ABCC2,
SLC51A, SLC27A5) and peroxisome activity (n = 42 genes, e.g. ACOX1/2, HACL1,
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PEX1, 5, 6, 7, 16, and 19) (Figure 11A) were regulated. Metabolism also dominated
the GO term ‘biological processes’ of the PRRX1 negatively correlated genes, e.g. fatty
acid biosynthetic process, fatty acid beta-oxidation, cholesterol biosynthesis and
homeostasis, peroxisome organization and processes of oxidation-reduction reactions
(Figure 11B). Further, the GO term ‘cellular component’ implicated peroxisomes and
mitochondria (Figure 11C) — two organelles involved in important metabolic
processes, antioxidant defense and cellular respiration, respectively. These results
provide a clear link to metabolism. Furthermore, the GSEA of PRRX1 negatively
correlating genes was performed to deepen our understanding on the underlying
biological processes. This analysis identified bile acid metabolism and glycine, serine
and threonine metabolism as processes closely related to PRRX1 (Figure 11D). This
again underlines the correlation of PRRX1 with amino acid and bile acid metabolic
processes. Additionally, the 1022 PRRX1 inversely correlated genes were aligned with
the gene list recently published as consistently altered metabolic genes (Nwosu et al.,
2017). Indeed, overlap of the inversely PRRX1 correlated genes with genes described
as downregulated (n = 350) or upregulated (n = 284) metabolic genes in human HCC
revealed 135 overlapping targets (124 downregulated and 11 upregulated genes)
(Figure 11E, Table 4). Of these, 124 metabolic genes that are negatively correlating
with PRRX1 and were described as downregulated in HCC, several belonged to amino
acid and fatty acid metabolism, and also to small molecule transport (Figure 11F).

To summarize these analyses, PRRX1 expression correlated with the downregulation

of metabolic pathways, and thus contributes to a suppressed metabolic gene pattern.
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Table 4. Metabolic targets in the PRRX1 inversely expressed gene list altered in

HCC
In HCC Gene Symbol
Up (n=11) ALG3, FLAD1, COX11, FDPS, NAT9, ALG6, PPOX, GNPAT,

SLC35B1, ALG8, MPC2

Down (n=124)

A1CF, ABAT, ABCA6, ABCC6, ABCD3, ABHD6, ACAAL,
ACADSB, ACBD4, ACOX1, ACOX2, ACSL5, ACSM5, ADHS6,
ADI1, AGXT, AKR7A3, ALAS1, ALDHI1L1, ALDH2, ALDH7A1,
ALDHY9A1, AQP9, BDH1, BHMT2, CAT, CBS, CDO1, CES1,
CES3, CRAT, CRYL1, CYB5A, CYP2C9, CYP2J2, CYP4All,
CYP4F12, CYP4F2, CYP4F3, DAO, DCXR, DDAH1, DDT, DERA,
DHRS1, DHRS12, DHTKD1, DPYS, ECHDC2, ECHDC3, ECHS1,
EHHADH, EPHX2, FAAH, FAH, FDX1, FMO3, FMO4, FTCD,
GAMT, GATM, GLYAT, GNE, GPHN, GRHPR, GSTA1, HAAO,
HAGH, HAO1, HIBCH, HMGCL, HNMT, HSD17B6, HYAL1, IVD,
KHK, LIPC, MAOB, MAT1A, MGST2, MMACHC, MTHFS, MTTP,
NIT2, OTC, PAH, PAOX, PCCB, PCK2, PECR, PEMT, PFKFB1,
PGM1, PHYH, PIGV, PIPOX, PON1, PON3, PRODH2, QPRT,
RBKS, RETSAT, SARDH, SCP2, SFXN1, SHMT1, SLC10A1,
SLC17A2, SLC25A20, SLC27A5, SLC2A2, SLC37A4, SLC47A1l,
SLC6A12, SOD1, SORD, ST3GAL6, ST6GALL, SULT2A1, SUOX,
TF, THNSL1, UAP1, UPB1
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KEGG pathway annotation of PRRX1 correlated genes
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Figure 11. Functional enrichment analyses of PRRX1 negatively correlated
genes. (A) KEGG pathway annotation of genes negatively correlated with PRRX1. (B)
Gene ontology ‘biological process’ of PRRX1 negativelycorrelated genes. (C) Gene
ontology ‘cellular components’ of PRRX1 positively correlated genes. Numbers in B,
C = gene count. (D) GSEA plot showing enrichment of bile acid metabolism and
glycine, serine and threonine metabolism in the genes negatively correlated with
PRRX1. (E) Venny diagram for number of genes inversely correlated with PRRX1 in
TCGA liver cancer data overlapped with genes consistently up or downregulated in
HCC (Nwosu et al., 2017). (F) Metabolic processes reflected by genes inversely
correlated with PRRX1 in TCGA and altered in HCC. S.M. — small molecule, NAD —
nicotinamide adenine dinucleotide.

4.3.2 PRRX1, glycolysis and the TCA cycle

4.3.2.1 Gene expression level

Altered metabolism is a known cancer hallmark. Given that patients tumor gene
analysis linked PRRX1 to metabolic processes, further in vitro experiments was
focused on metabolic rearrangements in the context of PRRX1. Firstly, targets involved
in glycolysis, glutaminolysis and TCA cycle were investigated. Therefore, PRRX1 was
knocked down in HUH7 and HLF cells and 48 h later, RNA was isolated to determine
the expression levels of genes involved in metabolic processes. The results are
presented in the following and are shown in Figures 12A and 12B.

Glycolysis

One of the key characteristics of cancer cells is their increased glycolytic activity. The
first step of glycolysis is catalyzed by hexokinase enzymes, HK1 and HK2. HK1 is
widely expressed in most normal adult tissue, whereas HK2 expression in normal
tissue is limited, it is overexpressed in cancer. Reduction of PRRX1 in HUH7 cells
significantly increased expression of genes regulated glycolysis pathway by induction
of HK1 (1.60 fold, P < 0.01) and HK2 (1.95 fold, P <0.0001) in HUH7 cells, while in
HLF it caused a slight reduction of HK1 and did not affect HK2. The transmembrane
sodium-dependent transporter of amino acids SLC1A5, delivering pyruvate to
glycolysis, was also increased by 1.42 fold (P < 0.001) in HUH7 cells, but unchanged
in HLF. Further, the pyruvate dehydrogenase complex, PDHX, catalyzes the
converting of pyruvate to acetyl coenzyme A, which links glycolysis to TCA cycle.
PDHX was increased by 1.62 fold (P < 0.0001) upon reduction of PRRX1 in HUH7 and
reduced by 37% (P < 0.0001) in HLF cells. Then, pyruvate Kinase M 2 (PKM2) was
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also affected by loss of PRRXL1. Its expression was downregulated by 20% (P < 0.01)
and 30% (P < 0.01) in HUH7 and HLF, respectively. This might change the transfer of
a phosphoryl group from phosphoenolpyruvate to ADP for generating energy as ATP
molecules and pyruvate during glycolysis. Furthermore, lactate dehydrogenase A and
B (LDHA, LDHB) catalyze the conversion of pyruvate to lactate under anaerobic
conditions and are key in glycolytic metabolism. The expression of LDHA was also
increased by 1.96 fold (P < 0.001), while LDHB was reduced by 73% (P < 0.05) in
HUH?7. In HLF, both LDHA and LDHB were increased by 1.48 and 1.61 fold (P < 0.001,
P < 0.05).

These results showed that PRRX1 regulates prominent targets involved in glycolysis,

and lactate synthesis.

Glutaminolysis

During glutaminolysis, glutamine is converted into glutamate and this process is highly
activated in cancer cells. Thus, the genes encoding key enzymes in glutaminolysis
(notably glutaminase, glutamate pyruvate transaminases and glutamic-oxaloacetic
transaminases) were investigated after the knockdown of PRRX1. Glutaminase 1
(GLS1), an aminohydrolase enzyme, catalyzes the hydrolysis of glutamine to
glutamate. Reduction of PRRX1 increased GLS1 by 1.67 fold in HUH7 cells and 1.13
fold in HLF cells (P < 0.01). Then, glutamate-pyruvate transaminases 1/2 (GPT1 and
its paralog GPT2) are enzymes that catalyze the reversible transamination between
alanine and 2-oxoglutarate to generate pyruvate and glutamate, and therefore are
important in the intermediary metabolism of glucose and amino acids. GPT1
expression was significantly decreased (by 88%) in HUH7 and (by 61%) in HLF cells
(P < 0.01), while GPT2 was significantly increased (1.70 fold, P < 0.01) in HUH7 and
decreased (by 13%, P < 0.05) in HLF upon reduction of PRRX1. Furthermore,
glutamic-oxaloacetic transaminases 1/2 (GOT1 and its paralog GOT2) are important
regulators of glutamate and participate in the biosynthesis of L-glutamate from L-
aspartate or L-cysteine. The level of GOT1 after PRRX1 knockdown was significantly
increased by 1.13 fold (P < 0.01) in HUHY cells, while decreased by 23% (P < 0.0001)
in HLF cells. Expression of GOT2 was significantly increased by 1.35 fold (P <0.01) in
HUH7 cells, while decreased by 35% (P < 0.001) in HLF cells upon reduction of PRRX1
expression. Taken together, varying regulations were observed for targets involved in

glutaminolysis in HUH7 and HLF cell lines. Reduced PRRX1 influenced expression of
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genes involved in glutaminolysis positively (except reduced GPT1) in epithelial HUH7

cells and negatively (except induced GLS1) in mesenchymal HLF cells.

The tricarboxylic acid cycle

TCA cycle is the main source of ATP for healthy cells and an important part of aerobic
respiration. However, this cycle is often altered in cancer cells. Therefore, the influence
of PRRX1 on genes of the TCA cycle was investigated. Indeed, many genes involved
in the TCA cycle were altered by PRRX1 knockdown in HUH7 and HLF cells. For
example, isocitrate dehydrogenases 3A/B (IDH3A and IDH3B) participate in catalysing
of the oxidative decarboxylation of isocitrate to 2-oxoglutarate. Reduction of PRRX1
significantly increased IDH3A and IDH3B by 1.27 fold (P < 0.001) and 1.17 fold (P <
0.05) in HUH7, respectively. In HLF cells, IDH3A was increased by 1.73 fold (P < 0.05),
while IDH3B was reduced by 34% (P < 0.01) upon reduced PRRX1. Next, oxoglutarate
dehydrogenase (OGDH) was increased upon PRRX1 knockdown in HUH7 (1.68 fold,
P <0.001) and in HLF (1.52 fold, P < 0.05) cells, which might have consequences on
the overall converting of 2-oxoglutarate (a-ketoglutarate) to succinyl-CoA. Then,
expression of both succinate-CoA ligase GDP/ADP-forming subunit 1/2
(SUCLG1/SUCLG2) was reduced in HLF by 52% (P < 0.01) and 28% (P < 0.05),
respectively, whereas in HUH7 cells, the knockdown of PRRX1 did not significantly
affect SUCLG1, but increased SUCLG2 (1.86 fold, P < 0.0001), which might affect the
converting of succinyl-CoA and ADP or GDP to succinate and ATP or GTP. Further,
succinate dehydrogenase complex flavoprotein subunits A/ B/ C/ D (SDHA/ SDHB/
SDHC/ SDHD), under conditions of reduced PRRX1 level, were induced by 2.46 fold
(P <0.0001), 1.27 fold (P < 0.001), 1.35 fold (P < 0.001) and 1.42 (P < 0.0001) fold in
HUHY7 cells, respectively. Similarly, induction of SDHA (1.75 fold, P < 0.0001), SDHB
(2.15 fold, P < 0.05), SDHC (1.20 fold, P < 0.01) was observed in HLF cells, whereas
only isoform D was reduced (by 35%, P < 0.0001). Thus, the electron transfer from
succinate to ubiquinone might be affected. Then, fumarate hydratase (FH) was
increased by 2.36 fold in HUH7 cells and by 1.63 fold in HLF cells in the PRRX1
knockdown group (P < 0.0001), which might imply that the catalysis of L-malate from
fumarate is altered. Furthermore, the expression of malate dehydrogenase 1 (MDH1)
is significantly upregulated (1.25 fold, P < 0.05) upon reduction of PRRX1 in HUH?7,
but was not changed in HLF cells. MDH1 catalyzes the NAD/NADH-dependent,

reversible oxidation of malate to oxaloacetate, which reacts with acetyl-CoA to form
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citrate. Phosphoenolpyruvate carboxykinase 1 (PCK1) showed decreased expression
upon PRRX1 knockdown in HUH7 (by 36%, P < 0.01) and HLF (by 57%, P < 0.001)
which is responsible for the regulation of gluconeogenesis.

To conclude, the reduction of PRRX1 causes severe alterations in glycolysis,
glutaminolysis and the TCA cycle (Figure 13A & 13B). The pattern of changes in
HUH7 and HLF cells was not entirely overlapping. A strong upregulation of genes
involved in glycolysis and the TCA cycle were observed in HUH7 cells, while in HLF
the pattern was not the same for all targets. As changes in gene expression were

observed, the next step was to investigate metabolite levels.
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Figure 12A. Metabolic genes after knockdown of PRRX1 in HUH7 cell line.

Expression of indicated targets in glycolysis, glutaminolysis, the TCA cycle in HUH7

cells 48 h after PRRX1 knockdown. Normalized to expression in cells transfected with

non-targeted siControl.
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Expression of indicated targets in glycolysis, glutaminolysis, the TCA cycle in HLF cells
48 h after PRRX1 knockdown. Normalized to expression in cells transfected with non-

Figure 12B. Metabolic genes after knockdown of PRRX1 in HLF cell line.
targeted siControl.



4.3.2.2 Rolein glucose consumption and lactate output

Following alterations in expression of metabolic genes after modulation of PRRX1, the
aim was to establish a functional link with glycolysis, namely if the observed gene
expression changes did also manifest on the metabolite level. Therefore, HUH7,
SNU398 and HLF cells were used and glucose consumption and lactate output were
measured from cell culture medium after modulation of PRRX1 after 48 h. The
knockdown of PRRX1 led to an increase in glucose consumption in HUH7 (by 27.96%,
P < 0.01) and HLF (by 16.1%, P < 0.0001) cells, while in SNU398 a non-significant
increase by ~ 14% was determined (Figure 13). Furthermore, lactate output was
significantly increased (by 13.34%, P < 0.01) in HUH7 and (by 17.77%, P < 0.05)
SNU398 cell lines, while HLF cells showed only a slight tendency (~ 6%, P = 0.40) in
the same direction (Figure 13). These data support the findings that PRRX1 increases
glycolytic activity, i.e. in terms of glucose consumption and lactate secretion,

irrespective of the differentiation state of the cell.
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Figure 13. Biochemical parameters of glycolysis. Glucose consumption and lactate
output as measured 48 h after sSiPRRX1 transfection. Bars indicate mean + SD and a
representative figure of 2 experiments is shown, each in triplicates.

73



4.3.2.3 Alteration of metabolites in sugar metabolism and the TCA cycle

Next to the alterations in glucose consumption and lactate output, the aim was to
determine whether PRRX1 affects metabolites involved in sugar metabolism in general
and TCA cycle. Therefore, metabolomics profiling was carried out following the
knockdown of PRRX1 in HUH7 and HLF cells using gas chromatography-mass
spectrometry. Results on different metabolic pathways are presented in the following
and are shown in Figure 14.

Sugar metabolism/Glycolysis

Glycolysis converts glucose to pyruvate via a series of intermediate metabolites and
as shown in chapters 4.3.2.1 and 4.3.2.2, factors and metabolites were changed by
PRRX1 knockdown. In addition, metabolomics revealed that PRRX1 influences levels
of some other key metabolites. Reduction of PRRX1 significantly increased glucose 6-
phosphate (Glc-6-P, 2.24 fold, P = 0.006), fructose-6-phosphate (Frc-6-P, 3.37 fold, P
= 0.03) and glycerol (1.74 fold, P = 0.02). Hexose (P = 0.67, P = 0.30), gluconic acid
phosphatate (P = 0.61, P = 0.80), glycerol-3-P (P = 0.23, P = 0.24), sorbitol (P = 0.45,
P = 0.64), phosphoenolpyruvic acid (PEP) (P = 0.32, P = 0.32), and pyruvic acid (P =
0.30, P = 0.65) showed no significant changes in HUH7 and HLF, respectively.

The tricarboxylic acid cycle

Due to observed changes in expression of genes involved in TCA cycle upon PRRX1
modulation, the level of key metabolites were investigated for a broader understanding
of the function of PRRX1 regarding TCA cycle. Pyruvate created by glycolysis is
converted into acetyl-CoA, fuelling the TCA cycle. The condensation of acetyl-CoA with
oxaloacetate then leads to formation of citrate. Reduction of PRRX1 abundance led to
a significant upregulation of citric acid (2.87 fold, P = 0.006) and a-ketoglutarate (2.81
fold, P = 0.001), key intermediates of isocitrate metabolism, in HUH7 cells. In contrast,
effects in HLF cells were less pronounced. Citrate was downregulated (reduced by 43
%, P = 0.02), while a-ketoglutarate was not altered. Then, the entire cycle can be
divided into two phases: a) decarboxylating stage including conversion of citrate to
succinyl-CoA and b) the reductive stage involving successive oxidation of succinate to
fumarate, fumarate to malate and malate to oxaloacetate. Here, the reduction of
PRRX1 led to a significant upregulation of succinic acid (1.53 fold, P = 0.03) and malic
acid (1.16 fold, P = 0.01), but did only affect fumaric acid (P = 0.06) in HUH7 cells by
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tendency. In contrast, in HLF cells, a reduction of PRRX1 caused significant
downregulation of fumaric (reduced by 24%, P = 0.03) and malic acid (reduced by
33%, P =0.002), but did not affect succinic acid (P = 0.12).

Further, a-ketoglutarate is used to synthesize glutamic acid. Glutamic acid may be also
formed by glutamine and the reaction delivers pyroglutamic acid, which is an
intermediate in glutathione metabolism. Reduction of PRRX1 led to upregulation of
glutamic acid (1.73 fold, P = 0.002) in HUH7 and to a downregulation (reduced by 29%,
P =0.02) in HLF.

Amino acid metabolism

There is a close connection of the TCA cycle with amino acid metabolism, and thus,
PRRX1 downregulation also affected amino acid abundance. Amino acids as
substrates for protein synthesis can be divided into distinct groups: non-polar, polar,
positively and negatively charged amino acids. Reduction of PRRX1 significantly
increased non-polar amino acid alanine in both, HUH and HLF (1.53 fold, P = 0.01;
1.18 fold P = 0.0007, respectively) cell lines. Glycine (1.32 fold, P = 0.005),
phenylalanine (1.37 fold, P = 0.05) and methionine (2.28 fold, P = 0.03) were increased
in HUH7, while not changed in HLF. In contrast to increased proline levels (2.35 fold,
P =0.001) in HUHY7 cells, it was decreased (reduced by 16 %, P = 0.07) in HLF upon
knockdown. Moreover, reduction of PPRX1 led to upregulation of polar threonine (2.18
fold, P = 0.01) in HUH7, but did not change its level (P = 0.31) in HLF. PRRX1 did not
affect other amino acids, such as valine, tryptophan, isoleucine, leucine, cysteine, polar
asparagine or positively charged lysine in both cell lines.

Taken together, complementing data on gene expression changes, PRRX1 influenced
intermediate metabolites of glycolysis and TCA cycle as well as affected levels of
amino acids. Similar to the in silico analysis data, HUH7 cells showed a negative
correlation of PRRX1 with levels of many cell metabolites. A significant induction of
several metabolites of glycolysis was observed in those cells after reduction of PRRX1.
Furthermore, reduction of PRRX1 led to a strong induction of several intermediate
metabolites of the TCA cycle, followed by the induction of amino acids connected to
TCA cycle (except serine, which was contrary to other changed metabolites reduced
after knockdown of PRRX1 in HUH7 cells). In stark contrast, alterations in HLF cells
showed that lower number of metabolites were affected by the reduction of PRRX1
compared to HUH7 cells and those changes showed positive correlation with PRRX1
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expression. Regarding glycolysis of HLF cells, PRRX1 reduced expression caused
tendency to decreased level of intermediates metabolites. Moreover, several
metabolites from TCA cycle were reduced after reduction of PRRX1 expression.
Further, reduction of PRRX1 did not have impact on amino acids (except significantly
induced alanine and reduced proline). The overview of metabolic changes in HUH7

and HLF cells under loss of PRRX1 are presented in Figures 15A and 15B.

siPRRX1 siPRRX1 siPRRX1 siPRRX1
siControl siControl siControl siControl

Glucose/sugar metabolism HUH7 HLF Amino Acids HUH7 HLF
Glec-6-P Alanine
Frc-6-P Glycine
Hexose Phenylalanine
Gluconic acid phosphate Methionine
Glycerol-3-P Proline
Glycerol Threonine
Sorbitol Valine
PEP Tryptophan
Pyruvic acid Isoleucine

Leucine
TCA cycle Cysteine
Citric acid Asparagine
a-ketoglutarate Lysine
Succinic acid Serine
Fumaric acid
Malic acid

Scale

Others:
Phosphoric acid
Glutamic acid 1,73 0,71

Figure 14. Alteration in metabolites. Heatmap of changes in metabolite levels of
sugar metabolism, TCA cycle and amino acids in HUH7 and HLF cells 48 h after
PRRX1 knock down. White numbers for P < 0.05; black not significant. Experiment
was performed in triplicates.
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Figure 15A. Summary of metabolic changes after loss of PRRX1 in HUH7 cells.
Red = upregulation, green = downregulation, italics = genes, bold = dysregulated
metabolites.
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Figure 15B. Summary of metabolic changes after loss of PRRX1 in HLF cells.
Red = upregulation, green = downregulation, italics = genes, bold = dysregulated
metabolites.

4.3.2.4 Alterations of ATP level

ATP is an organic compound that ensures energy to perform numerous processes in
living cells (Bonora et al.,, 2012). ATP gives energy for processes in the cells by
donating phosphate groups, following by the formation of either adenosine
diphosphate (ADP) or adenosine monophosphate (AMP). ATP is produced with less
efficiency by glycolysis (2 ATP invested and 4 ATP won, net yield 2 ATP) and with
higher efficiency in the TCA cycle (the total energy balance of glucose degradation
under aerobic conditions is +32 ATP per glucose molecule). As PRRX1 influences

glycolysis and TCA cycle, the aim was to proof whether PRRX1 subsequently affects
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the energy state of HCC cells. Therefore, PRRX1 was knocked down in epithelial
HUH7 and mesenchymal HLF cell lines. Subsequently, ATP level were measured
using a luciferase-based assay in the cells 48 h after knockdown and data was
normalized to protein concentration. Interestingly, in contrast to higher metabolite
levels as measured by metabolomics in slower growing epithelial HUH7 cells, loss of
PRRX1 reduced the amount of available ATP by 40 % (P < 0.01) (Figure 16).
Contradictory, faster growing mesenchymal HLF cells also showed 36 % (P < 0.05)
reduction of ATP level in concert with reduced metabolites in TCA cycle (Figure 16).

To conclude, reduction of PRRX1 affects changes in ATP level by its reduction in
HUH7 and HLF cell lines. Interestingly, PRRX1 showed significant impact on
metabolites of the TCA cycle, which are sources of ATPs under aerobic condition. In
HUH?7 cells, increased level of many metabolites from the TCA cycle was observed,
while in HLF cells a tendency to their reduction was monitored. In any scenario, in both

cell lines, a reduction of PRRX1 leads to a reduction of ATP.
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Figure 16. PRRX1 and ATP level. ATP assay as measured 48 h after knockdown of
PRRX1. Bars indicate mean + SD, n = 4 per group

4.3.3 PRRX1 and fatty acid metabolism

4.3.3.1 Gene expression level

Alterations in lipid metabolism, and specifically the synthesis of fatty acids, could be
additional aspects of metabolic reprogramming in cancer cells. Even more, in
precancerous diseased livers, steatosis is a frequently observed. In this context, in
silico analysis identified PRRX1 as a factor involved in fatty acid metabolism. Thus, the

aim was to measure whether PRRX1 influences expression of genes involved in fatty
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acid metabolism and regulation of total fatty acid levels in HCC cells. Therefore,
PRRX1 was knocked down in HUH7 and HLF cells and 48 h later, RNA and cell
extracts were collected for gene expression analysis and measurement of cellular fatty
acid levels. The results proof a correlation between PRRX1 and expression of genes
related to fatty acids (shown in Figure 17A) as well as changes in fatty acids upon loss
of PRRX1, especially in HUH7 cells.

Acetyl-CoA carboxylase alpha / beta (ACACA and ACACB), acyl-CoA synthetase long
chain family member 5 (ACSL5) and fatty acid synthase (FASN) were altered upon
PRRX1 modulation. Reduction of PRRX1 induced ACACA (in HUH7 by 1.90 fold, P <
0.0001; in HLF by 1.44 fold, P < 0.01) and reduced ACACB (in HUH7 by 65 %, P <
0.01; in HLF by 48 %, P < 0.01). This might affect the carboxylation of acetyl-CoA to
malonyl-CoA and de novo fatty acid biosynthesis. Further, ACSL5 was tremendously
increased by 5.93 fold in HUH7 (P < 0.0001) and 3.40 fold in HLF cells (P < 0.01),
which might influence degradation of fatty acids. Moreover, reduction of PRRX1 led to
a significant induction of FASN in HUH7 (3.60 fold, P < 0.01) and HLF (1.19 fold, P <
0.05), which might influence the conversion of acetyl-CoA and malonyl-CoA to the 16-
carbon fatty acid palmitate. Moreover, carnitine palmitoyltransferase 2 (CPT2) was
significantly increased (2.34 fold, P < 0.0001) upon reduction of PRRX1 in HUH7 and
not significantly changed in HLF cells. This alteration might influence oxidation of long-
chain fatty acids in the mitochondria of HUH7 cells.

Taken together, in silico analysis identified PRRX1 as a factor involved in fatty acid
metabolism and this connection was further confirmed in vitro in HCC cell lines. The
reduction of PRRX1 caused upregulation of genes regulating fatty acid biosynthesis
and oxidation, given that PRRX1 plays a role in those processes in tested HUH7 and
HLF cell lines. This observation is consistent with what has been found in previous in

silico work.

4.3.3.2 Total fatty acid / metabolites

Fatty acids are essential for cells, partially because they are used for membrane
biosynthesis and provide an important energy source during conditions of metabolic
stress. Due to in silico prediction and measurement of expression of genes related to
fatty acids, the level of fatty acids were measured in HCC cells upon modulation of
PRRX1. Therefore, the lipid fraction of cell samples collected (chapter 4.3.5) was used

for analysis of long-chain fatty acids and cholesterol to determine whether PRRX1
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plays a role in synthesis and metabolism. In general, a reduction of PRRX1 caused a
tendency to increased levels of fatty acids in HUH7 cells and decreased levels in HLF
(Figure 17B), but many values did not reach significance, especially in HLF cells.
Palmitic acid (16:0) is the most common saturated acid (Parisi, Li, & Atilla-Gokcumen,
2017), while palmitoleic acid (16:1) is a unigue monounsaturated fatty acid that is
formed nearly only through desaturation of palmitic acid (Duckett, Volpi-Lagreca,
Alende, & Long, 2014). The physiological role of palmitic acid is the preservation of a
definite tissue concentration and repatrtition in different lipid classes, which requires a
fine regulation of its metabolism (Carta, Murru, Banni, & Manca, 2017). Interestingly,
reduction of PRRX1 did not affect palmitic acid in both, HUH7 and HLF cells.
Nevertheless, increased palmitoleic acid (desaturated palmitic acid) levels were
observed in HUH7 (1.62 fold, P = 0.006), while a tendency to decreased levels in HLF
cells (P = 0.18) was found. Palmitoleic acid is important for several cellular processes,
i.e. fat synthesis and storage, cell differentiation and proliferation, portrays the different
roles in cells, which might be affected by PRRX1. Then, elaidic acid (C18:1n:9t), also
termed trans-oleic acid, an unsaturated fatty acid, was significantly increased (1.31
fold, P = 0.01) in HUH7 cells and but not changed in HLF (P = 0.30) upon PRRX1
knockdown. This lipid is typically integrated in the plasma membrane of cells and has
been shown to induce glucose-regulated protein (GRP), an endoplasmic reticulum
chaperone protein whose expression isinduced during oxidative stress (Cassagno
et al., 2005), indicating that elaidic acid promotes ROS accumulation, and PRRX1
might play a role in this process. Interestingly, the cis form of elaidic acid - oleic acid
(C18:1n:9c), is a more prooxidative factor. It has been also documented that erucic
acid (cis-13-docosenoic, C22:1n:9, a monounsaturated fatty acid) was very rapidly
transformed into oleic acid in the liver (Hopf, Hopf, Kober, Kaltenbach, & Riemann,
1975). The level of erucic acid was increased in HUH7 (1.34 fold, P = 0.008) and
decreased in HLF cells (reduced by 32%, P = 0.02), nevertheless the level of oleic acid
was not affected by PRRX1 in both HUH7 and HLF cells. Moreover, eicosanoic
(arachidic acid, C20:0), eicosenoic (gondoic acid, C20:1n-9), eicosadienoic (C20:2)
acids were increased in HUH7 cells (1.67 fold, P = 0.03; 1.48 fold P = 0.04; 1.38 fold,
P = 0.04, respectively), but not in HLF, which showed only a tendency to decreased
eicosenoic acid levels. Then, the saturated behenic acid (docosanoic acid, C22:0) was
significantly increased in HLF (1.12 fold, P = 0.01) cells and showed also a tendency

to upregulation in HUH7. Lignoceric acid (tetracosanoic acid, C24:0) belongs to very
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long chain fatty acids and did not change in HUH7 but was significantly decreased in
HLF (reduced by 24%, P = 0.005). Measured fatty acids are important parts of
membrane integrity, are used as energy sources and play a role in energy storage,
which suggests that PRRX1 might affect those processes. Other analyzed fatty acids
with shorter chains were not affected by PRRX1 in HUH7 cells. Interestingly, in HLF
cells PRRX1 affected only three measured very long chain fatty acids, but had no effect
on shorter chain fatty acids as well. With regard to cholesterol, whose incorporation in
membranes reduces fluidity and consequently inhibits metastasis by limiting the
morphological changes and motility of the cells (Zhao et al., 2016), no effects of PRRX1
were documented.

In summary, the reduction of PRRX1 showed a negative correlation with levels of
distinct fatty acids in HUH7 cells. Its reduced expression led to increased synthesis of
several analyzed fatty acids involved in e.g., cell membrane stabilization, being energy
sources and storages in HUH7 cells. In contrast, in poorly differentiated HLF cells
levels of a few fatty acids were significantly changed upon loss of PRRX1. Besides of
that, a general trend towards downregulation was observed for most measured
metabolites. The slight changes observed in HLF cells might be due to a general lower
expression level of PRRX1 in those cells and also a lower efficiency of PRRX1
knockdown. Loss of PRRX1 affected very long chain fatty acids by downregulation
(eurucic and lignoceric acids), except behenic acid, but did not affect several other
important fatty acids. Nevertheless, those analyses showed that PRRX1 takes part in
fatty acid metabolism of HCC cells. Its effect is more pronounced in well-differentiated
HUH7 (negative correlation) than in poorly differentiated HLF (positive correlation)
cells, which might be connected to differences in metabolic gene expression profiling

and metabolites level in those cell lines.
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Figure 17. Alteration in fatty acids in HCC cells. (A) Expression of indicated targets
in HUH7 and HLF cells 48 h after PRRX1 knockdown. Normalized to expression in
cells transfected with non-targeted siControl. (B) The heatmap of changes in level of
fatty acids in HUH7 and HLF cells 48 h after PRRX1 knock down. White numbers for
P < 0.05; black not significant. Experiment was performed in triplicates.
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5 DISCUSSION

5.1 PRRX1 expression in HCC

PRRX1 expression and its role in HCC is not well described. Previously, PRRX1
expression regulation has been investigated in breast, colorectal and pancreatic
cancer (Ocana et al., 2012), (Reichert et al., 2013), (Takahashi et al., 2013). Then,
Hirata and Fan with colleagues investigated the expression of PRRX1 in HCC (Hirata
et al., 2015), (Fan et al., 2017), but in a small set of patients samples. Therefore, in
this study, the bioinformatics analysis of a large cohort covering > 1.400 HCC tumour
samples was performed to resolve the expression pattern of PRRX1 in HCC. PRRX1
is frequently upregulated or not changed, but no downregulation was found in human
HCC cohorts, suggesting that its function is significant in HCC. These findings are in
line with data from Hirata.

Additionally, HCC cell lines provide evidence of variable PRRX1 level, with a notable
low expression in HLF. Nevertheless, PRRX1 level did not clearly enable
discrimination of well from poorly differentiated HCC cell lines unlike we and others
have shown for other proteins, e.g. caveolin-1, albumin, alpha fetoprotein, SMADs, and
WNT signaling targets (Yuzugullu et al., 2009), (Cokakli et al., 2009), (Dzieran et al.,
2013), (Meyer et al., 2013). Furthermore, the expression pattern of PRRX1 isoforms,
PRRX1a and PRRX1b, is not known in human patient samples. However, in HCC cell
lines, this study now provides information. Except for SNU398, in the HCC cell lines
tested in this study, PRRX1b isoform is expressed higher than PRRX1a. Future studies
are required to determine the ratio in human patients, as functional differences were
described, e.g., in pancreatic cancer overexpression of PRRX1a caused the induction
of genes involved in cell migration, whereas PRRX1b was involved in regulation of cell
cycle processes (Reichert et al., 2013). Furthermore, the knockdown of PRRX1b
inhibited proliferation as well as migratory and invasive capabilities of triple negative
(does not have estrogen, progesteron and human epidermal growth factor receptors)
breast cancer cell lines, showing the importance of future analyses of PRRX1 isoform

expression in human samples.
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5.2 TGF-B as regulator of PRRX1 expression

As PRRX1 was previously linked to EMT (Mitchell et al., 2006) and TGF-p is the major
EMT mediator (Ungefroren, 2019), a potential connection of those factors in HCC was
studied. TGF-B triggers PRRX1 expression in all four tested HCC cell lines. HUH7
cells showed stronger induction after TGF-B treatment compared to the HLF cell line,
though basal expression level is relatively high compared to HLF. Similarly, Ocana et
al. described PRRX1 as a TGF-B target in MDCK cells, and Hardin et al. in human
thyroid cancer cell lines as TGF-f3 induced expression of PRRX1 in those cells (Ocana
et al., 2012), (Hardin et al., 2014). A positive correlation was found for expression of
PRRX1 and TGF-B1-3 as well as their receptors in human HCC samples. Interestingly,
this observation is supported by data describing a positive feedback loop between
TGF-f and PRRX1, because PRRX1 overexpression led to increased expression of
TGF-B2 and TGF-B3 in preadipocytes (Du et al., 2013). As consequence, induction of
PRRX1 may increase TGF-f signaling, or even modulate signaling by different TGF-3
isoforms (TGF-B1, -2, and -3). Thus, the mechanisms of PRRX1 regulation by TGF-

B(s) need further investigation.

5.3 The functions of PRRX1 in HCC

Information about functions of PRRX1 in HCC is scarce. In silico prediction revealed a
direct functional correlation between PRRX1 and stroma remodeling, i.e. the
extracellular matrix, modulation of signal transduction activities, reorganization of the
cytoskeleton and changes in adhesion - all processes which are related to cancer. The
exact role of PRRX1 in controlling the predicted processes needs empirical validation,
especially given that the knockdown of PRRX1 induced pro-cancer activities, but that
its high expression in human tumors had marginal clinicopathological correlation. In
this work, and consistent with the previous report by Hirata and colleagues (Hirata et
al., 2015), PRRX1 level did not correlate with several clinical parameters (tumour size,
BCLC and TNM staging, ALT and AFP). However, Hirata et al. found in the same
cohort as analyzed here, that high PRRX1 expression predicted significantly longer
OS. In this study, only a trend was observed (not significant). This discrepancy may be
attributed to differences in the number of samples used for the OS analysis. They
analyzed 146 samples with high PRRX1 and 96 with low PRRX1 expression, while

here were analyzed 111 and 110 samples, respectively. It is not clear why a higher
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number of HCC patients was available at the time Hirata et al. conducted the study,
probably they collected data from the two platforms (GPL571, GPL3921), thus they got
higher number of samples in HCC group, but they do not provide this information in
their work. The study by Fan et al. (Fan et al., 2017) also points to a favorable outcome
with high PRRX1 (determined by immunohistochemistry), as low expression correlated
with vascular invasion, intrahepatic and distant metastasis as well as advanced tumour
stage. Thus, based on the pattern of association with clinical parameters observed by
others and here, PRRX1 can be considered as a tumour suppressor in HCC.
Interestingly, Takahashi and colleagues reported contradictory results for patients with
colon cancer, where they showed poor OS for patients with high expressed PRRX1 in
cancer cells (Takahashi et al., 2013), which suggests distinct functions of PRRX1 in
different types of cancer.

In previous studies, PRRX1 had been described as EMT gene (Ocana et al., 2012),
(Reichert et al., 2013), (Takano et al.,, 2016) and prior studies linked ZEB1 with
unfavourable clinical outcome in HCC (T. Wan et al., 2017), (Hashiguchi et al., 2013).
Interestingly, EMT genes ZEB1/2 were identified as specific candidates that together
with PRRX1 impact on clinical OS outcome. PRRX1 is significantly correlating with
ZEB1/2 in several HCC cohorts analyzed. Whereas none of the three genes
independently predicted overall survival in the datasets, high PRRX1 and either low
ZEB1 or high ZEB2 expression predicted a better OS, but no other clinicopathological
variables were affected. Noteworthy, no study yet describes whether PRRX1 and
ZEB1/2 expression are interdependent. Thus, in vitro ZEB1/2 expression was
measured in HCC cells upon knockdown of PRRX1. A reduction confirmed a causal
correlation between PRRX1 and ZEB1/2, and most pronounced for ZEB1. In addition,
the expression of other EMT targets was measured. As indicted by alterations in EMT
markers, the epithelial phenotype of HUH7 was stabilized upon reduction of PRRX1
expression (except of SNAIL - its expression was not decreased as hypothesized). In
this context, Ocana et al. showed in their previous breast cancer study that PRRX1
overexpression induces EMT related transcription factors, but not SNAI1 (Ocana et al.,
2012). A contradictory effect of reduced PRRX1 was shown in mesenchymal HLF cells.
Those cells did change expression of the epithelial marker CDH1 upon PRRX1
knockdown. Nevertheless, in this cell line, a tendency was found towards a decrease
of mesenchymal markers (except SNAI1l). Thus, PRRX1 is able to modulate

expression of EMT related factors.
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Furthermore, cell migration was analyzed upon reduction of PRRX1 as a connection
has been shown before. For instance, Reichert et al. reported increased cell migration
upon PRRX1 overexpression in pancreatic cancer cells (Reichert et al., 2013), while
Fan et al. showed increased migration upon loss of PRRX1 in HCC cell lines HEPG2
and SMMC7721 (Fan et al., 2017). However, when tested in other cell lines in this
work, migration was increased in HUH7 and reduced in HLF cells. Noteworthy, the
differentiated cell line HUH7 migrated more after the loss of PRRX1, but at the same
time the epithelial phenotype was stabilized, as indicted by alterations in EMT markers.
In contrast, mesenchymal HLF cells migrated less, but did not change expression of
the epithelial marker CDH1 upon PRRX1 knockdown. Nevertheless, in this cell line, a
tendency was found towards a decrease of mesenchymal markers (except SNAI1).
Thus, PRRX1 is a factor that influences migration and modulates expression of EMT
markers in HCC. However, the phenotypical observations are not entirely reflected by
the expression analyses. This could be due to a more complex control of cell behaviour
involving other crucial proteins. To summarize, in HCC, PRRX1 could be considered
as a new key regulator of plasticity processes.

PRRX1 influences cancer cell proliferation. Lv et al. reported decreased cell
proliferation upon silencing of PRRX1b in the MDA-MB-231 cell line (Lv et al., 2016).
In contrast, in this study we observed an increased proliferation upon PRRX1
knockdown (except in SNU398, which showed no change), which supports the
conclusion of a growth-suppressive function of PRRX1 in HCC. The observation of a
proliferation phenotype, even in the cells with comparatively low basal PRRX1 (i.e.
HLF), raises another possibility that certain functions of PRRX1 are conserved in the
different HCC cell lines regardless of basal expression. Nevertheless, HLF cells
showed a reduction of proliferation markers upon knockdown. In addition to that, these
cells showed higher level of caspase 3 activities, which is not surprising for fast growing
poorly-differentiated cells — increased proliferation rates could relate to elevated
apoptosis. Further, in contradiction to the study in colon cancer (Takahashi et al., 2013)
and similar to the report of Ocana et al., the reduction of PRRX1 led to higher capacity
to form colonies. This effect was most pronounced in SNU398 cells. Then, considering
the PRRX1 isoforms, most HCC cells expressed more PRRX1b isoform than PRRX1a.
The exception was SNU398, which showed no change in proliferation after PRRX1
knockdown, but high induction to form cell colonies. Thus, it could be speculated that
PRRX1a, rather than PRRX1b is involved in proliferation in HCC. Further functional
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studies will be required to clearly resolve the conditions under which PRRX1 may exert
specific functions in HCC and the exact contribution of the isoform ratio.

Furthermore, in silico analysis predicted that PRRX1 likely acts by repressing
metabolic events in HCC. The data suggested a strong connection to amino acid and
fatty acid metabolism. Before, the link between PRRX1 and metabolism in cancer was
not well understood. In this study, we could show that PRRX1 regulates gene
expression of prominent targets involved in the TCA cycle, glutaminolysis, as well as
sugar and lipid metabolism in HCC cell lines. Based on this, PRRX1 should be
considered as an important factor in HCC metabolism. Interestingly, the knockdown of
PRRX1 promoted the Warburg effect in HCC cells as glucose turnover and lactate
output were increased. In concert with that, the expression of key factors in glucose
metabolism were induced upon the loss of PRRX1. Noteworthy, a recent genome-wide
association study (GWAS) by Timmons et al. (Timmons et al., 2018) reports on a
pattern that links type Il diabetes sensitivity with gene expression patterns. The authors
showed that PRRX1 is positively linked with insulin sensitivity, supporting the finding
that PRRX1 is linked to glucose metabolism. Furthermore, the pentose phosphate
pathway plays an important role in regulating cancer cell growth by giving to the cells
not only ribose-5-phosphate, but also NADPH for detoxification of intracellular reactive
oxygen species, reductive biosynthesis, and ribose biogenesis (Harris et al., 2015). It
is known that cancer cells prefer glycolysis to generate energy, however, metabolites
profiling as well as a gene expression analysis upon loss of the PRRX1 suggested not
only induction of glycolysis, but also the TCA cycle in HUH7 cells. Interestingly, despite
the induction of both processes, ATP level were reduced upon PRRX1 knockdown.
This contradiction needs further investigations. In contrast, HLF cells showed induction
in glycolysis, but reduction in TCA cycle activity, indicating that these cells utilize mainly
glycolysis to produce energy. Surprisingly, also here, total ATP level were decreased
upon reducing PRRX1. Thus, PRRX1 affected changes of ATP level in HUH7 and HLF
cells are independent of TCA cycle alterations.

Amino acids, metabolites closely related to the TCA cycle and energy production, are
also affected by PRRX1. In agreement with results of the in silico analysis, except
serine, which is decreased by reduction of PRRX1, altered amino acid levels negatively
correlated with PRRX1 expression in HUH7 cells. Then, alterations in free fatty acid
metabolism are frequently observed in cancer cells (Santos & Schulze, 2012). Jiang

and colleagues reported a significant association of high PRRX1 expression with high
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free fatty acids levels in salivary adenoid cystic carcinoma patients (Y. P. Jiang et al.,
2020). In contrast, but in agreement with in silico data, in this work, a reduction of
PRRX1 showed a negative association with increased levels of fatty acids in HUH7
cells. Observed alterations in amino acids and fatty acids levels indicated another
energy sources for cancer cells upon loss of PRRX1. Those observations reflect a
tumour suppressive function, even though more studies are required to validate the
role of PRRX1 in cell metabolism.

Evidence from prior studies in colon, breast, and pancreatic cancer support that
PRRX1 has context-dependent functions — i.e. it can have a tumour promoter function
or act as tumour suppressor. The experimental data with cell lines and dataset
analyses of patient samples support the conclusion of a tumour suppressor function of
PRRX1 in HCC.
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6 SUMMARY

This study demonstrates the expression and functions of PRRX1 in human HCC.
Among the most remarkable observations is the observation of a frequent
upregulation. Further, TGF-B regulates PRRX1 expression. PRRX1 has anti-tumour
functions, both in advanced HCC stages based on patients’ OS data and in
experimental observations. PRRX1 correlated with EMT transcription factors,
especially with ZEB1/2 (with respect to patients’ survival outcome). PRRX1 can be
considered as a new key regulator of plasticity processes involved in liver cancer.
Finally, novel functions of PRRX1 in modulating metabolism were identified, i.e. a
suppression of the Warburg effect and regulation of TCA cycle metabolites, amino
acids as well as fatty acids. The results of my thesis show that PRRX1 plays significant
roles in the devastating human disease HCC, and the new information on PRRX1
functions will enable further in-depth mechanistic studies on the relevance of PRRX1
in human liver cancer, including its crosstalk with ZEB1/2 and importance in cancer
metabolism. Further studies can yield to stratification of specific patient’'s cohorts
where PRRX1 or PRRX1 downstream effects contribute to disease progression and
hence could be used in improving the identification of patients’ subsets for therapeutic

intervention.
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