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1 ABSTRACT (ENGLISH) 
 
Nowadays one the most common cancers in the world is hepatocellular carcinoma (HCC). It 
is a highly vascularized tumor with a strong dependence on angiogenesis. The vascular 
remodeling is strongly required for further tumor progression. Thus, hepatocellular carcinoma 
attracts a vast majority of researchers, who are interested in understanding the tumor 
progression.  In the studies of hepatocarcinogenesis, rodent models are frequently used to 
explore the pathophysiology and progression of hepatocellular carcinoma. However, there are 
only a few studies were done on hepatocarcinogenesis and on its angiogenetic properties in 
rodent liver models. Here my study shows, the presence of vascular remodeling in the pre-
neoplastic and neoplastic lesions in rodent models.  

In this study, I comprehensively characterized the pre-neoplastic foci of cellular alteration 
(FCA) and cancerous lesion (HCC) by using tissue-based techniques and computer assisted 
analysis to get a better understanding if vascular remodeling appears in rodent models and 
how. Different immunohistochemistry markers were used including such as CD31, Collagen 
IV, a-SMA, Desmin, VEGF164, Ki-67 and LYVE1; and RNA in-situ hybridization (VEGF-A). 
Additionally, computational image analysis was used to evaluate parameters including 
microvessel density, vessel size, pericyte coverage, including intratumoral vessel distribution 
and architecture. Software programs that were used for computational analysis: Aperio 
ImageScope and Definiens.  

I found that FCA lesions have higher microvessel density and a larger amount of smaller 
immature vessels. On the contrary, HCC lesions have larger vessels with a lower number of 
vessels, and a higher degree of vessel maturation. In conclusion, I have validated the presence 
of vascular remodeling in the early stages of experimental hepatocarcinogenesis. I anticipate 
that this detailed characterization could be used as a solid basis for further angiogenesis 
studies in these models. 
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2 ZUSAMMENFASSUNG (DEUTSCH) 
 
Das hepatozelluläre Karzinom (HCC) ist eine der häufigsten Krebsarten weltweit. Es handelt 
sich um einen stark vaskularisierten Tumor, dessen Wachstum auch in Abhängigkeit 
pathologischer Gefäßneubildung (Angiogenese) erfolgt. Der Gefäßumbau ist für die weitere 
Tumorprogression von entscheidender Bedeutung und daher ein intensiv beforschtes Gebiet. 
Zur Untersuchung der Hepatokarzinogenese bzw. Pathopysiologie und Progression des HCC 
werden meist Nagetiermodelle verwendet. Interessanterweise gibt es bislang nur wenige 
spezifische Untersuchungen zum Ablauf der Angiogenese während der Hepatokarzinogenese 
in den Nagern.   

 
In der vorliegenden Studie wird der Gefäßumbau in präneoplastischen und neoplastischen 
Läsionen in einem Nagetiermodell untersucht. Präneoplastische Foci mit zellulären 
Veränderungen (FCA) und das HCC wurden mit Hilfe gewebebasierter Techniken und 
computergestützter Analyse detailliert untersucht, um ein besseres Verständnis dafür zu 
erlangen, ob und wie Gefäßumbau in Nagetiermodellen auftritt und ob Nagetiermodelle für 
die Untersuchungen angiogenetischer Prozesse geeignet sein können.   
Immunhistochemische Gefäßmarker (CD31, Kollagen IV, Glattmuskelaktin (α-SMA), Desmin, 
vaskulärer endothelialer Wachstumsfaktor (VEGF164), Proliferationsmarker Ki-67 und 
LYVE1), sowie eine RNA-in-situ-Hybridisierung (VEGF-A) wurden angewandt. Mittels 
computergestützter Bildanalyse (Aperio ImageScope, Definiens) wurden Parameter wie 
Mikrogefäßdichte, Gefäßgröße, Vorkommen von Perizyten sowie intratumorale 
Gefäßverteilung und -architektur umfassend analysiert.   

 
Resultierend zeigte sich, dass FCA-Läsionen eine höhere Mikrogefäßdichte und eine größere 
Anzahl kleinerer unreifer Gefäße aufweisen. Im Gegensatz dazu haben HCC-Läsionen größere 
Gefäßdurchmesser bei geringerer Anzahl von Gefäßen, was auf einen höheren Grad der 
Gefäßreifung hinweist.   

 
Zusammenfassend zeigte sich, dass Gefäßumbau in den frühen Stadien der experimentellen 
Hepatokarzinogenese auch im Nagermodell eine wichtige Rolle spielt. Diese detaillierte 
Charakterisierung kann als solide Grundlage für weitere Angiogenesestudien in diesen 
Modellen dienen. 
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3 ABBREVIATIONS 
 
A  

ABP 4-Aminobiphenyl 

ADH Alcohol dehydrogenase  

Adk Adenosine kinase 

APC Adenomatous polyposis coli  

C 

CAF Cancer-associated fibroblasts 

CDD Choline deficient diet  

CEP Comparative Experimental Pathology 

CS Cigarette smoking 

CTNNB1 Catenin beta 1 gene 

CYP2E1 Cytochrome p450 2E1 

D 

DEN N-nitrosodiethylamine 

DN Dysplastic nodule 

dsDNA Double-stranded DNA 
 
E 

ECM Extracellular matrix  

EMT Epithelial mesenchymal transition 

F 

FCA Foci of alteration  

FFPE Fixed paraffin-embedded 

FGF Fibroblast growth factor 
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G 

GEMM Genetically engineered mice models 

GLOBOCAN Global Cancer Observatory 

GMNT Glycine N-methyltransferase 

H 

H&E hematoxylin and eosin 

HBV Hepatitis B virus 

HCC Hepatocellular carcinoma 

HCV Hepatitis C virus 

HFA Hollow fibre assays 

HGDN High-grade dysplastic nodules 

HIF Hypoxia- inducible factor 

HSC Hepatic stellate cells 

I 

IGF Insulin-like growth factor 

INHAND International Harmonization of Nomenclature and Diagnostic Criteria  

K 

KRAS Kirsten rat sarcoma virus 

L 

LCC Large cell change  

LGDN Low-grade dysplastic nodules  

M 

MAPK Mitogen-activated protein kinases 

MSCS Maternal inhalation of mainstream cigarette smoking 

MVD Microvessel density 
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mRNA Messenger RNA 

N 

NAFLD Nonalcoholic fatty liver disease 

NASH Nonalcoholic steatohepatitis  

Nfia Nuclear factor IA  

P 

PDGF Platelet derived growth factors 

PIGF Placental growth factor 

PTEN Phosphatase and tensine homolog 

R 

RB Retinoblastoma 

ROS Reactive oxygen species  

S 

SCC Small cell change  

SMA Smooth muscle actin 

ssRNA Single-stranded RNA 
 
T 

TERT Telomerase reverse transcriptase 

TGF Transforming growth factor alpha 

TNF-α Tumor necrosis factor alpha 

TME Tumor microenvironment  

V 

VEGF Vascular-endothelial growth factor 

W 

WHO World health organization 
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4 INTRODUCTION 
 

4.1 BACKGROUND INFORMATION ON HEPATOCELLULAR 
CARCINOMA AND EPIDEMIOLOGY. 

 
Primary liver tumors, with hepatocellular carcinoma being the most common type, are a 
significant health concern worldwide [1-6]. According to Global Cancer Observatory 
(GLOBOCAN) reports from 2020, liver tumors rank sixth in incidence rate among all cancers 
and third in mortality rate globally (Figure 1, Figure 2) [1]. Alarmingly, it is predicted that the 
number of cases of liver cancer will exceed one million within next 20 years [7, 8]. The 
distribution of liver cancer within continents in GLOBOCAN 2020 shows that Asian countries 
(e.g., Mongolia, Thailand, Cambodia, Egypt) have the highest number of new cases and 
mortality rates, with some specific countries having particularly high rates [1]. In comparison, 
Italy, the Russian Federation, France, and Germany are leading European countries with 
higher rates of liver cancer (Figure 3) [9]. Although breast, prostate, and colorectal cancers are 
currently the leading causes of cancer-related deaths, it is suspected that pancreatic and liver 
cancers will surpass them in number by 2030 [10]. Given these trends, it is crucial to continue 
researching and developing effective treatments and prevention strategies HCC. 

There are several predisposing factors resulting in the formation of HCC, such as viral 
etiologies, cirrhosis, alcohol abuse, tobacco use, obesity, metabolic diseases, aflatoxins and 
certain inherited diseases [11-19]. One of the global health burdens are acute and chronic viral 
infections of Hepatitis B and C, which cause liver cirrhosis, end-stage liver disease and HCC 
[20-22]. 
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Figure 1. Estimated number of new cases in 2020, World, both sexes, all ages (Incidence Rate of cancers) (Figure 
taken from GLOBOCAN 2020 [23]). 
 

 
Figure 2. Estimated number of deaths in 2020, World, both sexes, all ages (Mortality Rate of cancers) (Figure 
taken from GLOBOCAN 2020 [24]). 
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Figure 3. Estimated number of incident cases and deaths liver, both sexes, all ages (Incidence and Mortality) 
(Figure taken from GLOBOCAN 2020 [9]). 
 
 

4.1.1  VIRAL HEPATITIS  
 
Viral hepatitis is a major public health problem worldwide, chronic infection with hepatitis B 
virus (HBV) or hepatitis C virus (HCV) is the leading cause of development and progression 
of [1, 25]. The estimated by World Health Organization (WHO) number of patients with 
chronic Hepatitis B infection (2019) is around 296 million, with 1.5 million new infections each 
year [26]. Yearly around 1.5 million are newly affected by HCV [27-30]. In the 2019 WHO 
survey, more than 250.000 people died from complication of HCV [27] and approximately 
820.000 deaths from HBV complications [26], mostly due to cirrhosis or HCC , indicating that 
it is a global burden [25, 31-33].  

• Hepatitis B virus (HBV):  is a dsDNA virus of Hepadnavirus family group, and one of 
the common predisposing factors causing HCC, due its property to cause chronic hepatitis 
and risk of developing end-stage liver disease [20, 34-37].  
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The main pathogenetic pathway of HBV is through integration to the hosts genome, which 
is also involved in several tumors promoting signaling pathways, resulting in the 
development of HCC. HBV DNA acts through direct or indirect pathways, causing 
genomic instability and insertion into the hosts genome [38-44]. In the most recent studies 
genes that are frequently are altered: TERT, MLL4, CCNE1, NTRK2, IRAK2, p42MAPK1 
and tumor suppressor genes (TP53, RB1, CDNK2A and TP73) [45-48]. Chronic HBV 
infection causes liver damage with necroinflammation and later resulting in HCC [43, 49, 
50], in some studies the chronically infected patients with HBV may still develop HCC 
independent of having cirrhosis [51, 52]. Since HBV has its own subtypes, some of the 
genotypes have higher risk factors developing HCC [51, 53-55] . The exact role of action 
of the viral genotypes in the HCC formation remain not fully understood or known, it is 
still a highly debatable topic [43]. Although, currently there are some studies on genotypes 
of HBV, but there is still a need for more studies, which will focus on exploration of the 
epidemiological factors, the variants contribution in the HCC development and the 
treatment options [43].  

 
• Hepatitis D virus (HDV):  is an RNA virus it requires presence of HBV surface proteins 

in order to replicate and be infective [7, 56-60]. HDV infection may result in severe 
outcomes such as fulminant hepatitis, progression to chronic hepatitis, cirrhosis and HCC 
[58, 61-63]. HDV alone does not integrate into the host genome, since it lacks abilities to 
do it without HBV, therefore it is highly unlikely that HDV has properties of direct 
oncogenic mechanism [60]. Several studies have postulated that the risk of HCC is much 
higher in the cases of HBV/HDV coinfection, compared to HBV infection alone [7, 60]. 

 
• Hepatitis C virus (HCV): is a ssRNA virus from a family of Flaviviridae, it causes acute 

and chronic hepatitis, resulting in the inflammation of liver [56]. Common serious 
complications of HCV are liver cirrhosis and further progression to HCC [36, 57, 64]. HCV 
similar to HBV has its own viral genotypes, distribution of them is varied in the world, 
most common ones are genotype 1, 2 and 3 [33]. However, the HCV does not integrate 
into human genome, if the host cannot fully clear the viral load it results in the HCC due 
to chronic inflammation [32, 56, 65].  

In addition to HCV genotypes, there are other viral factors that contribute to the 
development of HCC, such as HCV core protein and other non-structural/structural 
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proteins [57]. HCV core protein is known to play a significant role in liver tumorigenesis 
by interfering with the functions of proto-oncogenes and tumor-suppressor proteins, such 
as TP53, p73 and RB [57, 64-68]. Moreover, HCV protein has been found to downregulate 
the expression of cyclin-dependent kinase inhibitors p21/WAF, regulate the epithelial-
mesenchymal transition (EMT) through Wnt/β-catenin signaling, and upregulate TERT 
gene activity, which contributes to liver carcinogenesis [66, 69, 70]. Furthermore, HCV 
accelerates fibrosis progression by directly inducing profibrogenic factors in infected 
hepatocytes without causing severe inflammatory responses [71]. 

Another worrying infection is the coinfection of HBV and HCV, which is relatively 
common occurrence that significantly increases the risk of developing HCC [56, 72-74]. 
The coinfection progresses rapidly, and individuals are at greater risk of developing 
cirrhosis and HCC due to the synergistic effect of the two viruses on liver cell damage and 
inflammation, which leads to an increased risk of mutations [75-77]. 

 

4.1.2  ALCOHOL RELATED LIVER DAMAGE 
 
Alcohol consumption is one of the other contributing factors that can cause liver damage and 
increase the risk of liver cancer [7, 18, 78, 79]. It increases the risk of liver cancer, it is considered 
as a linear dose dependent relationship of alcohol use, cirrhosis and HCC [79-81]. Chronic 
alcohol consumption considered as one of common causes and risk factors for HCC in 
developed countries [82]. Especially on of the highest alcohol consumption is in the world is 
European region, leading countries in alcohol consumption per capita are Lithuania, Estonia 
and on 9th place is Germany [78, 83]. In the Danish study by Ganne-Carrie et al., they were 
comparing the HCC incidence rate in patients with alcoholic cirrhosis, so patients with 
alcoholic cirrhosis exhibit high incidence rate of HCC (2.9%) and other small cancers [84]. In 
addition, having other contributing risk factors for the HCC development together with the 
chronic alcohol consumption, increases the risk of having liver cancer [79, 85, 86].  

The pathophysiology of alcohol consumption resulting in alcoholic steatohepatitis, it is 
characterized by the accumulation of fat in the liver (steatosis) along with inflammation and 
cell damage, and liver cancer involves multiple mechanisms [87, 88]. Alcohol firstly gets 
metabolized in the hepatocytes by alcohol dehydrogenase (ADH) enzyme and cytochrome 
p450 2E1 (CYP2E1) into acetaldehyde [88], which is also considered as carcinogenic agent in 
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animals [89-92]. Then forming formation of reactive oxygen species (ROS) and activating 
hepatic stellate cells (HSC) [88, 93], increasing the production of type I collagen and resulting 
in fibrosis [94, 95]. Moreover, acetaldehyde induces inflammation, which can result in the 
activation of immune cells and release of pro-inflammatory cytokines, leading to further liver 
injury and cell death [80, 96]. Later on, it increases oxidative stress and forms of ROS, it can 
also bind to DNA and result in cell damage and hepatocarcinogenesis [88, 97]. There are 
additional studies that have shown that patients have increased risk of liver failure if they have 
with alcohol consumption has other metabolic diseases, such as viral hepatitis, obesity, 
diabetes or hemochromatosis [98-103]. 

In summary, the accumulation of fat, inflammation, oxidative stress, increased levels of 
acetaldehyde, and impaired DNA repair mechanisms can all contribute to the development of 
alcoholic steatohepatitis and increase the risk of liver cancer in heavy drinkers. 

 

4.1.3  NAFLD AND NASH 
 
Non-alcoholic Fatty Liver Disease (NAFLD) is a condition where fat accumulates in the liver 
cells in the absence of alcohol consumption, causing liver damage [104]. It is a common type 
of liver disease and can range from simple fatty liver (steatosis) to more severe conditions such 
as non-alcoholic steatohepatitis (NASH) and cirrhosis [105-107]. The incidence of NAFLD is 
rapidly increasing in burden, due to growing incidence of obesity, diabetes and other 
metabolic diseases [18, 108-113]. Nowadays due to rising prevalence of obesity and metabolic 
diseases, such as diabetes, in adults and children the prevalence of NAFLD is also increasing 
[114]. Thus, becoming all together frequent risk factors for HCC, especially considered as the 
fastest growing etiology in the Western countries [7, 107, 111]. 

Nonalcoholic steatohepatitis (NASH) is a liver disease that is characterized by fat accumulation 
in the liver along with inflammation and fibrosis [115]. The exact cause of NASH is not well 
understood, but it is thought to be related to a strong combination of factors including obesity 
and diabetes mellitus [116, 117]. In the study of U.S. Veterans Affairs health system Mittal et 
al., have found that patients with HCC and NAFLD or metabolic syndromes had five times 
higher risk of developing HCC without exhibiting cirrhosis, compared to HCV-related HCC 
[118]. Similarly, in the cohort study of Huang et al. in Taiwanese population, patients with 
diabetes have higher risk of developing HCC [119]. Elevated insulin levels and insulin 
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resistance lead to increased inflammation, cellular proliferation, inhibition of apoptosis and 
resulting in mutation forming tumor [64, 120].  

The pathophysiology of NASH involves several key mechanisms: insulin resistance is often 
associated NASH, which leads to an increase in fatty acid production and decreased ability of 
the liver to remove fat, resulting in the accumulation of fat in the liver [104]. Consequently, the 
accumulation of fat in the liver can trigger an inflammatory response, leading to the activation 
of immune cells and the release of pro-inflammatory cytokines [121-123]. Also, the 
accumulation of fat in the liver can also lead to an increase in oxidative stress, which can cause 
cell damage and contributes to liver inflammation [124]. NASH can lead to changes in cellular 
signaling pathways, which can impair the ability of the liver to repair and regenerate, leading 
to the development of fibrosis and cirrhosis [64]. 

 

4.2 OTHER RISK FACTORS RELATED TO HEPATOCELLULAR 
CARCINOMA (AFLATOXINS, SMOKING). 

 
Cigarette smoking (CS) is one of the preventable carcinogenic elements that cause different 
types of cancer, including liver cancer [125-129]. The trace element of cigarette smoke 4-
Aminobiphenyl (ABP) is considered as bladder and liver carcinogen in rodents, which acts as 
DNA adduct [130-133]. In the study of Petrick et al., they compared former and current 
smokers and the risk of those patients to develop HCC, the risk was found to be in dose 
dependent and intensity dependent manner [125]. In one of the interesting researches, which 
was done on mice (C57BL/6), have found in mice that maternal inhalation of mainstream CS 
(MSCS) increases the severity and progression of NASH in offspring mice [134].   

Aflatoxin is considered as a potent carcinogen and an occupational hazard [135, 136] It is a 
toxin that is produced by species of genus Aspergillus (fungi), found in grains, agricultural 
crops, textile field  [130, 135]. Chronic administration of aflatoxin in rats, showed a linear 
association with liver tumorigenesis, it has high carcinogenic potency resulting in tumor 
formation [133]. The pathogenic mechanism of aflatoxin, is by forming DNA-adducts and 
activating tumor suppressor genes and resulting in mutations of p53, thus contributing 
towards HCC formation [137-139].  



 
 
 

Page 16 of 93 
 
 
 

The visual description and summary of histopathological progression and molecular changes 
of HCC is described in the Figure 4 [140]. 

 

 
Figure 4. Histopathological progression and molecular features of HCC. (Unchanged figure taken from Farazi et 
al. Hepatocellular carcinoma pathogenesis: from genes to environment. Nature Reviews Cancer, Volume 6, 2006 
(https://doi.org/10.1038/nrc1934)). Reproduced with permission from Springer Nature. [140]. 
 
 

4.3 PATHOGENESIS AND ANGIOGENESIS OF 
HEPATOCELLULAR CARCINOMA.  

 

The pathogenesis of hepatocellular carcinoma (HCC) is a complex and multistep process 
involving the interplay of genetic and epigenetic changes in liver cells leading to uncontrolled 
cell proliferation and liver tumor formation [7, 141-143]. The whole process depends on the 
risk factors for HCC include chronic infection with HBV, HCV, alcohol consumption, NAFLD, 
smoking, aflatoxin exposure and other factors [7, 19, 140]. These risk factors affect liver 
differently, causing chronic liver injury and inflammation, furthermore resulting in gene 
mutations, that are involved in cell proliferation, apoptosis, and DNA repair [7, 140]. 
Consequently, leading to the accumulation of genetic changes, activation of oncogenes and 
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inactivation of tumor suppressor genes promoting tumorigenesis [140, 144]. Moreover, other 
factors such as oxidative stress, epigenetic modifications, and changes in the 
microenvironment of the liver can also contribute to the development of HCC [145, 146]. 
Inflammatory cytokines and oxidative stress can cause DNA damage and promote the 
accumulation of genetic changes in liver cells [7, 147]. Some key common mutational drivers 
in HCC are TERT, TP53 and CTNNB1, which are hardly targetable in the therapy [71, 148, 149]. 

Moreover, HCC is one of the most highly vascularized tumors, in which angiogenesis plays a 
crucial role [150]. Angiogenesis, the process of forming new blood vessels, is necessary for the 
growth and metastasis of tumors, as it provides the necessary blood supply for tumor cells to 
receive oxygen and nutrients [151-153]. Since the angiogenesis in the HCC strongly associated 
with the disease progression, thus is a potential therapeutic target [154-157]. In HCC, 
angiogenesis is also promoted by the interaction between the tumor and the surrounding liver 
tissue [158, 159]. The liver has a unique microenvironment known as the "sinusoidal" network, 
which is composed of specialized blood vessels that provide direct access to the tumor cells 
[160-162]. This direct access allows HCC cells to release pro-angiogenic factors into the 
circulation and recruit new blood vessels to the tumor. Thus , it is a characteristic feature of 
the HCC, the release of the pro-angiogenic factors produced by tumor cells, vascular 
endothelial cells, immune cells, and surrounding tumor microenvironment (TME) [145]. Pro-
angiogenic factors are a class of proteins that play a critical role in the liver angiogenesis, by 
supporting the growth and survival of HCC tumor cells [163-165]. These factors stimulate the 
proliferation and migration of endothelial cells and the formation of new blood vessels, 
providing the tumor with a constant source of oxygen and nutrients. In addition, they help to 
create a vascular network composing it of leaky and abnormal vessels, causing hypovascular 
regions within the tumor, which promotes hypoxia and necrosis [145, 156]. Consequently, 
hypoxia induces autophagy providing energy for tumor cells and its surrounding 
environment through catabolic breakdown of cellular elements to help promote cancer 
survival [145]. Vascular endothelial growth factor (VEGF) is a potent pro-angiogenic factor 
and a mediator in hepatocarcinogenesis and regulated by oncogenic gene mutations, 
hormones, and cytokines [152, 157, 159, 166-168]. Hypoxia and acidotic environment stimulate 
the overexpression of the VEGF, which produces leakier, structurally and functionally 
abnormal vessels, however also allowing tumor cells to get oxygen and other nutrients [66, 
156, 169]. Furthermore, the tumor microenvironment promotes the release of other angiogenic 
molecules: Angiopoietins 1 and 2, and basic fibroblast growth factor (FGF), which help to form 
a dysfunctional vasculature in the HCC [159]. Moreover, the VEGF’s impact on endothelial 
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cells is augmented by Angiopoietin 2, and it forms the molecules which have a negative effect 
on basement membrane and further expand the tumor’s hypoxic environment [163]. Also, 
VEGF works together with other factors, in combination with basic FGF, it stimulates the 
angiogenesis, and with platelet-derived endothelial cell growth factor, it results in cell 
migration and new vessel formation [145].  The paper of Poon et al. suggests that circulating 
angiogenic factors may be beneficial in the evaluation of angiogenesis, especially VEGF, which 
could provide prognostic information (patient survival and recurrence rate) [168]. Therefore, 
it is targeted as angiogenesis inhibitor in several tumor treatments as Bevacizumab (rhuMAb-
VEGF) is a humanized monoclonal antibody targets VEGF, therefore inhibits one of the main 
promoters of tumor angiogenesis [170-172]. 

One another important factor is chronic hepatic injury, which plays a critical role in the 
pathogenesis of the liver carcinogenesis, it induces fibrosis due to the deposition of the 
extracellular matrix (ECM), followed by poor oxygenation and hypoxia [145, 146]. 
Consequently, it results in the further progression of the hypoxia, which stimulates the 
production of the pro-angiogenic factors by stromal cells, especially of VEGF, which promotes 
cell proliferation [145, 146]. The high production of the ECM and their reduced turnover, 
results in a fibrotic environment which stimulates the tumor growth, survival and further 
proliferation via various type of integrin signaling.  

Another groups of cells that have a significant impact on the promotion of the tumor growth, 
angiogenesis, inflammation and attenuating immune surveillance are cancer-associated 
fibroblasts (CAFs); it secretes factors and interferes in the cross-talk communication with 
cancer cells [144-146, 173, 174]. Thus, CAFs have a strong correlation with the tumor 
progressions, prognosis and staging [144, 173, 174]. In addition, reportedly CAFs stimulate the 
secretion of VEGF and Angiopoietin 1 or 2 [175, 176]. In addition, the angiogenic pathway in 
HCC is also influenced by the presence of other signaling pathways, such as the Wnt-signaling 
pathway and the insulin-like growth factor (IGF) signaling pathway [7]. Activation of these 
pathways can result in the over-expression of pro-angiogenic factors, further promoting 
angiogenesis and tumor progression.     
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4.4  COMPARATIVE PATHOLOGY OF LIVER LESIONS. 
 
Rodent models are widely used to investigate hepatocarcinogenesis [177]. Especially the broad 
spectrum of the etiologies that predispose towards developing HCC, widely attracts 
researcher’s attention. Thus nowadays, one of the common fields of interest amongst 
researchers are liver diseases and their pathologies. Among various models, genetically 
engineered mice are considered as new and elegant tool, however models might present with 
a wide of histological diagnosis and therefore usage of such models needs experienced 
researchers [178]. Otherwise choosing an inappropriate model, may mislead or may result in 
publishing wrong results [7, 177, 179, 180]. Genetically engineered mice models (GEMMs) are 
the most suitable models in cancer research, with wide range of benefits such as being an 
applicable tool to understand human diseases and their mechanism on molecular level, due to 
its similarity with human genome [181]. However, choosing an appropriate mice model should 
be done in the beginning, in order to be able to answer the specific research questions of HCC, 
and accordingly having a model for particular etiology [182].  

 

4.4.1  EXPERIMENTAL LIVER MICE MODELS  
 
1. Chemically induced models: common carcinogens are N-nitrosodiethylamine (DEN), 

choline deficient diet (CDD) and aflatoxin, they are administered through diet (food, 
drinking water), gas inhalation or intraperitoneal/subcutaneous injection [182].  

DEN model is frequently used in cancer studies, DEN has ability to cause oxidative stress 
and form reactive oxygen species (ROS) and alkylating DNA structures [183]. Thus, 
inducing HCC in dose dependent manner, being a good study model with a poor 
prognosis [184]. Another model is CDD, it is an accepted model for steatohepatitis studies 
with later HCC development, exhibiting ballooning of hepatocytes, fibrosis and further 
cirrhosis [185, 186]. Lastly, one more carcinogen is aflatoxin, which induces 
hepatocarcinogenesis in mice models similarly to humans, by affecting damaging DNA 
and forming DNA-adducts [139, 187]. In general, chemically induced models are preferred 
if study investigates the predisposing risk factors to develop HCC [183]. 
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2. Xenograft models: there are several models such as ectopic implantation,  orthotopic 
implantation and hollow fibre assays (HFA), which could be determined through direct 
implantation of tissue or inoculation or cancer liver cells from humans [183]. Those models 
commonly are used in pre-clinical studies, drug screenings to understand its 
pharmacodynamics and toxicity, as “proof-of-principle experiments” [188]. However, 
when a researcher chooses this model, should keep in mind the difference of cellular 
heterogenicity between humans and mice, which negatively affects reproducibility of 
findings [183].  

 
3. Genetically engineered mice models: considered as the best model for human cancer 

studies, since it has some similarities in molecular way with humans [182, 189]. 

- Transgenic models expressing viral genes. 

It is used to study in specific HBV and HCV molecular mechanisms and to understand 
how it contributes to HCC formation [182, 190, 191]. However, one caveat is that in the 
mice models not all HBV genotypes cause HCC, due to “species-specific liver tropism” and 
differences in receptor post-binding steps [192, 193]. 

- Transgenic mice over-expressing oncogenes. 

Myc proteins: Transgenic-Myc mice are good models of poor prognosis HCC, with higher 
mortality genomic instability and incident rate [194]. Moreover, Myc protein is also 
involved in the mutation of CTNNB1 gene, which plays a key role in the HCC formation 
[182, 194, 195].	 

Βeta-catenin protein: a protein which is strongly correlated with the Wnt signaling pathway 
in hepatocarcinogenesis, especially in the early HCC formation [149, 182, 183]. Mice models 
with the protein activation considered also as a good study models, especially if combined 
with other mutation such as adenomatous polyposis coli (APC) [196]. 

- Models over-expressing growth factors: it plays a vital role in the mediation of hepatocytes 
growth, which in result induces HCC. Current examples of transgenic mice models with 
over-expressed Epidermal growth factor (EGF) [197, 198], Transforming growth factor 
alpha (TGF-α) [194, 199], Fibroblast growth factor 19 (FGF19) [200]. 
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- Creating a tumor environment: these models preferred in to study tumor 
microenvironment and underlying pathogenesis process of the HCC, such as injury and 
fibrosis. There are alpha-1 antitrypsin models [201, 202], platelet-derived growth factor 
(PDGF) [203], TGF-β [204, 205], Glycine N-methyltransferase (GMNT) [206, 207]. In 
addition, phosphatase and tensine homolog (PTEN) models, PTEN is a tumor suppressor 
gene, mice models with PTEN-deletion showed to have similarities with human NASH 
development with further progression into HCC [183, 208].  

Lastly, kirsten rat sarcoma virus (KRAS) mice models, KRAS is an oncogene that mutated 
in almost 30% of cancers, the molecular mechanisms of it in cancer progression is currently 
poorly understood [209, 210]. KRAS is strongly involved in the Mitogen-activated protein 
kinases (MAPK) pathway and with other signaling pathways, thus regulates processes such 
as cellular proliferation, survival, differentiation and  migration [210]. Ras-oncogene 
activation is also considered as a frequent mutation in the hepatocarcinogenesis [211].  In 
the interesting study of Steiger et al, where they compared PTEN and KRAS mice models 
and its number of liver lesions, they have demonstrated the revealing information that 
KRAS models presented with higher number of malignant lesions [178]. Especially with 
more than 60 % of precancerous lesions (FCA) and more than 30% of HCC lesions. Pointing 
towards that those KRAS mutated models are actually good models to study liver disease 
especially precancerous lesions [178].  

Moreover, other types of newly developed GEMMs are present: simple liver-specific 
transgenic approach that employs the SB transposase system and the hydrodynamics-based 
transfection method [212-214]. However, it is crucial and strongly recommended before 
conducting a research, scientists should define their purpose and what they are trying to 
achieve with their studies, thus choose the appropriate mice model accordingly (Figure 5) [182, 
183, 215].  
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Figure 5. The classification, advancement, and application of mouse HCC models. (Unchanged figure taken from 
Sha Liu et al. Mouse Models of Hepatocellular Carcinoma: Classification, Advancement, and Application. Frontiers 
in Oncology, Volume 12, 2022; (https://doi.org/10.3389/fonc.2022.902820). Copyright owners Liu, Huang, Ru, Wang, 
Zhang, Chen and Chu. [215].  
 

4.4.2 PRENEOPLASTIC AND NEOPLASTIC LESIONS 
 
In the GEMM may present with various lesions, not all of them could be used in the 
comparative studies with humans. The counterpart of human liver preneoplastic lesions 
“dysplastic nodule” (DN) is focus of cellular alteration (FCA). The diagnostic features of FCA 
were described as [216, 217]: “FCA is characterized as a localized proliferation of hepatocytes 
phenotypically different from surrounding hepatocyte parenchyma. FCA are circular or ovoid 
in shape; irregular formed foci may occur; may be subclassified based on predominant cell 
type. The fact that 80% of the focus is composed of one morphologic cell type (basophilic, 
eosinophilic, etc.) or a mixed cell type. Normally no or only minimal compression of the 
surrounding liver tissue. Liver plates merge imperceptible with surrounding hepatic 
parenchyma; nevertheless, foci are sharply demarcated from the adjacent normal hepatocytes 
by the appearance and staining reaction of its cells. Normally absence of cellular atypia. 
Intracytoplasmic inclusions of various types may be present. Morphological subtypes of FCA 
are basophilic, eosinophilic, mixed, clear cell, amphophilic.” 
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Already in the 90s in the study of Kolaja et al., it was already identified that DEN has direct 
effect on mice liver and increases the number of FCAs [218]. In the humans, the comparative 
counterpart of FCA lesions are dysplastic nodules, which were reviewed and described by 
Thoolen et al. [217]: FCAs (eosinophilic, basophilic and clear cell foci) and compared with the 
human counterparts of large cell change (LCC) and small cell change (SCC). “Eosinophilic and 
basophilic FCA in the rat and LCC and SCC in humans showed common histomorphological 
characteristics, which might be indicative of a mutual presumptive role in the process of 
hepatocarcinogenesis” [216].  

The criteria for HCC diagnosis in the murine liver was described by Thoolen et al. [217]: “HCC 
are local infiltrating growth and/or lack of distinct demarcation, marked cellular 
pleomorphism may occur. Loss of normal lobular architecture, vascular invasion or metastases 
may be observed. Increased mitotic index possible. Hemorrhage, necrosis, and extramedullary 
hematopoietic foci may be present. May occur as a single morphologic type or a combination 
of them as in the following. Morphological subtypes of HCC are trabecular, acinar, solid, 
adenoid”.  

The pathogenesis of HCC depends on the exposure of carcinogens, could form spontaneously 
in some cases or due to specific genetic alterations in the mice [217]. Moreover, other studies 
had thoroughly described the pathophysiology of the HCC and cirrhosis, which starts with 
the development of the pre-cancerous DNs [219, 220]. DNs size is more than 1mm, has two 
types according to the degree of atypia: low-grade DN ((LGDN) appear normal or show 
minimal nuclear atypia, slightly increased nucleocytoplasmic ratio, has no mitotic figures) and 
high- grade DN ((HGDN) has cytological atypia, cytoplasmic basophilia or clear cell change, 
high nucleocytoplasmic ratio (crowding of nuclei), occasional mitotic figures)[219-221]. Firstly, 
LGDN forms, later progresses into HGDN, which later has a potential to transform into early-
stage HCC and advanced HCC. Malignant transformation into HCC can originate from 
various cell types including mature hepatocyte and stem or progenitor cells [7, 222-224]. As a 
summary, the liver carcinogenesis is a multistep process with a distinct sequence of lesions: 
cirrhosis/low-grade dysplastic nodules à (LGDN)/high-grade dysplastic nodules à 
(HGDN)/early HCC/progressed HCC and advanced HCC [148, 225].  
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4.5  THE GAP OR MISSING KNOWLEDGE OF 
ANGIOGENESIS. 

 
Angiogenesis is required for tumor tissues to obtain their nutrients, survive and metastasize, 
as well as form new vessels called “neovascularization”[226]. Angiogenesis is regulated by 
inhibiting and activating molecules, when activating molecules are upregulated and inhibiting 
molecules are down-regulated, the so-called “angiogenetic switch” is turned on [227-230]. 
There are several key regulators and factors that help promote the vascular proliferation and 
the formation of new blood vessels. The main angiogenetic factors are mainly VEGF, Tie2, 
Angiopoietin family, Hypoxia- inducible factor (HIF) - 1α, Transforming growth factor (TGF), 
Tumor necrosis factor alpha (TNF-α), Placental growth factor (PIGF), bFGF [158, 226, 231-233]. 
Mice models are commonly used to study cancer diseases; however, little is known regarding 
the angiogenesis of HCC in mice. The majority of studies have explored VEGF and other 
angiogenetic factors. One study found increased levels of VEGF and HIF-1a in DEN-induced 
liver fibrosis and upregulated expression of VEGF, PIGF, and HIF-1a in tumor nodules [234]. 
Another study of portal hypertension with cirrhosis in rats found increased mesenteric 
vascular density and increased VEGF expression, highlighting the importance of VEGF in 
angiogenesis [235]. Furthermore, they showed a positive correlation between CD31 expression 
and increased microvascular density with the extent of angiogenesis [235]. 

VEGF-A is considered to be one the potential predictive biomarkers of the HCC [236, 237], 
however in the study previous studies of VEGF-A, when compared with PIGF expression and 
its correlation with early recurrence of HCC, it was found to have a positive correlation and is 
a good prognostic factor of HCC compared to VEGF-A or VEGF-C [238].  In the paper by Turlin 
et al., their research team used VEGF as a vascular staining in hepatic microcancers [167]. 
VEGF plays a crucial role in the angiogenesis and vascular remodeling in the liver cancer, 
which correlates with the disease severity. In the large number of studies, the evaluation of the 
circulatory VEGF levels in the various of tumors, showed a strong association with the 
advanced disease progression and poor prognosis [13, 152, 153, 159, 166, 239, 240]. 
Additionally, Vanderborght et al. thoroughly described that there is a strong correlation of 
VEGF and Angiopoietin pathway, which has a significant influence on the vessel development 
and sprouting in the HCC [150]. In the paper of Anja Runge et al. [241], they researched and 
described the vasculature of HCC. In the angiogenesis of the HCC lesions, vessels need to 
sprout and bud for further proliferation and the expansion of the vascular network by 
remodeling the extracellular matrix and migrating [242, 243]. In the interesting study of 
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Kornek et al., they have injected mice with alcohol and thioacetamide, which later developed 
fibrosis and HCC faster [244]. Moreover, they have found that expression of VEGF, VEGF 
receptors was higher in the tumors that have fibrotic background, which accelerates further 
HCC development. 

Current knowledge about tumor vessels undergoing the process of capillarization describes 
them as irregular in diameter, possessing an abnormal vascular branching pattern, tortuous 
properties, leaky, partially covered by pericytes, and having an incomplete basal membrane 
[243, 245]. The characteristics of these vessels were mainly studied through electron 
microscopy, which identifies difference between normal hepatic sinusoids and the vessels of 
HCCs [246]. Haratake et al's study revealed thickening of endothelial cells, intermediate 
junctions between neighboring cells, reduction or lack of fenestrations, formation of basement 
membranes, and paucity of sinusoidal macrophages [246]. The presence of small arterioles 
with smooth muscles in their walls was also found in tumor areas [246]. The study concluded 
that the sinusoids of HCCs lack the specifically differentiated morphology of normal sinusoids 
and develop characteristics of capillary and precapillary blood vessels [246]. Additionally, 
endothelial cells of HCC lesions have a tendency to lose their polarity, leading to stratification 
and protrusion into the vessel lumen [247]. 
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5 AIMS OF THE STUDY 
 
The aim of this study was therefore to perform a comprehensive characterization and 
comparison of the vasculature in mouse models used for hepatocarcinogenesis studies. This 
was a follow study of Steiger et al., Cancers 2020, since in this study it was found that one 
mouse model (with KRAS mutation) presented with a very high number of neoplastic lesions, 
especially FCA (67%) and HCC (31%). Thus, the particular interest was to explore whether 
those models would present with so called “angiogenetic switch”, progressing from FCA into 
HCC.   

Firstly, preforming a detailed background and resources analysis. Later on, identifying lesions 
according to diagnostic criteria. For the purpose of studying and comparing vasculature 
structures, we characterized the vessels of pre-neoplastic foci of cellular alteration (FCA) and 
hepatocellular carcinoma (HCC) by using tissue-based techniques. Immunohistochemistry 
stainings: CD31, Collagen IV, a-SMA, Desmin. Combined with stainings such as Ki-67 for the 
nuclear proliferation comparison, LYVE1 for identification of lymphovascular proliferation 
and at first, we used VEGF164 due to its homogenous cytoplasmic staining we used afterwards 
VEGF-A mRNA. CD31 and a-SMA are the classic vascular marker that are widely used in the 
research world, especially on rodents [171, 241, 248-253]. The other vascular markers that we 
selected were Desmin and Collagen IV, which were described in microvasculature papers also 
in [241, 249, 254]. Further computer assisted analysis to better understand if and how vascular 
remodeling appears in rodent models for liver tumorigenesis.  

 
We focused on accessing FCA versus HCC:  

- Identifying common vascular markers that could be used on mice 

- Comparing the vasculature with subgroups of vessel sizes  

- Assessing the vessels by using different vasculature markers  

- Assessing if the angiogenesis present in liver rodent models 

- Analyzing if there is a correlation between vessel distribution and lesion types. 

- Statistically comparing the microvessel analysis data and interpreting the findings. 
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6 MATERIALS AND METHODS 
 

All of the materials and methods were previously published in my 2022 Cells paper “Vascular 
Remodeling Is a Crucial Event in the Early Phase of Hepatocarcinogenesis in Rodent Models 
for Liver Tumorigenesis” Cells 2022, 11(14), 2129 [255]; except Ki-67 and VEGF164 results – 
they are described in details here.  

 

6.1 TISSUE COLLECTION 
 
A total of 25 formalin fixed paraffin-embedded (FFPE) samples from GEMM for liver 
tumorigenesis were used.  All tissue samples of mice were processed at the Comparative 
Experimental Pathology (CEP) at the Institute of Pathology, Technical University Munich 
(TUM). Animals were initially provided to our collaboration partners (J.G.) by the Welcome 
Trust Sanger Institute, Genome Campus, Hinxton, Cambridge, CB10 1SA, UK. Experiments 
were approved by the local ethical committees in both the UK and Germany (TV 55.2-
2532.Vet_02-16-143, government of Oberbayern; year of approval included in number). Mice 
were all kept under standard laboratory conditions (12 h day/night cycle, water and standard 
diet ad libitum, no special diet). Only samples from animals originating from end-point studies 
were included. Samples from animals with unclear/insufficient extent of genetic knockdown 
were excluded from this study. Those 25 FFPE blocks were from KRAS, KRAS/adenosine 
kinase (Adk) and KRAS/ nuclear factor IA (Nfia) GEMMs were included in the study [178]. 
The genetic background has been already been extensively described in the paper of Steiger et 
al. [178].   

The FFPE blocks were sequentially cut (2-3µm) on tissue slides, and Thermo Scientific HM 340 
was used as cutting machine. Later they were stained with hematoxylin and eosin (H&E) 
according to standard protocols. Slides were then independently evaluated by me and under 
supervision of experienced liver and comparative pathologist Prof. Dr. med. Carolin Mogler; 
and diagnosed according to existing guidelines for diagnosis of proliferative liver lesions in 
rodents mentioned above [217]. Lesions with morphological diagnosis of FCA (clear cell, 
basophilic and eosinophilic subtype) and HCC were then selected for this study.  
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6.2 IMMUNOHISTOCHEMISTRY 
 
The vasculature was characterized by immunohistochemistry including stainings for the 
intralesional vasculature of FCA and HCC including stainings for CD31 (1:100; DIA-310, 
Dianova, Hamburg, Germany), Collagen IV (1:50; CL50451AP, Cedarlane, Ontario, Canada), 
a-Smooth muscle actin (a-SMA) (1:500; ab5694, Abcam, Cambridge, UK), LYVE1 
(1:7000; ab33682, Abcam, Cambridge, UK), Desmin (1:50; M0760, DAKO, Santa Clara, United 
States), Ki-67 (1:50, ab16667, Abcam, Cambridge, UK), VEGF164 (1:20; AF-493-NA, Bio-Techne, 
Minneapolis, United States) and using standard protocols [256, 257]. All the 
immunohistochemistry stainings were performed by me and with the help and guidance of 
our lab technicians Maximilian Guenzl and Annett Hering. Stainings were performed on 
Bond-Max Rxm and Bond-Max Rx from Leica Biosystems, Nussloch, Germany. Further 
description in detail in the Table 1. 

 
 
Table 1. Immunohistochemistry table. The detailed information on immunohistochemistry stainings. 
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6.3 RNASCOPE TECHNOLOGY (IN-SITU HYBRIDIZATION 
(ISH) AND IMMUNOHISTOCHEMISTRY) 

 
RNAscope technology is the combination of the in-situ RNA analysis and the 
immunohistochemistry technique together. Levels of vascular endothelial growth factor A 
(VEGF-A) mRNA were assessed by RNAscope (RNAscope multiplex fluorescent reagent Kit 
v2 Assay, 323100-USM, ACD, Newark, United States) according to the manufacturer´s 
protocol. Analysis was performed by Maximillian Guenzl and our collaboration partner 
Thomas Leibing, University Hospital Mannheim, Germany. Evaluation and interpretation of 
the results done by me and help of a postdoc Sabrina Sarkar Rim.  

6.4 COMPUTER-ASSISTED IMAGE ANALYSIS 
 
Slides were scanned using a slide scanner, Aperio AT2 (Leica Biosystems, Nussloch, Germany) 
at the magnification of 40X. With the guidance of my supervisor and expert pathologists Dr. 
med. Carolin Mogler, I have manually annotated the selected regions of interest (ROIs) on 
Aperio ImageScope software (Version 12.4.0.7018, Leica Biosystems). Further computational 
analysis was performed by me and with help of post-doc Sabrina Sarkar Rim in the 
determination of computer algorithm. 

The staining for a-SMA and desmin were analyzed with using the Aperio ImageScope 
software with an  algorithm, ‘Positive Pixel Count v9’ as previously described [258]. The 
default set of parameters of the algorithm was modified according to the stain contrast and 
intensity of the scanned images. The algorithm measured the intensity of the stain (brown 
signal) for the whole section. The total positive pixel was then normalized to the total area of 
the tissue section (pixel/mm2). 

For counting Ki67-positive cells, a modified version of the ‘Nuclear v9’ algorithm on Aperio 
ImageScope software (Version 12.4.0.7018, Leica Biosystems, Wetzlar, Germany) was used. 
The percentage of cells with positive immunostaining was defined as the Ki-67 proliferation 
index. 

For quantifying VEGF-A expression, an open-source image analysis software, 'QuPath' 
(version 0.2.3, Queen’s University Belfast, Ireland) was used [259]. The ROIs annotated on 
ImageScope were transferred as xml files onto QuPath using a software script developed by 
the QuPath developer. Firstly, cells were segmented using a modified ‘Cell detection’ 
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algorithm. For probe VEGF- A detection, the ‘Subcellular detection’ algorithm was chosen and 
a detection threshold was adjusted interactively until all the probe dots are detected. The 
minimum and maximum spot size ranged from 0.5µm2 to 3µm2. Larger areas were considered 
as clusters of spots. Total number of subcellular spots of clusters for each ROI was counted.  

Analysis of intra-tumoral vasculature was performed using computational approaches. 
Microvessel density (MVD) was assessed using Definiens Tissue Studio of CD31 and Collagen 
IV- stained vessels were analyzed by Definiens Architect (version XD 64 2.7, Definiens AG, 
Munich, Germany) using the algorithm, ‘Marker Area Detection’. ROIs were transferred from 
ImageScope using a default feature in Definiens. Blood vessel size was defined in accordance 
and of published literature in rats was Julia C. D'Souza et al., which defined the blood vessels 
sizes according to their diameter as small vessels (5 to 15um in diameter), medium vessels (16 
to 50um), and large vessels (>50um) [260]. In our case, the vessel classification was based on 
the area. The vessel areas of each subgroup were measured manually by randomly annotating 
the vessels of the lesions, then taking the average of the vessel area, in order to set the criteria. 
Then after setting the criteria, the size of the vessels was used to automatically define 3 groups 
of vessels, defining small (< 150 µm2), medium (150-500 µm2), large (> 500 µm2). Computer 
analyzed quantitative vessel data was normalized accordingly as a ratio, providing three 
values for each vessel group: stained vessel area per total lesion area, stained vessel number 
per total lesion area and average staining intensity of the lesion.  

Heatmaps were generated based on the density of the three vessel subgroups mentioned 
above, using Definiens Architect (version XD 64 2.7, Definiens AG, Munich, Germany). The 
heatmap evaluation was performed according to published literature [261], including colored-
coded evaluation of density of marker expression (green color for the lowest density, yellow 
color for medium density, red color for the highest density). The analysis was done semi-
quantitively, according to the highest hotspot locations (marked in red color) within the lesion 
(FCA or HCC) based on their computer-defined location (peripheral or central part of the 
lesion/intralesional). Each slide was evaluated by 2 independent investigators me and postdoc 
Sabrina Sarkar Rim. The hotspot was referred to the highest density of micro-vessel area 
(small/medium/large). 

LYVE1 expression was evaluated semi-quantitative and given as percentage (%) of 
vasculature/lesion stained for LYVE1. 
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6.5 STATISTICAL ANALYSIS 
 

Statistical analyses were performed by me, using GraphPad Prism 9 (GraphPad Software, Inc., 
San Diego, United States) and IBM SPSS Statistics (version 28, IBM Corporation, Armonk, New 
York, United States). The cut off for statistical significance was p value ≤ 0.05. The selection of 
statistical test was done according to the normal distribution tests (Shapiro-Wilk and 
Kolmogorov-Smirnov test). If groups were not normally distributed then nonparametric test 
(Mann-Whitney U test) was performed, whereas if groups were normally distributed unpaired 
T-test was performed. The heatmap analysis was statistically compared with Fisher’s Exact 
test. Statistical supervision and guidance were performed by Dr. Katty Castillo and Birgit 
Waschulzik, Institute of Medical Informatics, Statistics and Epidemiology, Technical 
University of Munich (TUM). 
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7 RESULTS 
 

The main results are published in my 2022 Cells paper “Vascular Remodeling Is a Crucial 
Event in the Early Phase of Hepatocarcinogenesis in Rodent Models for Liver Tumorigenesis” 
Cells 2022, 11(14), 2129 [255]. 

 

7.1 COHORT 
 

A total of 262 FCAs and 36 HCCs were identified by histological classification Manual 
annotation for further computational analysis of H&E staining was performed (Figure 6 A–D) 
and immunohistochemistry staining of CD31 (Figure 6 E-F) and Collagen IV (Figure 6 G-H). 
Median FCA lesion in the cohort was 4.83 mm (ranging from 0.07–9.603 mm) and distributed 
multifocally up to 70 lesions per slide. The median HCC lesion size was 9.85 mm (range: 0.523–
19.18 mm) and distributed mostly as one lesion per slide. Based on H&E morphology, FCA 
showed a homogenous vascular pattern with a predominant appearance of narrow vessels. 
The HCC sample, however, especially larger specimens, presented with a more 
inhomogeneous pattern including areas of narrow but also dilated and angled vessels 
surrounding tumor cell clusters. Necrosis was not observable within the smaller tumor 
nodules (FCA/HCC) but detectable in the larger HCC nodules.	 
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Figure 6. Annotation and immunostaining of foci of cellular alteration (FCA) and hepatocellular carcinoma 
(HCC). 
FCA annotated with green color in H&E (A); HCC annotated with yellow color in H&E (B); representative image 
of FCA (C) (H&E) and HCC (D) (H&E); CD31 immunostaining in FCA (E) and HCC (F). Collagen IV 
immunostaining in FCA (G) and HCC (H). Scale bar (A, B): 1mm (magnification 1×), 2 mm (magnification 1.5×). 
Scale bar (C–F): 200 µm (magnification 12×).  
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7.2 MICROVESSEL DENSITY ANALYSIS & EXPRESSION OF 
CD31, COLLAGEN IV 

 
In the subsequent computational analysis, the total number of vessels, assessed by CD31 and 
Collagen IV, was significantly higher in FCAs than in HCCs (Figure 7 A, B).	Analysis of 
staining intensities showed opposite results, where HCC presented with a stronger CD31 
staining intensity but not Collagen IV (Figure 7 C, D).	The total area of CD31 stained vessels 
were observed to be higher in the HCC than in the FCA (Figure 7 E, p value = 0.2344). 
Nevertheless, no differences were observed in total area covered by intralesional vessels 
(Figure 7 E, F).  

 
Figure 7. Detailed vessel analysis by CD31 and Collagen IV in FCA and HCC.  
Total number of vessels in FCA versus HCC by CD31 (A) and Collagen IV (B); average staining intensity of vessels 
by CD31 (C) and Collagen IV (D). No differences were observed in total vessel area: CD31 (E) and Collagen IV (F). 
Error bars show the mean and standard deviation for each lesion. p-values: Not statistically significant p value > 
0.05; for statistical significance, accepted *** = p value ≤ 0.001, ≤ and **** = p value ≤ 0.0001. 
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For a more detailed analysis of the vessels according to their size (small, medium, large), a 
computer-assisted subgrouping of the vessels was performed on CD31 and Collagen IV 
stained vessels (Figure 8 A-H).  

 
Figure 8. Computer-assisted subgrouping of vessels.  
CD31-based vessel subgrouping (A-B, E-F) for FCA (A) and CD31 (B) subgroups and HCC (E) and CD31 (F) 
subgroups. Collagen IV-based vessel subgrouping (C–D, G-H) for FCA (C) and Collagen IV (D) subgroups and 
HCC (G) and Collagen IV (H) subgroups. Arrows mark the lesion in (A–H). Magnification 5×. Color coding of 
subgroups:  
(A-B, E-F) Black-colored areas highlight small-sized vessels (<150 µm2), yellow-colored areas highlight medium-
sized vessels (150–500 µm2), and grey-colored areas highlight large-sized vessels (>500 µm2).  
(C–D, G-H) Grey-colored areas highlight small-sized vessels (<150 µm2), yellow-colored areas highlight medium-
sized vessels (150–500 µm2), and black-colored areas highlight large-sized vessels (>500 µm2).  
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Following the subgrouping, the comparison within subgroups were done on CD31 and 
Collagen IV: vessel numbers, in all three vessel subgroups FCA lesions have a higher number 
of vessels both in CD31 and Collagen IV stains (Figure 9 A-B, D-F), except in the number of 
CD31 stained large vessels showed to be have almost same number in FCA and HCC (Figure 
9 C, p value = 0.3997). Regarding the comparison of the vessel area in small and medium size 
vessels in both CD31 and Collagen IV showed a significant amount of areas covered with FCA 
(Figure 9 G-H, J-K). On the contrary, the large vessels in CD31 (Figure 9 I) and Collagen IV 
have bigger areas covered with HCC (Figure 9 L, p value = 0.2877).  
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Figure 9. Analysis of vessel area and vessel number per lesion.  
Evaluation of subgrouped vessels per area in CD31 (A–C) and Collagen IV staining (D-F). Subgrouped vessels per 
total area in CD31 (G–I) and Collagen IV staining (J-L). Error bars show the mean and standard deviation for each 
lesion. p-values: not statistically significant p value > 0.05; for statistical significance, accepted p value ≤ 0.05., **=p 
value ≤ 0.01, *** = p value ≤ 0.001, and **** = p value ≤ 0.0001. 
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The last part of analysis was the evaluation of average staining intensity, where HCC have a 
stronger intensity in CD31 small, medium and large vessels (Figure 10 A-C), whereas the 
intensity of Collagen IV had no significant difference (Figure 10 D-F).  

 

 
 
Figure 10. Analysis of staining intensity per lesion of CD31- and Collagen IV-stained vessels (A–F).  
Error bars indicate the mean and standard deviation for each lesion. p-values: not statistically significant p value > 
0.05; for statistical significance, accepted p value ≤ 0.05. ** = p value ≤ 0.01, *** = p value ≤ 0.001, and ****=  p value ≤ 
0.0001. 
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7.3 HEATMAP ANALYSIS OF CD31 AND COLLAGEN IV 
 

The heatmap evaluation was based on the hotspot density of CD31 and Collagen IV stained 
vessels, showing the distribution as the green areas defined as having the least density, the 
yellow color show medium density and the red areas show the highest in density.  

In the CD31 stained vessels, small and medium- size vessels are predominantly located in the 
central part of the FCA lesions (Figure 11 B-E). On the contrary, in the HCC lesion these vessels 
located in the periphery of the lesion (Figure 11 F-G). Heatmap analysis of Collagen IV stained 
vessels, only small-size vessels tend to be located in the center of the FCA lesion, whereas in 
the HCC those vessels were mostly located in the periphery of the lesion (Figure 11 I-J). In the 
correlation test of medium and large- size vessels no correlation of vessels and location in the 
lesions was observable (Figure 11 K-N, p value > 0.05). The original immunohistochemically 
stained pictures with the annotations are Figure 11 A, 11 H. 
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Figure 11. Heatmap of vessel distribution according to size. (Modified from Tulessin et al., Cells 2022, [255]). 
Annotated FCA (encircled green) and HCC (encircled yellow) in CD31 staining. (A) Distribution of the vessel 
according to their size in small- sized vessels (B, C), medium-sized vessels (D, E) and large-sized vessels (F, G) show 
a predominant location of small- and medium-sized vessels in the center (intralesional) of FCA, whereas the small- 
and medium-sized vessels in HCC mostly located at the periphery of HCC (arrowheads). In Collagen IV (H) small 
vessels located in the center (intralesional) of FCA but at the periphery of HCC, with shift towards the periphery in 
medium- and large-sized vessels (I–N). Color coding of heatmap: Green color indicates lowest density; yellow color 
indicates medium density and red color indicates highest density. Scale bar (A, B): 2 mm (magnification 1.5×). p-
values: not statistically significant p value > 0.05; for statistical significance, accepted p value ≤ 0.05. **= p value ≤ 
0.01, N = number of hotspots identified in each slide and lesion for further in-depth analysis.  
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7.4 a-SMA AND DESMIN  
 
The general expression of a-SMA (Fig. 12 A-B) and desmin (Figure 12 E-F) was weak in both 
FCA and HCC lesions, therefore our approach was to count the pixels and evaluate the 
intensity. In the analysis of a-SMA staining, the number of pixels were prominently higher in 
HCC as compared to FCA (Figure 12  C, p value = 0.0360), but in desmin pixel count we have 
observed that FCAs have a higher number of pixels, however did not show significant 
difference between those two lesions (Figure 12 G). The intensity of a-SMA staining both 
lesions had almost same intensity (Figure 12 D, p value = 0.3220) and desmin staining FCA 
presented with a stronger intensity as compared to HCC (Figure 12 H, p value = 0.1326).  

 
Figure 12. Analysis of vessels per lesion for expression of smooth muscle actin (a-SMA) and desmin.  
(A-B) Immunostaining of a-SMA in FCA and HCC, (C) number of a-SMA positive pixel/αtotal area and (D) 
intensity of a-SMA/positive pixel. (E-F) Immunostaining of desmin in FCA and HCC, (G) number of desmin 
positive pixel/αtotal area and (H) intensity of desmin/positive pixel. Error bars indicate mean and standard 
deviation for each lesion. For statistical significance, accepted p value: *= p value ≤ 0.05. Scale bars: A, B, E, F: 200 
µm (12´ magnification). 
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7.5 IMMUNOHISTOCHEMICAL VEGF164 AND VEGF-A 
mRNA ANALYSIS  

 
The VEGF164 staining was performed before VEGF-A mRNA analysis, it was found to be 
strongly cytoplasmic-stained in homogenous manner (Figure 13 A-B). 

Here in our results, the expression of the VEGF-A mRNA was analyzed with the QuPath 
program (Figure 13 C, D). Firstly, we detected and counted spots and clusters per cell in FCAs 
and HCCs separately, clusters were considered as more than 1 spot. In the VEGF-A expression 
analysis of combined spots and clusters per cell together were observed to be higher in the 
HCC, than HCC (Figure 13 E, p value = 0.4376). After comparing clusters and spot per cell 
separately, in both FCA and HCC no statistical significance was found (Figure 13 F-G).  

 
Figure 13. Analysis of vessels per lesion for expression of VEGF164 and VEGF mRNA.  
(A-B) Immunostaining of VEGF164 in FCA and HCC, (C-D) mRNA in situ hybridization of VEGF-A in FCA and 
HCC, (E) Number of VEGF positive spots and clusters per cell, (F) Number of VEGF positive clusters per cell (G) 
Number of VEGF positive spots per cell. Error bars indicate mean and standard deviation for each lesion. For 
statistical significance, accepted p value: * = p value ≤ 0.05. Scale bars: A- D: 200µm (12´ magnification). 
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7.6 LYVE1 (LYMPHO-VASCULAR MARKER) & KI-67 
(PROLIFERATION MARKER) 

 
In the LYVE1 analysis, the expression of the staining was found to be in diffuse manner, 
predominantly expressed in the healthy liver tissue as compared to liver lesions. Moreover, 
the expression was found to be more prominent in the sinusoids and in the periphery of bigger 
FCAs and HCC, but not in small FCAs. Nevertheless, statistically no differences in the overall 
expression levels were observed (Figure 14 A, C, E; p value = 0.9484). 

In the Ki-67 analysis, which is a nuclear proliferation marker (Figure 14 B, D) the average 
percentage of Ki-67 expression did not show significant differences between FCA and HCC 
(Figure 14 F, p value = 0.0903). 

 
Figure 14. Analysis of vessels per lesion for expression of LYVE1 and Ki-67.  
Immunostainings of LYVE1 in FCA and HCC (A, C) showing a weak staining equal or less compared to sinusoidal 
expression of surrounding liver, dots indicate the lesion area. (E) Semi-quantitative analysis of percentage of LYVE1 
positive vessels in FCA and HCC. (B, D) Immunostainings of Ki-67 in FCA and HCC, (F) average percentage of Ki-
67 positive nuclei was counted. Error bars indicate mean and standard deviation for each lesion. p-values: Statistical 
significance accepted p value ≤ 0.05. *= p value ≤ 0.05. Scale bars: A-D: 200µm (12´ magnification). 
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8 DISCUSSION 
 
One of the main aims of this study was to comprehensively investigate vascular changes of 
pre-malignant and malignant liver lesion in the GEM models for HCC. At the first glance in 
this study, we have observed a higher amount of FCA lesions were present compared to the 
HCCs. These observations corroborate the findings of the previous work by Steiger et al, that 
KRAS models presented with more FCA lesions as compared to the HCC [178]. Currently, 
there are numerous mouse models that are available for the study of hepatocarcinogenesis 
[262, 263], which is a favored method for investigating the molecular and histological stages 
[182, 183]. Particular models of RAS-dependent tumorigenesis have been instrumental in 
demonstrating the evolution of mouse models of cancer as increasingly accurate 
representations of human disease [209], which is also considered a relatively frequent mutation 
found to be involved in the hepatocarcinogenesis [211]. Furthermore, KRAS mutation is found 
in the vast majority of cancers, and commonly studied in colorectal cancers [264, 265], breast 
and lung cancers [209]. Although, mouse models dependent on RAS have continued to be at 
the forefront of mouse modeling, there is still lack of information on KRAS mice models in 
liver studies, highlighting the need for further investigation in this area [209]. Additionally, 
the role of the tumor vasculature in either GEMMs or KRAS models is not frequently well 
addressed by many researchers [241]. 

One of the other main objectives of this study was to explore the vasculature in detail and 
assess whether the angiogenetic switch is present in hepatocarcinogenesis of mice, since the 
current knowledge on vessel sizes and morphological descriptions of vessels in HCC and FCA 
is limited in mouse models. In this study’s vasculature investigation of FCAs, which are 
premalignant lesions and a counterpart of human dysplastic nodule (DN) [216, 224], FCAs 
presented with increasing number of vessels, especially small and medium size vessels 
covered with endothelial and basement membrane cells. In accordance with these results, 
previous human studies have also demonstrated that new sinusoidal endothelium increases 
gradually over the stages from LGDN, HGDN to HCC [266], pointing out the presence of 
sinusoidal capillarization and higher frequency of unpaired arteries [267]. Thus, in correlation 
with recent studies, my study provides similar and reassuring initial evidence that small and 
medium size vessels have more of a capillary-like formation in the preneoplastic state, with 
lesser number of larger vessels.  
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In the further detailed vessel analysis of the HCC lesions, in comparison to FCA, HCC 
predominantly presented with large sized vessels, however with lesser distribution of vascular 
basement membrane and endothelial cells. Hence, one reason for this observation might be 
that with the progression into HCC, the vessel sprouting begins and forming more of arterial-
like vessels, since it is already known that with the tumor progression the requirement for 
nutrients and oxygen substantially increases [145, 159]. Additionally, vessel leakiness is 
speculated to contribute to the tumor progression [268], similarly was observed in my study, 
by the gradual decrease of endothelial and basement membrane cells, which might in result 
contribute to the onset of vessel leakiness. However, as only tissue sections were investigated 
in this study, functional analysis to support this hypothesis (such as lectin injection in live 
mice) was not possible. Interestingly, HCC lesions in our cohort, showed a clear expression of 
basement membranes in the large vessels representing a more mature phenotype of 
vasculature. However, in the scientific community, there are some discrepancies regarding the 
function of vascular basement membrane: some authors postulate that it gets degraded during 
angiogenesis in the tumor [228, 269, 270]. On the other hand, other authors have stated that it 
does not get degraded and plays an important role in the endothelial sprouting and 
neovascularization [271-273]. Findings of this study clearly support the recent ones, through a 
probable presence of joined work of endothelial cells with the vascular basement membrane 
on further vessel sprouting and its contribution to the vascular remodeling from FCA to HCC, 
thus facilitating angiogenesis with upregulating the expression of pro-angiogenic factors, as it 
was already discussed by other researchers [271, 274].  

As the vasculature in tumor lesions differ significantly from normal vessels, tumor blood 
vessels are characterized by structural and functional abnormalities, which include tortuous 
and dilated vessels with varying diameters, excessive branching, and shunts [268, 275]. In 
accordance with these remarks, we have observed not only changes in vessel size and maturity 
but also in their distribution within the tumor nodules using the heatmap evaluation. The 
MVD findings were found to be strongly correlated with the vessel analysis, and indicating 
that small and medium size vessels are highly distributed in the central part of the FCA lesions. 
Whereas HCC lesions show a shift towards small and medium sized vessels in the outer 
region, supporting that vascular remodeling in the HCC plays a prominent role in the tumor's 
infiltrative growth and progression [151-153]. Additionally, my results further support the 
hypothesis that for further development of the HCC, vascular remodeling with continuous 
adaptation is required and it is a valuable process for tumor development and differentiation, 
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as it was previously reported that it is demanded during the transition from developed HCC 
to more advanced stages [241].  

However, one of the challenges in my work was the interpretation of our heatmap analysis 
and correlation with vessel distribution. Since there is very little information published in the 
literature on vessel size distribution and appropriate methods for evaluation. One study 
suggested evaluating the heatmap based on the marker density in the expressed cells [261]. 
According to the above paper of Böhm et al., we decided for a similar approach and analyzed 
hotspot areas, with the highest density of expressed vessels. Previous vascular studies have 
commonly evaluated the hotspot regions manually and calculated the average of positively 
stained blood vessels in those hotspot areas [266, 276]. However, the detailed MVD analysis of 
the vasculature in this study has more technological advancement with the usage of 
computational analysis and software algorithms, providing more accurate and detailed vessel 
analysis. Moreover, those programs are already widely used in research studies along with 
routine diagnostics, one of the main advantages of computational analysis is the reduction of 
the interobserver variance, errors in the diagnosis and classification [277-283]. Nevertheless, it 
is important to note that the lack of detailed classification of proliferative liver lesions in mice 
compared to the WHO classification for human liver tumors is a significant limitation [284]. 
The International Harmonization of Nomenclature and Diagnostic Criteria (INHAND) criteria 
for murine liver tumors only provides a diagnosis of "HCC" without further sub-classification, 
as compared to human HCC sub-classifications [216]. Additionally, mouse models used in this 
study do not develop HCC on a cirrhotic background, which may limit their relevance for 
studying chronic liver diseases [178].  

a-SMA and desmin are common markers that are used to visualize for mural cells, especially 
pericytes [285-287], which affect the endothelial permeability, proliferation and migration 
[287]. a-SMA expression in our cohort is in line with previous human studies where the 
number of pericytes increased with the progression to the HCC [224]. Surprisingly, desmin, 
another marker for pericytes, was very weakly expressed in both FCA and HCC lesions and 
did not show any difference. As compared to other studies, where desmin is strongly 
associated with pericytes recruitment and upregulated in the angiogenesis [241, 287], this was 
a surprising finding. One possible explanation of the observed low expression of desmin 
staining in my study could be either due to the difference in type of tumor tissue [287], or due 
to the antibody used in my study [241].  
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VEGF is one of the potential predictive biomarkers of the HCC [236, 237], and has a strong 
association with the advanced disease progression and poor prognosis [13, 152, 153, 159, 166, 
240]. There are still some questions, whether the vascular remodeling is driven by hypoxia, 
activation of oxygen sensors, or an enhancement of VEGF alone [168, 288, 289]. Thus, in this 
study VEGF164 was first used, however due to its diffuse cytoplasmic staining which was 
homogeneous in pattern, it was difficult to evaluate by the computer, this finding which was 
previously seen in the study of Stroescu et al. [290]. Thus, a second technique for a better 
assessment of VEGF was applied, using RNAscope to detect not the expression on protein 
level but directly measuring the RNA content of VEGF. VEGF showed to be significantly 
higher in HCC patients and was proposed to be used as a prognostic marker [291]. In spite of 
that, in our analysis surprisingly and to some extent contradictory, VEGF-A mRNA did not 
show any differences between FCA and HCC. However, Hanahan et al. [292] and Lei et al. 
[163] stated that tumor vasculature is upregulated by VEGF which often in turn has a negative 
impact on pericytes and basement membrane cells, resulting in the reduction of both of them. 
As in our study, we observed high pericyte coverage of vessels and basement membrane cells 
in the HCC, one reason to explain these results in VEGF levels might be that, HCC lesions 
investigated in our cohort still might be in the early stages of differentiation, where it does not 
require a high amount of VEGF-A yet. Additionally, in previous human studies, VEGF-A was 
found to have a negative correlation with the tumor size, meaning that smaller tumors depend 
on new vessels’ formation in order to grow, whereas later in the stage of large tumors it may 
require other growth factors [293-296]. Thus, published literature provides various insights on 
VEGF biology; nevertheless, it still remains unclear whether VEGF causes vascular remodeling 
during early HCC stages. Another explanation could be the absence of fibrosis background of 
KRAS mice models, since the VEGF expression was found to be higher in liver with fibrotic 
background which was investigated in human and experimental studies [294, 297, 298].  

Regarding the Ki-67 analysis, which is commonly reported in studies as an independent 
prognostic indicator for patients with HCC [299]. Especially in the human studies Ki-67 was 
reported to be significant in advanced stages of HCC and associated with poor outcomes [300, 
301]. Moreover, higher expression of Ki-67 also correlates with a poor histological 
differentiation with an increased microvascular invasion [302-304]. Thus, this is another 
interesting finding that stands out from results reported earlier, that no changes in nuclear 
proliferation rate of the HCC were observed in this study. One possible explanation here might 
be that, since we only investigated tissue slides we don´t know when these lesions have 
developed.  
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Lastly, LYVE1 is potentially considered to be an independent marker of HCC patient’s 
outcome, since in the detailed Japanese human study [305], it was found to be downregulated 
with the tumor progression, from well to poorly differentiated HCC. However, LYVE1 
analysis in my study didn’t present with any differences in expression between FCA or HCC 
which again might be explainable by the number or degree of development of each lesion. 
Nonetheless, one finding in our cohort was that LYVE1 positive cells were found to be 
expressed more in the periphery of the HCC lesion in comparison to FCA. These findings are 
consistent with previous mice and human studies [306, 307], where they have observed that 
with tumor growth, LYVE1 expression tends to be located in periphery of the lesion. 

This comprehensive computational analysis of FCA and HCC has demonstrated that the 
mouse models investigated in this study, mimic vascular remodeling in human 
hepatocarcinogenesis both morphologically and phenotypically. Therefore, these KRAS 
models can be utilized for investigating vascular therapeutic approaches [308], as well as for 
basic research questions concerning molecular pathways during the early stages of tumor 
development [309]. 

 

8.1 CONCLUSION AND FUTURE PERSPECTIVES 
 
Hepatocellular carcinoma (HCC) is a leading cause of cancer-related deaths worldwide, due 
to its highly vascularized properties [1, 3]. Angiogenesis is a pivotal process in the progression 
of hepatocellular carcinoma (HCC) and its precursor lesions. This study demonstrated that 
mouse models for hepatocarcinogenesis could serve as proper model to address specific 
questions on vascular remodeling and the angiogenic switch in HCC. 

Furthermore, our computer-assisted assessment of the vasculature could serve as a valuable 
tool for the accurate diagnosis of proliferative lesions in rodent liver tumor models. This 
approach may eventually assist in distinguishing between pre-cancerous and cancerous liver 
lesions and establishing vessel criteria for diagnosis. We hope that this area of research will 
pique the interest of more scientists to delve into the vascular differentiation of these lesions. 
However, further exploration of the molecular basis of angiogenesis and the identification of 
specific vascular genes in the FCA and HCC lesions is necessary to improve our understanding 
of hepatocarcinogenesis. Genetic alterations play a critical role in the progression of HCC and 
underline the importance of further investigations in this area [148, 225, 310, 311]. 
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A simplified graphical summary could be found in Figure 15 [255]. 

 
 
Figure 15. Simplified summary of results. (Unchanged figure taken from Tulessin et al. Vascular Remodeling Is a 
Crucial Event in the Early Phase of Hepatocarcinogenesis in Rodent Models for Liver Tumorigenesis. Cells, 2022 
2022 Jul 6;11(14) [255]). 
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