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1.1 Cancer  

1.1.1   Cancer overview by the World Health Organization  

 Cancer, according to the World Health Organization (WHO), is the uncontrolled growth and 

spread of cells that can affect almost any part of the body. The growths often invade 

surrounding tissue and can spread to distant sites. Cancer can affect everyone regardless of 

age, gender or social status and represents a tremendous burden on patients, families and 

societies. Also, cancer is one of the leading causes of death in the world, particularly in 

developing countries [1]. 

 Facts about cancer [1]: 

- There are more than 100 types of cancers. Any part of the body can be affected. 

- In 2008, 7.6 million people died of cancer representing 13% of all deaths worldwide. 

- About 70% of all cancer deaths occur in low- and middle-income countries. 

- Worldwide, the 5 most common types of cancer that kill men are (in order of 

frequency): lung, stomach, liver, colorectal and oesophagus. 

- Worldwide, the 5 most common types of cancer that kill women are (in order of 

frequency): breast, lung, stomach, colorectal and cervical.  

- Tobacco use is the single largest preventable cause of cancer in the world causing 22% 

of cancer deaths. 

- One fifth of all cancers worldwide are caused by a chronic infection, for example 

human papillomavirus (HPV) causes cervical cancer and hepatitis B virus (HBV) causes 

liver cancer. 

- Cancers of major public health relevance such as breast, cervical and colorectal cancer 

can be cured if detected early and treated adequately. 

 

 

1.1.2   Definition and different categories of cancer 

 Cancer is not just one disease but many diseases. As previously stated, there are more than 

100 different types of cancer. Cancer refers to the disease state in which abnormal cells divide 

without control and are able to invade other tissues: cancer cells can spread to other parts of 

the body through the blood and lymph systems via a process known as metastasis. Most 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?term=lymph&version=Patient&language=English
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cancers are named after the organ or type of cell in which they start. For example, a cancer 

that begins in the colon is called “colon cancer”, a cancer that begins in melanocytes of the 

skin is called “melanoma”[2]. 

 The different types of cancer can be grouped into broad categories in regard to their 

birthplace [2-4]. According to this classification scheme, the main categories include: 

- Carcinomas: cancers that begin in the skin or in tissues that line or cover internal 

organs. 

- Sarcomas: cancers that begin in bone, cartilage, fat, muscle, blood vessels, or other 

connective or supportive tissue. 

- Leukemias: cancers that start in blood-forming tissue such as the bone marrow and 

cause large numbers of abnormal blood cells to be produced and enter the blood. 

- Lymphomas and myelomas: cancers that begin in the cells of the immune system. 

- Central nervous system cancers: cancers that begin in the tissues of the brain and 

spinal cord. 

 Cancers can also be classified either as hereditary or sporadic [2, 5]. 5–10% of cancer cases 

are attributed to genetic (hereditary cancers) and 90–95% of the cases are due to 

environmental factors (sporadic cancers). Hereditary cancers are primarily caused by an 

inherited genetic defect. Less than 0.3% of the population carry a genetic mutation which has 

a large risk on the development of cancer. For example, certain inherited mutations in the 

genes BRCA1 and BRCA2 entail more than 75% risk of breast cancer and ovarian cancer [6, 7]. 

Sporadic cancers, as mentioned above, include the vast majority of cancers. These are not 

inherited genetically but they are caused by common environmental factors including tobacco 

use, infections, diet and obesity, radiation (both ionizing and non-ionizing), stress, lack of 

physical activity, and environmental pollutants.  

 

 

1.1.3   Tumour biology and medicine 

 All cancers initiate in cells, the body's basic unit of life. There are many different types of cells 

which grow and divide in a controlled way to produce more cells as they are needed to keep 

the body healthy. When cells become old or damaged, they die and are replaced by new cells. 

However, sometimes this strictly regulated process goes wrong. The genetic material (DNA) 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046292&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?term=immune%20system&version=Patient&language=English
http://en.wikipedia.org/wiki/Hereditary_cancer
http://en.wikipedia.org/wiki/BRCA1
http://en.wikipedia.org/wiki/BRCA2
http://en.wikipedia.org/wiki/Breast_cancer
http://en.wikipedia.org/wiki/Ovarian_cancer
http://en.wikipedia.org/wiki/Heredity
http://en.wikipedia.org/wiki/Tobacco
http://en.wikipedia.org/wiki/Obesity
http://en.wikipedia.org/wiki/Radiation
http://en.wikipedia.org/wiki/Physical_exercise
http://en.wikipedia.org/wiki/Environmental_pollutants
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?term=DNA&version=Patient&language=English
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of a cell can become damaged or changed, producing mutations that affect normal cell growth 

and division. When this happens, cells do not die when they should and new cells form when 

the body does not need them. The extra cells may form a mass of tissue called “tumour”. Not 

all tumours are cancerous. Tumours can be benign or malignant and some cancers do not form 

tumours at all such as in the case of leukemias. Benign tumours are not cancerous. They can 

often be removed, and, in most cases, they do not come back. Cells in benign tumours do not 

metastasize. On the contrary, malignant tumours are cancerous. Cells in these tumours can 

invade nearby tissues and spread to other parts of the body via metastasis [2, 8]. 

 
 
Box 1: Glossary and etymology for terms of interest related to cancer [9, 10]. 

Cancer: the term originates from Greek “καρκίνος” meaning crab. It was first described by Hippocrates and later, 
Celsus translated the term to Latin “cancer” meaning also crab.  In medicine, the term concerns a group of 
diseases which cause cells in the body to change and grow out of control. 

Onco- : word-forming element originating from Greek “όγκος” meaning “bulk, mass”.  In medicine, its use is 
firmly linked to cancer. Synonym word: tumour (see below). 
 
Oncology: composite word of two parts: “onco-“ (see above) and  “-logy”. The second part “-logy” originates 
from Greek “λόγος” meaning “study of, word, reason, account, speech, opinion”.  The term as a whole concerns 
the branch of medicine that specializes in the research, diagnosis and treatment of cancer. 
 
Tumour: the term is derived from Latin “tumor” meaning “swelling, condition of being swollen”. It concerns an 
abnormal lump or mass of tissue. In the Commonwealth the spelling "tumour" is commonly used, whereas in the 
U.S. it is usually spelled "tumor”. 
 
Tumourigenesis: composite word of two parts: “tumour” (see above) and “-genesis” which originates from Greek 
“γένεσις” meaning “origin, initiation, creation, birth”. It concerns the process of initiation and progression of 
cancer. Synonyms: oncogenesis, carcinogenesis. 
 
 

 
 
 
 
 
 
 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?term=mutation&version=Patient&language=English
http://en.wiktionary.org/wiki/%CE%BB%CF%8C%CE%B3%CE%BF%CF%82
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1.1.4   The hallmarks of cancer   

 Hanahan and Weinberg described six major functional capabilities of cancers that they called 

“hallmarks of cancer” in their seminal review article indicating aberrant events that mediate 

cellular transformation [11].  

 The six major hallmarks which were initially proposed, constituted an organizing principle for 

rationalizing the complexities of neoplastic disease and they included: (1) sustaining 

proliferative signalling, (2) evading growth suppressors, (3) resisting cell death (apoptosis), (4) 

enabling replicative immortality, (5) inducing angiogenesis, and (6) activating invasion and 

metastasis. The authors suggested that most, if not all cancers have acquired the same set of 

functional capabilities during their development via various mechanistic strategies. They 

introduced also the concept that mutations leading to the hallmarks did not have to be 

acquired in any specific order. Finally, genomic instability was considered by them separately 

from the six hallmarks, in that it is not a functional capability of cancer per se but a property 

that enables the acquisition of the hallmarks [11, 12].  

 Negrini, Gorgoulis and Halazonetis, took their own approach in 2010 and published another 

review article focusing on the hallmarks of cancer [13].  They were based on the hallmarks of 

cancer which had been proposed in the scientific literature since the first systematic attempt 

of Hanahan and Weinberg, but also reported additional ones. New hallmarks included evading 

immune surveillance and five more related to the presence of stress in cancer, namely: DNA 

damage and DNA replication stress, oxidative stress, mitotic stress, proteotoxic stress and 

metabolic stress. These five new hallmarks are qualitatively different from the original 

hallmarks in that they do not describe functional capabilities of cancers but rather the state 

of cancer cells which is characterized by the presence of various stresses. Therefore, in the 

authors´ opinion, the expansion of the concept of hallmarks to include states of cancer cells 

warrants the inclusion of genomic instability as one of the hallmarks, too (Figure 1.a). Genomic 

instability is present in all stages of cancer, from precancerous lesions to advanced cancers. 

Moreover, they consolidated the self-sufficiency in growth signals and insensitivity to anti-

growth signals into the single hallmark of activated growth signalling [13].  
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Figure 1: Presentation of the hallmarks of cancer. a. The main hallmarks of cancer are depicted on the circle and 
the secondary hallmarks (oxidative stress and proteotoxic stress) are shown separately. b. The temporal order 
by which the hallmarks are acquired in hereditary cancers.  c. The temporal order by which the hallmarks are 
acquired in sporadic (non-hereditary) cancers.  The figure is reprinted with Nature Publishing Group´s permission 
(www.nature.com License Number: 3266051294627) [13]. 
 

 
 

 

 

 Another way that was demonstrated in the same review [13] in order to handle the numerous 

hallmarks was to consider that some of them are secondary to others. For example, 

http://www.nature.com/
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proteotoxic stress may be secondary to aneuploidy, which in turn is a manifestation of 

genomic instability, and oxidative stress may be secondary to oncogenic signaling and 

metabolic stress. Based on these considerations, the authors proposed that the secondary 

hallmarks can be presented separately from the primary hallmarks (Figure 1.a). 

 Finally, the question remained whether the acquisition of hallmarks occurs in any specific 

order, or in no specific order as originally proposed by Hanahan and Weinberg. Attempting to 

answer that question, the following hypotheses were given by Negrini and her co-authors. 

Hereditary cancers are often characterized by the presence of mutations in DNA repair genes, 

such as BRCA1, BRCA2, MSH2 and MYH, which lead to genomic instability. Thus, in accordance 

with the mutator hypothesis, the presence of genomic instability in hereditary cancers 

probably precedes the acquisition of mutations in oncogenes and tumour suppressor genes 

and therefore precedes the acquisition of the other hallmarks (Figure 1.b) By contrast, in 

sporadic cancers, the high throughput sequencing studies suggest that caretaker genes might 

not be frequently inactivated early in cancer development. Instead, the first hallmark to be 

acquired in sporadic cancers might be activated by growth signaling, owing to mutations in 

oncogenes or antioncogenes (Figure 1.c). The DNA replication stress that is associated with 

oncogene activation could then lead to genomic instability and the selection for TP53 

mutations, which results in cells evading cell death and senescence.  

 

 

1.2   Reactive oxygen species (ROS) 

1.2.1 Introduction to ROS  

 Oxidative stress as one of the new hallmarks of cancer is considered as increased load of 

reactive oxygen species (ROS) which overwhelms the body´s antioxidant capacity. All types of 

ROS, including superoxide anions and hydrogen peroxide, have unpaired valence electrons or 

unstable bonds [14, 15]. When ROS were first introduced into biomedical concepts it was 

thought that they caused exclusively toxic effects and were associated with pathologies [16]. 

At high concentrations, ROS react readily with proteins, lipids, carbohydrates, and nucleic 

acids, often inducing irreversible functional alterations or even complete destruction. 

However, this approach of considering only the toxic effects of ROS action was amended when 
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mounting evidence has been provided that ROS are able to act in lower concentrations as 

signalling molecules. This action of ROS takes place through covalent modifications of target 

molecules (redox signalling) thereby inducing distinct changes at the cellular (regulation of 

growth, apoptosis and other signaling) and systems level (contribution to complex functions 

such as blood pressure, cognitive and immune function) which are crucial in both physiological 

and pathophysiological processes. 

 Furthermore, ROS in human body were once thought to originate almost entirely from 

mitochondrial metabolism. Indeed, in the case of normal mitochondrial function, the final 

oxygen electron receptor is reduced to water and it is possible, particularly under pathological 

conditions, that electrons leak out of the system prematurely and create ROS. However, it has 

been indicated extensively in the scientific literature that cellular enzymes referred to as 

NADPH oxidases (NOX) are a major source of ROS in humans, too [17-20]. Nevertheless, there 

is not yet a complete understanding how ROS signaling may function within cells, tissues and 

organs [16, 21]. 

 

 

1.2.2 Chemistry and biology of ROS 

 Taking a close look on the chemistry and biology of reactive oxygen species (ROS), these are 

defined as oxygen-derived small molecules, including oxygen radicals such as superoxide 

(O2
•−), hydroxyl (•OH), peroxyl (RO2

•), and alkoxyl (RO·) and certain non-radicals that are either 

oxidizing agents and/or are easily converted into radicals, such as hypochlorous acid (HOCl), 

ozone (O3), singlet oxygen (1O2), and hydrogen peroxide (H2O2) [22, 23]. ROS generation is 

generally a cascade of reactions (Figure 2) that starts with the production of superoxide. Two 

molecules of superoxide can react to generate hydrogen peroxide (H2O2) in a reaction known 

as dismutation, which is accelerated by the enzyme superoxide dismutase (SOD) [24]. In the 

presence of iron, superoxide and H2O2 react to generate hydroxyl radicals. In inflamed areas, 

ROS include hypochlorous acid (HOCl), formed in neutrophils from H2O2 and chloride by the 

phagocyte enzyme myeloperoxidase (MPO). Singlet oxygen might be formed from oxygen in 

areas of inflammation through the action of Phox and MPO-catalysed oxidation of halide ions 

and ozone can be generated from singlet oxygen by antibody molecules. The last reaction is 
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likely to be important in inflamed areas in which antibodies that bound to microorganisms are 

exposed to ROS produced by phagocytes [22].  

 

 

Figure 2: Cascade of reactions involving ROS generation. The colour coding indicates the reactivity of individual 
molecules (green: relatively unreactive, yellow: limited reactivity, orange: moderate reactivity, red: high 
reactivity and non-specificity). The figure is reprinted with Nature Publishing Group´s permission 
(www.nature.com License Number: 3266041429501) [22]. 

 

 

1.2.3 ROS from health to disease  

 Regarding the role of ROS in health, it is well established nowadays that they are involved at 

low regulated levels in many vital physiological processes and functions. Examples include 

modulation of nutrient sensors and aging as well as immune, thyroid and cognitive function. 

ROS participate in various signaling cascades, such as response to growth factor stimulation 

and control of inflammatory responses. Furthermore, they participate in the regulation of 

many cellular processes including differentiation, proliferation, growth, apoptosis, 

cytoskeletal regulation, migration, and contraction [14, 25].  

 Concerning disease, ROS contribute to a wide range of pathologies and many of them are 

leading causes of death. Cancer, cardiovascular diseases, neurological diseases, sensory 

impairement and psychiatric diseases, all show robust evidence of ROS involvement (Table 1) 

[14, 24, 26, 27].  

 

http://www.nature.com/
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Table 1: Selected ROS mediated diseases [14]. 

Disease family & example  Potential mechanisms of ROS involvement 

 
 

a. Hypoxia inducible factor (HIF-1a) expression induces vascular endothelial 
growth factor (VEGF), a mediator of angiogenesis, tumour growth and 
metastasis. NADPH-oxidase-4 (NOX4) activity is required for HIF-1a 
expression. 

Cancer 
e.g. renal cell carcinona 

b. Fumarate hydratase deficiency may induce hypoxia-inducible 
transcription factor stabilisation by glucose-dependent generation of ROS. 
c. Obligate glycolytic switch is critical to HIF stabilisation via ROS generation. 

 d. Cells exhibit upregulation of p22phox, NOX4, and NOX-mediated ROS 
generation. 
e. Tumour cell growth is suppressed by diphenyleneiodonium ( DPI), a 
chemical inhibitor of NADPH oxidases. 
 

 
 
 
Cardiovascular 
e.g. hypertension 

 

a. Superoxide reacts with .NO, forming peroxynitrite (ONOO–), causing a 
reduction in .NO bioavailability and endothelium-dependent vasodilation. 
b. NOX4 is strongly expressed in media of small pulmonary arteries and is 
causally involved in development of pulmonary hypertension. 
c. NOX-derived ROS are a hypertensive signaling element. 
d. Decreased systolic blood pressure response to angiotensin II and to bone 
morphogenetic protein-4 in p47phox-deficient mice. 
e. Decreases in blood pressure in NOX1-deficient mice. 

  

 

 

1.2.4 The NOX Family of ROS-Generating NADPH Oxidases 

 The NADPH oxidases were originally identified as a key component of human innate host 

defence and were thought to be specific to phagocytic cells [28]. In these cells, this enzyme 

complex is activated to produce superoxide anion and other secondarily derived ROS which 

promote the destruction of invading micro-organisms (see detailed description of activation 

in the following paragraph). However, the presence of NADPH oxidases in non-phagocytic 

tissues and cells is now well-established, too. Actually, NADPH oxidases participate in very 

important cellular processes besides the host defence, including signal transduction, cell 

proliferation and apoptosis [29-31]. These enzymes are essentially present in every organ 

system in the body and contribute to a multitude of physiological events (Figure 3 and Table 

2) [32]. 

 The primary catalytic function of the NADPH oxidase family of enzymes is the generation of 

reactive oxygen species (ROS). This property sets them apart from all other ROS-generating 

enzymes that produce radical species, either as a by-product of their normal catalytic activity 

or as a result of aberrant functioning in disease. Members of the NADPH oxidase family 
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catalyze the reduction of molecular oxygen to generate superoxide and/or hydrogen peroxide 

(as previously described) in various intracellular compartments.  

 

 

Figure 3: Locations of NOX proteins in the human body. Tissues reported to express NOX homologues 
throughout the human body are displayed. Figure is reprinted with permission granted from its source: M. Quinn, 
M.C. Ammons and F. Deleo. The expanding role of NADPH oxidases in health and disease: no longer just agents 
of death and destruction. Clinical Science (2006) 111, (1-20) © Portland Press Limited [32]. 
 
 
Table 2: Tissue expression of the NOX proteins [32]. 

Oxidase protein Tissue expression 

NOX1 Vascular smooth muscle, gastric pit and colon epithelium. 
NOX2 (gp91phox)   Phagocytes, lymphocytes, vascular smooth muscle, fibroblasts, endothelium, 

skeletal muscle, neurons, lung, carotid body and kidney.  
NOX3 Fetal tissue and inner ear. 
NOX4 Fetal tissue, kidney, pancreas, placenta, ovary, testis, skeletal muscle, carotid body, 

melanocytes, osteoclasts, eye and lung. 
NOX5 Fetal tissue, lymphocytes, spleen, testis ovary, placenta, pancreas, stomach, 

mammary glands and cerebrum. 
p22phox Phagocytes, lymphocytes, testis, placenta, ovary, kidney, liver, lung, spleen, 

pancreas, skeletal muscle, neurons, eye, vascular smooth muscle, fibroblasts, 
endothelium, carotid body, melanocytes and osteoclasts. 

p47phox Phagocytes, lymphocytes, testis, placenta, ovary, kidney, liver, lung, spleen, 
pancreas, skeletal muscle, neurons, eye, vascular smooth muscle, fibroblasts, 
endothelium and carotid body.  

p67phox 
 
 
DUOX1 
DUOX2 

Phagocytes, lymphocytes, testis, placenta, ovary, kidney, liver, lung, spleen, 
pancreas, skeletal muscle, neurons, eye, vascular smooth muscle, fibroblasts, 
endothelium and carotid body. 
Thyroid, salivary glands, colon, rectum, bronchi and cerebellum. 
Thyroid, salivary glands, colon, rectum, bronchi, pancreas and prostate. 

NOXO1  Colon, liver, small intestine, gastric mucosal cells, cochlea, liver, pancreas, thymus 
and testis. 

NOXA1  Colon, uterus, salivary glands, small intestine, stomach, lung, thyroid, liver, kidney, 
pancreas, spleen, prostate, testis and ovary. 
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 Seven isoforms of NADPH oxidase have been described in mammals. In general, these 

isoforms vary in their composition, tissue localisation, mechanisms of activation, and roles in 

pathologies. In more detail, each of these isoforms comprises a core catalytic subunit (the so-

called NADPH oxidase (NOX) and dual oxidase (DUOX) subunits) and up to five regulatory 

subunits. These regulatory subunits have important role in the maturation and expression of 

the NOX and DUOX subunits in biological membranes (DUOX activator 1 (DUOXA1) and 

DUOXA2), in enzyme activation (p67phox and NOX activator 1 (NOXA1)), and in spatial 

organization of the various components of the enzyme complex (p47phox, NOX organizer 1 

(NOXO1) and p40phox). Some NADPH oxidase isoforms also rely on a small GTPase (RAC1 or 

RAC2) for their activation. As illustrated (Figure 4), each NADPH oxidase isoform may be 

defined by the nature of its core catalytic subunit (NOX1–NOX5, DUOX1 or DUOX2) as well as 

its suite of regulatory subunits. Studying further the role of all NADPH oxidase isoforms and 

their regulatory subunits is justified without doubt considering that the ROS generated by 

these enzymes have crucial roles in various physiological and pathophysiological functions in 

human body [33, 34]. 

 

 

 
 

Figure 4: Subunit composition of the seven mammalian NADPH oxidase isoforms. The catalytic core subunits 
of the enzymes and the cytosolic activators are shown in green. NOX and DUOX maturation and stabilization 
partners such as p22phox are shown in red. Cytosolic organizers are shown in orange. Small GTPases (RAC1,  
RAC2) are shown in blue. Also, polymerase δ-interacting protein 2 (POLDIP2) is shown in pink. EF hand motifs 
(yellow circles) are also shown, which bind to Ca2+. Last, the figure also illustrates the putative amino-terminal 
transmembrane domain and extracellular peroxidase-like region (shown in purple) on DUOX1 and DUOX2. The 
figure is reprinted with Nature Publishing Group´s permission (www.nature.com License Number: 
3266050237615) [33]. 

http://www.nature.com/
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1.2.4.1    Structure and function of the phagocytic NADPH oxidase 

 As previously mentioned, the structure and function of the NADPH oxidases were primarily 

described in neutrophils [28]. In that regard, the structure and activation of the phagocytic 

NADPH oxidase is well described as a prototype in the scientific literature (Figure 5).  

 The complex formed by NOX2 (gp91phox) and p22phox has been biochemically isolated and 

is referred to as flavocytochrome b558 (the catalytic core of the NADPH oxidases) which is 

essential for electron transfer from NADPH to molecular oxygen [30, 35, 36]. Other important 

components are the cytosolic subunits p40phox, p47phox, p67phox and the small GTP-binding 

protein Rac. The NADPH oxidase is inactive in unstimulated phagocytes, but becomes 

activated after exposure of cells to microorganisms or inflammatory mediators as a result of 

assembly of cytosolic subunits with flavocytochrome b558. Cell activation by microorganisms 

or inflammatory mediators initiates at least three molecular triggers (protein phosphorylation, 

lipid metabolism and guanine nucleotide exchange on RAC) with the flavocytochrome. This 

complex regulation protects against accidental activation of the oxidase. Neutrophils can 

transition from undetectable to high levels of ROS production within 30 seconds of cell 

activation. Therefore, the regulatory features of the Phox seem to be ideally suited to control 

the high levels of ROS production seen in phagocyte-mediated host defense [22]. 

 An outline of the distinct stages during the activation of the phagocytic NADPH oxidase can 

be given as follows: (1) dormant in resting neutrophils, p47phox becomes phosphorylated 

after stimulation with pathogens like bacterial lipopolysaccharides [30, 37], (2) this 

phosphorylation leads to a change in their conformation and to subsequent translocation and 

association with the flavocytochrome b558 at the membrane, (3) in addition, loading of Rac 

with GTP and interaction of active Rac with p47phox and p67phox triggers the translocation 

of Rac to the flavocytochrome b558 at the flavocytochrome b558 in the right direction for 

electron transfer [38, 39], (4) finally, the activated oxidase releases large amounts of 

superoxide in the well characterized respiratory burst.  

 The significance of the events described above can be easily understood in the example of 

chronic granulomatous disease (CGD) caused by mutations in any of the genes encoding NOX2 

(gp91phox), p22phox, p47phox or p67phox. The phagocytes of patients suffering from CGD 

are unable to produce O2
-., and these patients are therefore highly susceptible to bacterial and 

fungal infections [40]. The important membrane-bound component of the flavocytochrome 

b558, p22phox, is a protein with a molecular weight of 22-kDa. As mentioned, p22phox forms 
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together with NOX2 the catalytical core of the phagocytic NADPH oxidase [41, 42]. Moreover, 

upon stimulation, p22phox binds to p47phox to assemble the active oxidase [30]. Importantly, 

the expression of p22phox is ubiquitous, underlying the essential function of this component 

for the assembly and activation of NADPH oxidases. Interestingly, several polymorphisms in 

the p22phox gene have been identified [43]. Also, increased levels of p22phox have been 

detected in various cancers, atherosclerosis, hypertension, diabetes and other disorders and 

have been associated with elevated ROS levels in these disorders [44-48]. 

 

Figure 5: Schematic overview of the structure and activation of the phagocytic NADPH oxidase. In resting 
phagocytic cells, NOX2 (gp91phox) forms with p22phox a membrane bound flavocytochrome b558 and the 
cytosolic factors p40phox, p47phox and p67phox forms a cytosolic complex. In activated phagocytic cells, the 
cytosolic complex translocates to the membrane upon phosphorylation of p47phox. Activation of Rac leads to 
the full activation of the NADPH oxidase. The figure is reprinted with Nature Publishing Group´s permission 
(www.nature.com License Number: 3266041429501) [30]. 
 
Box 2: Glossary for terms of interest related to reactive oxygen species [22, 33]. 

Oxidative stress: reflects the imbalance between the production of reactive oxygen species and the ability of 
cells to neutralize their reactive intermediates. 

Redox signalling: the concept that electron-transfer processes play a key messenger role in biological systems.  
 
Respiratory burst: the large increase in oxygen consumption and reactive oxygen species generation that 
accompanies exposure of neutrophils to microorganisms and/or inflammatory mediators. 

http://www.nature.com/
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1.2.4.2   NADPH oxidases, p22phox, ROS and cancer  

 In cancer cells, high levels of superoxide and hydrogen peroxide have been described [49]. 

Initial studies demonstrating the expression of NADPH oxidase subunits in differentiated HL60 

promyelocytic leukemia cells and in HepG2 cells [50, 51] pointed towards a potential role of 

NADPH oxidases in tumour biology. Studies demonstrating that diphenyleneiodonium (DPI) 

which inhibits flavin-containing enzymes including NADPH oxidases, but also that the 

mitochondrial electron transfer chain [52] could decrease ROS production and proliferation in 

cancer cells, were first hints that NADPH oxidases could play a role in tumour cells [53]. Now, 

several sources of ROS in cells and tissues have been identified. However, the mitochondrial 

electron transfer chain and NADPH oxidases of the NOX family are the two major sources 

implicated in cancer. ROS derived from these two major sources are not mutually exclusive, 

and corresponding studies suggest that crosstalk exists between these major producers [20].  

 NADPH oxidases are dedicated ROS generating enzymes that broadly and specifically regulate 

redox-sensitive signalling pathways which are involved in cancer development and 

progression. They act through the activation of oncogenes and the inactivation of tumour 

suppressor proteins [54]. Notably, the regulatory protein subunit p22phox of NADPH oxidases, 

necessary for complex formation with four out of the five homologues of the family of NADPH 

oxidases, appears to have an essential role in ROS production and subsequent signaling 

pathways involved in a broad range of pathophysiological conditions including cancer [55-57]. 

 Cellular transformation is a multistep process that requires an as yet undetermined sequence 

of genetic alterations and changes in intracellular signalling. As previously mentioned, 

scientific reviews focusing on the “hallmarks of cancer” indicated various aberrant events that 

mediate cellular transformation. However, an underlying event very poorly discussed is the 

role of oxidative stress in these processes. The role of oxidative stress in cellular 

transformation was first described in 1981 by Oberley and colleagues. This seminal paper 

described the insulin stimulated generation of intracellular hydrogen peroxide as a second 

messenger that induces cellular proliferation. Additionally, it was suggested that increased 

superoxide production leads to cellular immortality. This work became known as “the free 

radical theory of cancer” [58]. Similar to the importance of free radicals, was the discovery of 

enzymes that are involved in scavenging these radicals, which are referred to as antioxidants 

[59]. 
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Figure 6: Integration of NOX oxidase-derived ROS with the hallmarks of cancer. The figure shows the potential 
signalling pathways that are activated (+) or inactivated (−) by NADPH oxidase (NOX) oxidases and how they 
relate to some of the suggested hallmarks of cancer cells, such as deregulated cell growth and angiogenesis. The 
figure is reprinted with Nature Publishing Group´s permission (www.nature.com License Number: 
3203081425218) [54]. 

 
 The biological roles of NADPH oxidases in cancer have been mostly deduced from knowledge 

gained during examination of the physiological and pathophysiological roles of NADPH 

oxidases in diabetic kidney disease, cardiovascular disease, Alzheimer's disease, fibrosis and 

atherosclerosis. Although primarily based on in vitro data, authors Block and Gorin highlight 

in their recent review article in 2012 [54] the roles of the NOX complexes in cellular 

transformation and maintenance of the malignant phenotype (Figure 6). Due to the “in vitro 

only data” limitation, the reviewed studies fail to address the biological complexity that exists 

in tumours, such as intra-tumour heterogeneity, micro-environmental changes and the 

systemic influence of factors, including growth factor levels, inflammation and nutrition [54]. 

Nevertheless, the authors formed the following hypothesis regarding the function of NOX-

derived ROS in the progression of carcinogenesis (Figure 7): “In the changing environments of 

tumour initiation and development, some cells will gain function while others that have intact 

apoptotic pathways will undergo necrosis or apoptosis. Owing to the pleiotropic nature of 

NOX-derived ROS, tumour cells that upregulate NOX oxidases and NOX-derived ROS will 

progress and those that do not, will necrose, apoptose or exhibit a biochemically benign 

http://www.nature.com/
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phenotype. As the tumour progresses, NOX-derived ROS will maintain activated growth 

pathways, evade cell death and initiate angiogenesis and metastasis” [54, 60]. 

  

 

Figure 7: A hypothesis for the function of NOX-derived ROS in the progression of carcinogenesis. Multiple 
genetic and epigenetic alterations (HITS) are required for cellular transformation. Cells that do not activate NOX-
derived ROS will undergo apoptosis or necrosis. The cells that upregulate NADPH oxidase (NOX) oxidases and 
NOX-derived reactive oxygen species (ROS) will progress towards the development of a clinically relevant 
tumour. In tumours of approximately 1–2 mm in diameter, NOX oxidases sense hypoxia and can help to mediate 
activation of the angiogenic switch while maintaining unregulated cell growth and evasion of cell death. As the 
tumour continues to grow, a complex tumour environment, including stromal cells, endothelial cells and tumour-
associated macrophages (TAMs), secrete various metastatic agonists. NOX oxidases are responsive to the 
extracellular fluid surrounding the tumour environment and facilitate invasion and metastasis. The figure is 
reprinted with Nature Publishing Group´s permission (www.nature.com License Number: 3203081425218) [54]. 

 

  

 Therefore, further investigation on the particular role of NADPH oxidases and the underlying 

signaling cascades in cancer are of great interest. Of particular interest is the membrane 

bound subunit p22phox, since it is important for the function of the vast majority of NOXes in 

http://www.nature.com/
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order to perform their ROS generating activity, as it forms a mutually stabilizing complex with 

NOX homologues (NOX1, NOX2, NOX3, NOX4) and allows the recruitment of cytosolic subunits 

to NOX1, NOX2 and NOX3 to form an active complex. Better understanding of redox-linked 

signaling systems that are influenced by p22phox dependent ROS generation can give us 

valuable information about the role of NADPH oxidases in the aetiology of cancer and justifies 

the investigation on how modulation of expression of p22phox might affect cancer 

pathophysiology [27, 54, 61].  

 

 

1.3   Proteomics  

1.3.1 Introduction to Proteomics 

 The term “proteomics” concerns a large-scale comprehensive study of a specific proteome, 

including information on protein abundances, their variations and modifications, along with 

their interacting partners and networks, in order to understand cellular processes. The term 

“proteome” which was coined by Marc Wilkins in 1994 refers to the entire complement of 

proteins, including the modifications made to a particular set of proteins, produced by an 

organism or a cellular system. This varies with time and distinct environment, such as stresses, 

that a cell or organism experiences [62]. 

 Proteomics has evolved substantially from genomics, which involves sequencing and mapping 

of the genomes of a wide variety of organisms, including humans [63]. Therefore, a brief 

comparison between genomics and proteomics can facilitate the understanding of the two 

different fields which are firmly linked. 

 There is one genome for each organism. Also, genomics allows for the high throughput 

sequencing of DNA. This process is complex and focuses on the information of one target 

molecule, DNA. In contrast, proteomics focuses on the identification, localization, and 

functional analysis of the protein make-up of the cell. The proteins which are present in a cell, 

together with their function, subcellular location, and structure, change dramatically with the 

organism, and the conditions faced by their “host” cells including age, checkpoint in the cell 

cycle, and external or internal signaling events [64]. Thus, there are many proteomes for each 

organism and consequently, the quantity and complexity of the data derived from the 
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sequencing and mapping of the human proteome are estimated to be at least three times 

greater than that involved in the human genome project [65]. 

 

 

1.3.2 Proteomics towards the future of medicine 

 Proteomics is particularly important in medicine because most diseases are manifested at the 

level of protein activity. Also, proteomics can have direct and critical “bedside” applications 

having a leading role on individualised healthcare treatments and shaping the “personalized 

medicine” of tomorrow. We can foresee a future in which the physician will use different 

proteomic analyses at many points of disease management. Appropriate  use of proteomics 

can directly affect clinical practice owing to its effects on all of the following crucial elements 

of patient care and management (Figure 8): early detection of the disease using proteomic 

patterns of body-fluid samples, diagnosis based on proteomic signatures as a complement to 

histopathology, individualized selection of therapeutic combinations that best target the 

entire disease-specific protein network of a patient, real-time assessment of therapeutic 

efficacy and toxicity, and rational redirection of therapy on the basis of changes in the diseased 

protein network that are associated with drug resistance [66-71]. 

 Consequently, proteomics seeks to correlate directly the involvement of specific proteins, 

protein complexes and their modification status in a given disease state. Therefore, such 

knowledge can provide a fast track to commercialization and speed up the identification of 

new drug targets that can be used to diagnose and treat diseases. 
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Figure 8: Proteomic technology applied to cancer-patient management. Proteomic pattern analysis of serum 
has the potential to detect early-stage disease, toxicity or recurrence. Once the disease has been diagnosed and 
biopsied, protein microarrays offer a means to profile the individual signal pathways that are deranged in the 
tumour cells of the patient. In this manner, the combinatorial therapy can be tailored to, and monitored in, the 
individual patient. The figure is reprinted with Nature Publishing Group´s permission (www.nature.com License 
Number: 3266050460762) [71].  

 

 

1.3.3 Proteomics as a powerful analytical platform 

 Acquiring, analyzing, and interpreting vast data sets derived from proteomics studies, require 

a series of well-integrated, high-throughput technologies to lead the researcher from 

experimental design to biological insight. Despite the hurdles, after many years of evolution, 

proteomics technologies have indeed managed to significantly affect the life sciences and are 

an integral part of biological research endeavors.  

 At present, the field of proteomics spans diverse research topics, ranging from protein 

expression profiling to analyzing signaling pathways to developing protein biomarker assay 

systems. It is important to note that within each area, distinct scientific questions are being 

asked and, therefore, distinct proteomic approaches may have to be applied. These 

http://www.nature.com/


Introduction 

 

 

 
21 

approaches vary widely in their versatility, technical maturity, difficulty and cost (Figure 9) [72, 

73].  

 

 
 

Figure 9: Applications of proteomic technologies. For the purpose of organizing the field of proteomics, it is 
instructive to compare and contrast the many conceivable applications on the basis of the complexity of the 
biological context versus the technical difficulty of implementing the appropriate technology. The figure is 
reprinted with Nature Publishing Group´s permission (www.nature.com License Number: 3266050726593) [72]. 

 

 

1.3.4 Two-dimensional gel electrophoresis (2-DE) for protein expression profiling 

 Two-dimensional gel electrophoresis, abbreviated as 2-DE, is a well established technique in 

the constantly evolving field of proteomics [74-77]. It is utilized for protein expression profiling 

based on high resolution analysis of complex protein mixtures. It is a robust tool for protein 

separation prior to protein identification allowing the analysis of protein mixtures which are 

derived either from cells, tissues or body liquids by taking advantage of two major properties 

of protein molecules. Proteins are separated according to their electric charge by isoelectric 

focusing (IEF) in the so called “first dimension” and subsequently, they are further separated 

according to their molecular weight by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) in the so called “second dimension”. Thus, based on this bi-

dimensional separation of proteins in a complex mixture, 2-DE as a technique can result in the 

separation of hundreds of different proteins using a single gel [78, 79]. Information, such as 

the isoelectric point (pI), the apparent molecular mass (Mr), and the amount of each protein, 

can be obtained, too. The protein “spot patterns” generated by the 2-DE based methodology 

can be therefore compared to identify the levels of proteins that differ under unique cellular 

http://www.nature.com/


Introduction 

 

 

 
22 

conditions. Besides this great advantage, 2-DE analysis is compatible also with the 

identification of the protein species of interest by employing an appropriate mass 

spectrometry (MS) analysis of the target sample [77, 79, 80]. 

 Since the introduction of the 2-DE method by O´Farrell in 1975 [81], a large number of 

applications have been recognised in a wide range of fields, including analysis of the proteome 

for the detection of disease biomarkers (in diverse areas such as oncology, endocrinology, 

cardiovascular and central nervous system diseases), drug discovery and protein purity checks. 

Examples of major limitations comprise the difficulty of resolving proteins at extreme acidic 

or basic pH areas, the reproducibility issues linked to inter-gel variability and the masking of 

less abundant proteins by highly abundant ones. However, significant developments in mass 

spectrometry and image analysis software as well as easy access to rapidly growing databases 

of protein sequences have contributed to the tremendous growth in the popularity of 2-DE. 

Thus, despite some inherent limitations, 2-DE based proteomic analysis has proven to be a 

powerful tool in biomedical research [82] . 
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2.1 Aim of the study 

 Although evidence has been provided that the NADPH oxidase subunit p22phox is implicated 

in diverse malignancies via ROS signalling, the exact mechanism still remains elusive.  

 The overall aim of the present thesis is to enhance the understanding of the functional role 

of p22phox mediated reactive oxygen species (ROS) in tumour progression by utilizing 

proteomics, in silico, in vitro and in vivo tools. The cancer cellular model systems of choice are 

stably transfected hepatoblastoma (HepG2) cells with (a) enhanced p22phox levels and (b) 

reduced p22phox levels.  

 The detailed experimental objectives which have been set in order to support the aim of the 

thesis include: 

- Evaluation of the role of p22phox in tumour growth. 

- Analysis of the p22phox regulated proteome by a proteomics based methodology. 

- Functional analysis of p22phox regulated proteins in tumour proliferation.  

- Evaluation of a link between p22phox and Cathepsin D as a known tumour progressing 

factor. 
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3.1 Materials 

3.1.1 Cellular and molecular biology  

Table 3: Mammalian cell lines. 

Mammalian cell lines                                                             Source  
 

Human hepatoblastoma (HepG2)* (ATCC HB-8065)  
HepG2-pcDNA3.1- (HepG2-CtrK2 & HepG2-CtrK5) 
HepG2-pcDNA3.1-p22phox (HepG2-p22K1 & HepG2-p22K3) 
HepG2-pSTRIKE-None (HepG2-shCtr) 
HepG2-pSTRIKE-p22phox (HepG2-shp22phox) 

 

ATCC, Manassas, USA 
available in house 
available in house 
available in house 
available in house 

 

*HepG2 nomenclature is corresponding to both “hepatoblastoma” and “hepatocellular carcinoma” terms in the 
available literature [83].  
 

 
Table 4: Cell culture media and reagents. 

Cell culture media and reagents                                                             Company 
 

Dulbecco’s modified eagle’s medium (DMEM) 
Hank´s balanced salt solution (HBSS)  
Fetal Calf Serum (FCS) 
Phosphate buffered saline (PBS) 
Trypsin-EDTA 
Penicillin / Streptomycin 
Geneticin  

 

Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Pan Biotech, Aidenbach, Germany 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 

 

 

 
Table 5: siRNA targets. 

siRNA targets  

Control:  5´-GAC UAC UGG UCG UUG AAG U dTdT-3´ 
Cathepsin D:  5´-CTG GAT CCA CCA CAA GTA CAA-3´ 

Eurogentech, Cologne, Germany  
Qiagen, Hilden, Germany 

 

 

 
Table 6: Primers used in qPCR*. 

Primers used in qPCR                                                          Company 
 

Cathepsin D (forward): 5´-CAT TGT GGA CAC AGG CAC TTC-3´ 
Cathepsin D (reverse):  5´-GAC ACC TTG AGG GTG TAG TCC-3´ 
 

p22phox (forward): 5´-CAC AGC TGG GCG CTT CA-3  
p22phox (reverse): 5´-TCC AGC AGG CAC ACA AAC AC-3   
 

ß-Actin (forward): 5´-CCA ACC GCG AGA AGA TGA-3  
ß-Actin (reverse): 5´-CCA GAG GCG TAC AGG GAT AG-3   

 

Metabion, Martinsried, Germany 
Metabion, Martinsried, Germany 
 

Metabion, Martinsried, Germany 
Metabion, Martinsried, Germany 
 

Metabion, Martinsried, Germany 
Metabion, Martinsried, Germany 

 

*qPCR: see methods section. 
 

 
Table 7: Kits. 

Kits                                                             Company 
 

Qiagen RNeasy Mini  
QIAquick PCR purification  
BrdU ELISA* cell proliferation assay  
High capacity cDNA Reverse Transcription  
Perfecta SYBR Green FastMix 
Vectastain Elite ABC PK-6100 
DAB Substrate SK-4100 

 

Qiagen, Hilden, Germany 
Qiagen, Hilden, Germany 
Roche, Basel, Switzerland 
Applied Biosystems, Darmstadt, Germany 
Quanta Biosciences, Gaithersburg, USA 
Vector Laboratories, Burlingame, USA 
Vector Laboratories, Burlingame, USA 

 

*BrdU ELISA: see methods section. 
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Table 8: Primary antibodies used in IF*/IHC**. 

Primary antibodies used in IF/IHC                                                           Company 
 

p22phox  
Cathepsin D  
Ki-67   
Cleaved Caspase-3  

 

Eurogentech, Cologne, Germany  
BD Biosciences, Heidelberg, Germany 
Abcam, Cambridge, UK 
Cell Signalling, Frankfurt a.M., Germany 

 

*IF: immunofluorescence: see methods section. **IHC: immunohistochemistry: see methods section.  
 

 
Table 9: Secondary antibodies used in IF/IHC. 

Secondary antibodies as used in IF/IHC                                                         Company 
 

Mouse IgG Alexa Fluor 488  
Mouse IgG Alexa Fluor 594 
Rabbit IgG Alexa Fluor 488  
Rabbit IgG Alexa Fluor 594 
Biotinylated anti-Rabbit IgG(H+L) BA-1000 
Biotinylated anti-Mouse IgG(H+L) BA-9200 

 

Invitrogen, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 
Vector Laboratories, Burlingame, USA 
Vector Laboratories, Burlingame, USA 

 

 

 
Table 10: Staining probes used in fluorescence microscopy. 

Fluorescence staining probes                                                           Company 

Hoechst 33342 for nucleic acid staining 
Lysotracker Deep Red for cellular acidic organelles staining 

Invitrogen, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 

 

 

 
Table 11: Equipment used in cellular and molecular biology methods. 

Equipment                                                             Company 
 

Laminar airflow cabinet (Hera Safe) 
Incubator (Hera Cell) 
Microscope (HAL 100) 
Fluorescence microscope (IX 50) 
Thermocycler RT-PCR (GeneAmp 9700) 
Thermocycler qPCR (Rotor-Gene 6000) 
Spectrophotometer (Nanodrop 2000C) 
Plate reader (Tecan Safire) 
Cell counting chamber (Neubauer) 
Microwave oven 

 

Heraeus, Hanau, Germany 
Heraeus, Hanau, Germany 
Zeiss, Oberkochen, Germany 
Olympus, Hamburg, Germany 
Life Technologies, Darmstadt, Germany 
Corbett Research, Hilden, Germany 
Thermo Scientific, Dreieich, Germany 
Tecan, Männedorf, Switzerland 
Menzel-Glaeser, Brunswick, Germany 
Siemens, Munich, Germany 

 

 

 
Table 12: Reagents  used in cellular and molecular biology methods. 

Reagents                                                           Company 
 

Ascorbic acid (Vitamin C) 
N-acetyl  cysteine (NAC) 
Bovine serum albumin (BSA) 
Dihydroethidium (DHE) 
Dichloro-dihydro-fluorescein (DCF) 
Alamar Blue  
Citric acid  
Dimethyl-sulfoxide (DMSO) 
Ethyl-diamine-tera-acetic acid (EDTA) 
Luminol 
Thrombin 
Lipofectamine 2000 
Pepstatin A 
NVP-AUY922 

 

Sigma Aldrich, Taufkirchen, Germany 
Sigma Aldrich, Taufkirchen, Germany 
Applichem, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 
Invitrogen, Darmstadt, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Sigma Aldrich, Taufkirchen, Germany 
Haemochrom Diagnostica, Essen,Germany 
Invitrogen, Darmstadt, Germany 
Calbiochem, Darmstadt, Germany 
Novartis, Basel, Switzerland 
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3.1.2 Protein biochemistry and proteomics 

Table 13: Primary antibodies used in Western blot* analysis. 

Primary antibodies used in Western blot analysis                                                           Company 
 

p22phox                                                                                             
Cathepsin D                                                                                             
Glutaredoxin-3                                                                                              
Lamin B1                                                                                                 
Heat shock protein 90 a/b  
Heat shock cognate protein 70   
Heat shock protein 70 
Heat shock protein 27                                                                                         
MAPRE1    
p53 
phosphorylated-Akt                                                                                             
Cleaved Caspase 3                                                                                              
PARP                                                                                     
ß-Actin                                                                                               

 

Active Bioscience, Hamburg, Germany 
BD Biosciences, Heidelberg, Germany 
Sigma Aldrich, Taufkirchen, Germany 
Cell Signalling, Frankfurt a.M., Germany 
Enzo Life Sciences, Loerrach, Germany 
Cell Signalling, Frankfurt a.M., Germany 
Enzo Life Sciences, Loerrach, Germany 
Enzo Life Sciences, Loerrach, Germany 
Sigma Aldrich, Taufkirchen, Germany 
Cell Signalling, Frankfurt a.M., Germany 
Cell Signalling, Frankfurt a.M., Germany 
Cell Signalling, Frankfurt a.M., Germany 
Cell Signalling, Frankfurt a.M., Germany 
Santa Cruz, Heidelberg, Germany 

 

*Western blot: see methods section. 
 
 
Table 14: Secondary antibodies  used in Western blot analysis. 

Secondary antibodies used in Western blot analysis                                                           Company 
 

Goat anti-Rabbit HRP conjugated (1/10.000 5% milk in TBST)                                                                                                  
Goat anti-Mouse HRP conjugated (1/10.000 5% milk in TBST)                                                                                                  
Rabbit anti-Goat HRP conjugated (1/10.000 5% milk in TBST)                                                                                                

 

Calbiochem, Darmstadt, Germany 
Calbiochem, Darmstadt, Germany 
Calbiochem, Darmstadt, Germany 

 

 
 
Table 15: Equipment used in 2-DE* and Western blot analyses. 

Equipment in 2-DE and Western blot analyses                                                                                                               Company 
 

Power supply unit (Power PAC 3000) 
Isoelectrofocusing unit (Ettan IPGphor3) 
Electrophoresis unit  (Ettan DALTsix)  
Gel caster (DALTsix) 
Gel scanner (Typhoon TRIO)  
Dust free cabinet (Captair flow) 
Western blot method equipment 

 

Bio-Rad, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
Amersham Biosciences, Munich, Germany 
Erlab, Rowley, USA 
Bio-Rad, Munich, Germany 

 

 
 

*2-DE: two dimensional gel electrophoresis: see methods section. 
 
 
Table 16: Chemical solvents and reagents. 

Chemical solvents and reagents                                                             Company 
 

Ethanol 
Methanol 
Isopropanol 
Acetic acid      
Acetone            
Acetonitrile                                                                        

CLN, Freising, Germany 
CLN, Freising, Germany 
CLN, Freising, Germany 
CLN, Freising, Germany 
Fluka, Taufkirchen, Germany 
Fluka, Taufkirchen, Germany 
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Table 17: Reagents used in in 2-DE and Western blot analyses.                                                         

Reagents  used in 2-DE and Western blot analyses                                                         Company 
 

Rotiphorese Gel30 (30% acrylamide with 0,8% bis-acrylamide) 
Urea 
Thiurea 
Sodium dodecyl sulphate (SDS) 
Dithiothreitol (DTT) 
Iodoacetamide (IAA) 
Ammonium persulphate (APS) 
Trifluoroacetic acid (TFA) 
Spermine 
Low melting agarose  
Protein ladder     
Glycine 
Glycerol 
Tris-base 
De streak reagent 
Silver nitrate 
Formaldehyde 
Glutardialdehyde 
Sodium chloride 
Sodium carbonate           
Sodium acetate 
Sodium thiosulphate                
Ruthenium(II) tris(bathophentroline disulfonate (RuBPS)   
PlusOne acrylamide 40% solution for 2-DE 
PlusOne N,N'-Methylene-bisacrylamide 2% solution for 2-DE                  
Immobiline dry strips (pH: 4-7, 24 cm & 6-11, 18 cm)           
N,N,N´,N´-tetramethylethylenediamine (TEMED) 
Cholamidopropyl-dimethylammonio-1-propane-sulfonate 
Ponceau S (PonS) 
Roti –Quant  
Tween 20 
Skim milk powder 

 

Carl Roth, Karlsruhe, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
Fluka, Taufkirchen, Germany 
Fluka, Taufkirchen, Germany 
Fluka, Taufkirchen, Germany 
Fermentas, Schwerte, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
Sigma Aldrich, Taufkirchen, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
RubiLAB, Burgdorf, Switzerland 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
GE Healthcare, Munich, Germany 
Carl Roth, Karlsruhe, Germany 
Carl Roth, Karlsruhe, Germany 
Sigma Aldrich, Taufkirchen, Germany 
Merck, Darmstadt, Germany 

 

3.1.3 General equipment and device       

Table 18: General equipment and device. 

Equipment/device                                                              Company 
 

Micropipettes (P2, P10, P20, P200, P1000)   
Analytical balance (BP301S, BP4100S)                                                                                                               
Autoclave (KSG 25-2-3)                                                                                                                              
Centrifuge (Biofuge Pico, Stratos, Fresco) 
Centrifuge  (Varifuge 3.0R) 
Heating block                                                                                                                       
Heating plate                                                                                                                        
Millipore water supply (Milli-Q Synthesis)                                                                                                    
pH Meter (pH 540 GLP)                                                                                                                           
Vacuum pump                                                                                                                     
Vortex (Genie-2)                                                                                                                               
Magnetic stirrer and heater (M3001)   
Shaker  (Polymax 1040)   
Rotator              
Thermo-mixer (Comfort)  
Speed Vacuum (Centrivac)                                                                                                                            

 

Gilson, Middleton, USA 
Sartorius, Goettingen, Germany                                                                                                      
KSG , Olching, Germany   
Heraeus, Hanau, Germany                                                                                                                        
Heraeus, Hanau, Germany 
Eppendorf, Hamburg, Germany 
Leica, Wetzlar, Germany 
Millipore, Frankfurt a.M., Germany 
WTW, Weilheim, Germany 
KNF Neuberger, Trenton, USA                                                                                                                             
Heidolph, Schwabach, Germany 
Heidolph, Schwabach, Germany 
Heidolph, Schwabach, Germany 
Froebel Labortechnik, Lindau, Germany 
Eppendorf, Hamburg, Germany 
Kendro lab equipment, Dreieich, Germany 
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3.1.4 Xenograft mouse model 

Table 19: Animals used in the xenograft model. 

Animals                                                             Provider 
 

Rag2-/-C
-/- male immunodeficient mice                                                                     

 

CIEA, Kawasaki, Japan 
 

 

3.1.5 Software and databases 

Table 20: Software. 

Software  Company                                                                                                                          
 

MS Office 2007 (word, excel, powerpoint)                                                                                                  
 

Microsoft, Redmond, USA 
Adobe Photoshop CS3 (image editing)                                          Adobe Systems, San Jose, USA 
Progenesis SameSpots (2-DE image analysis)       TotalLab, Newcastle upon Tyne, UK 
IPA (pathway & network analysis)            Ingenuity Systems, Redwood City, USA 
GraphPad Prism (statistics software) GraphPad Software, Inc, La Jolla, USA 
EndNote X7 (bibliography software) Thomson Reuters, New York City, USA 

 
 
Table 21: Databases. 

Databases  Source                                                                                                                          
 

PubMed (http://www.ncbi.nlm.nih.gov/pubmed)                                                                                                       NIH, Bethesda, USA 

BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) NIH, Bethesda, USA 
UniProtKB / Swiss-Prot (http://www.uniprot.org/uniprot/)                UniProt Consortium, Switzerland, UK, USA 
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3.2 Methods  

3.2.1 Cellular biology methods  

3.2.1.1   Maintenance and storage of cells  

 Cell culture refers to the removal of cells from an animal or a plant and their subsequent 

growth in a favorable artificial environment. The cells may be removed from the tissue directly 

and disaggregated by enzymatic or mechanical means before cultivation, or they may be 

derived from a cell line or cell strain that has already been established [84]. 

 In this study, hepatoblastoma (HepG2) cells were maintained in culture by providing DMEM 

4.5 g/l glucose medium supplemented with 10% FCS, 100 U/ml penicillin and 100 U/ml 

streptomycin. During each passage of all adherent cells which were in use, pre-existing 

medium was first aspirated, cells were then washed with PBS and trypsin was finally added 

for 2 min in order to detach the cells. Then, fresh medium was added to neutralize the trypsin 

and the detached cells were transferred into a fresh T75 flask kept in a humidified incubator 

at 5% CO2 until the next passage. Regular controls were also taken place under the microscope 

in order to assess the viability and sterility of cells in use. In particular, regarding the HepG2 

cells, since they tend to form clusters when they grow, in addition to the above,  a 10 ml 

syringe with a fixed 20 G needle was used in order to dissolve the cell clusters into single cells 

during each passage [85, 86]. Cells were stored in liquid nitrogen tank according to the 

following steps. Confluent cells were detached by trypsinisation and centrifuged at 1000 rpm 

for 5 min. Cells were then resuspended in culture medium containing 10% DMSO and 

transferred to cryo-vials. To allow gradual freezing, cryo-vials were then placed in a cold 

isopropanol freezing box and kept for at least 24 h at -70°C in order to acclimate to extreme 

cold. Finally, cells were transferred to and stored in liquid nitrogen tank (-196°C) [87]. 

 
 

3.2.1.2   Counting of cells 

 In biomedical research, a key step in many experimental workflows involves the counting of 

cells. Researchers often need to count cells prior to cell culture or before studying 

downstream processes and using analytical techniques that require an accurate and 

consistent number of input cells [84]. Knowing the number of input cells is important for 
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standardizing experiments and for measuring assay impact. Examples of processes that 

require accurate and consistent numbers of input cells include transfection, cell proliferation 

or viability studies, and quantitative PCR. In practise, a clean cover-slip was placed on the 

Neubauer chamber firmly (Newton rings appearance) and 10 µl of cell suspension was 

distributed between the cover-slip and the chamber. Cells were then counted in the 4 grid 

areas of the chamber using a 10x objective under the microscope.  Finally, the number of cells 

contained in 1 ml of cell suspension was estimated. 

 
 

3.2.1.3   Stable and transient transfection of cells 

 The process of introducing nucleic acids into eukaryotic cells by non-viral methods is defined 

as transfection [88]. Cell transfection can be classified into two main types, namely stable and 

transient transfection. In stable transfection integration of foreign genes into genomic DNA of 

host cells takes place whereas in transient transfection the foreign genes do not integrate into 

the genome of host cells. Using various chemical, lipid or physical methods, this gene transfer 

technology is a powerful tool to study gene function and protein expression in the context of 

a cell [89-93]. 

 In this study, stably transfected HepG2 clones with differential levels of p22phox were used 

which were generated in our lab by Dr. Michael Weitnauer (former colleague at the German 

Heart Center Munich) using Fugene HD (Roche, Penzberg, Germany). These cells were 

cultivated and maintained in standard DMEM medium supplemented with geneticin. 

 Regarding the transient transfection of HepG2 cells in the present study, the following 

methodology was performed. For 6 cm dishes 5 μg of plasmid DNA and Lipofectamine 2000™ 

(Invitrogen, Karlsruhe, Germany) were used. A day before the transfection, 1 x 106 cells were 

cultivated in culture dishes (6 cm) in appropriate volume of 4 ml growth medium so that they 

were 70% confluent at the time of transfection. The plasmid DNA was incubated with 500 μl 

culture medium (without FCS and antibiotics) for 5 min. At the same time, 25 μl of the 

Lipofectamine 2000™ with 500 μl of the culture media (without FCS and antibiotics) were 

incubated for 5 min. After the incubation, both solutions, diluted DNA and diluted 

Lipofectamin 2000™ were combined, mixed gently and incubated for 20 min at room 

temperature in order to allow the DNA-Lipofectamine 2000™ complexes to be formed. In the 

meantime, the cells were washed 3 times with cell culture medium (without FCS and 
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antibiotics), and covered with 3 ml of the same medium. The DNA-Lipofectamine 2000™ 

complexes were added to the plate, mixed gently by rocking the plate back and forth, and the 

cells were incubated at 37°C in a CO2 incubator. After 3 hours of incubation, the medium was 

replaced with 4 ml fresh medium (containing FCS and antibiotics), and the cells were 

incubated for 48 hours. The expression of the recombinant proteins was confirmed by 

Western blot analysis. 

 
 

3.2.1.4   Dihydroethidium (DHE) staining of cells 

 Levels of ROS were visualized by the fluoroprobe dihydroethidium (DHE), which is also called 

hydroethidine. DHE passively diffuses into the cells exhibiting blue fluorescence. After 

oxidation, predominantly with O2
.-, DHE is oxidized to ethidium, giving a more polar compound 

that intercalates within DNA and stains the nucleus in fluorescent red (Figure 10). To evaluate 

the levels of ROS, HepG2 cells were grown in 96-well plates to 80% confluence  for 16 h. Cells 

were then washed with HBSS and incubated in the dark with DHE (50 µM) for 10 min at 37°C. 

Cells were washed with HBSS again to remove excess dye. Then DHE fluorescence was 

analyzed using 480 nm excitation and 640 nm emission wavelength [94, 95]. 

 

Figure 10: Principle of the DHE assay for the measurement of ROS. After oxidation with O2
-., dihydroethidium 

(DHE) is converted to the polar compound ethidium that intercalates into the DNA. 

 

3.2.1.5   BrdU ELISA assay  

 Cellular proliferation requires DNA replication. Therefore, monitoring of DNA synthesis is an 

indirect marker of the rate of proliferation in response to different stimuli. To asses 

proliferative activity of EC we used 5-bromo-2‘deoxyuridine (BrdU) labelling. BrdU is an 
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analogue of the DNA nucleoside thymidine, and is incorporated in newly synthesized DNA of 

proliferating cells. The incorporated BrdU is detected by an immunoassay, using a peroxidase-

conjugated antibody that specifically recognizes BrdU bound to denaturated DNA. The bound 

antibody is detected by a peroxidase-catalysed colorimetric reaction, using tetramethyl-

benzidine (TMB) as a substrate [96-98]. 

 Cells were seeded in 96 well plates to achieve 50% of confluency. In order to assess 

proliferation, 24 h after seeding, cells were incubated with BrdU (10 µM) for 16 h. During this 

labelling period, BrdU is incorporated in place of thymidine into the DNA of cycling cells. After 

removing the labelling medium, the cells were fixed for 30 min, and the DNA is denatured in 

one step by adding FixDenat. After removing FixDenat, the anti-BrdU-POD antibody is added 

for 1 h. The antibody bounds to the BrdU incorporated into the newly synthesized cellular 

DNA. The immune complexes were then detected by the reaction incurred by adding the 

colorimetric substrate TMB. When the blue colour developed as a result of the reaction, the 

reaction was terminated by using 1 M H2SO4. Finally, the reaction product was quantified by 

measuring the absorbance in an ELISA reader (Tecan Safire) at 450 nm with a reference 

wavelength at 690nm. 

 
 

3.2.1.6   Alamar Blue assay 

 The Alamar Blue assay is designed to measure quantitatively the proliferation of various 

human and animal cell lines, bacteria and fungi. It incorporates a fluorometric /colorimetric 

growth indicator based on detection of metabolic activity. Specifically, the system 

incorporates an oxidation-reduction (redox) indicator that both fluoresces and changes colour 

in response to chemical reduction of growth medium resulting from cell growth. As cells being 

tested grow, innate metabolic activity results in a chemical reduction of Alamar Blue. 

Continued growth maintains a reduced environment while inhibition of growth maintains an 

oxidized environment in the cytocol. Reduction related to growth causes the redox indicator 

to change from oxidized Resazurin (non-fluorescent, blue) form to reduced Resorufin 

(fluorescent, red) form (Figure 11) [99, 100]. In practise, cells were seeded in 96-well plates 

and 24 h after seeding, 10µl of Alamar Blue reagent were added to each well. Data were 

subsequently collected monitoring fluorescence at 555nm excitation wavelength and 585nm 

emission wavelength on a plate reader. 
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Figure 11: Principle of the Alamar Blue metabolic activity assay. Alamar Blue works as a cell viability and 
proliferation indicator through the conversion of resazurin to resorufin. Resazurin, a non-fluorescent indicator 
dye, is converted to highly red fluorescent resorufin via reduction reactions of metabolically active cells. The 
amount of fluorescence produced is proportional to the number of living cells. 

 
 

3.2.1.7   Clonogenic assay 

 Clonogenic assay or colony formation assay is an in vitro cell survival assay based on the ability 

of a single cell to grow into a colony. The colony is defined to consist of at least 50 cells. The 

assay essentially tests every cell in the population for its ability to undergo "unlimited" 

division. Clonogenic assay is the method of choice to determine cell reproductive death after 

treatment with ionizing radiation, but can also be used to determine the effectiveness of other 

cytotoxic agents. Only a fraction of seeded cells retains the capacity to produce colonies [101, 

102]. Before or after treatment, HepG2 cells were seeded out in 6-well plates in appropriate 

dilution (1.500 cells in 2 ml Medium) to form colonies in 1–4 weeks. Colonies were stained 

with crystal violet (0.5% w/v), digitalized as images after scanning the plates and counted. 

 
 

3.2.1.8   Immunofluorescence (IF) and fluorescence microscopy 

 The immunofluorescence (IF) method detects and provides information about specific target 

antigens. These antigens can be visualized after treatment with corresponding primary 

antibodies and subsequent treatment with secondary antibodies conjugated with a 

fluorescent label. In that way, antigen signals can be viewed eventually under a fluorescent 

microscope [103]. Fluorescent molecules absorb only at specific wavelengths and therefore a 

fluorescence microscope must have a light source able to produce various wavelengths for 

excitation. Having a xenon arc lamp or mercury-vapour lamp that generates white light, which 
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is a mixture of all visible wavelengths, usually solves this problem. A special optical filter called 

an excitation filter removes any other wavelength of light other than the wavelength used to 

excite the fluorescent molecule. The next element in the optical pathway is called a dichroic 

mirror, which is a special mirror that is able to reflect certain wavelengths of light and let other 

wavelengths pass through. When the filtered wavelength exits the excitation filter it gets 

reflected onto the sample containing the fluorescent molecules. This leads to the absorption 

of photons and the emission of photons of a shorter wavelength. Because the emitted photons 

have a shorter wavelength than the absorbed photons the design of the dichroic mirror 

permits them to pass through the dichroic mirror onto the ocular or detector of the 

microscope (Figure 12) [104-106]. 

 In experimental practise, cells were seeded onto a 8 well µ-slide with cover (60.000 cells per 

well). They were washed twice with PBS (5 min each time) and then fixed with cold 

methanol/acetone solution (-20°C) for 10 minutes. The MA solution was then aspirated and 

the plates left to dry at room temperature for 5 min. After, blocking solution (5% BSA in PBS) 

was added to each well for 1 hour at room temperature. Selected primary antibodies were 

diluted in 1% BSA in PBS and 100 µl of diluted primary antibody was added to each well. 

Incubation was carried out in a humidified chamber overnight at 4°C. In the following day, all 

wells were washed 3 times with PBS for 5 min each. Subsequently, secondary antibody diluted 

at appropriate ratios in 1% BSA in PBS and incubation was carried out for 1 h at room 

temperature in the dark. The wells were then washed 3 times with PBS twice for 5 minutes 

and monitored under the fluorescence microscope. Finally, the cells were fixed by using 

fluorescent mounting medium and corresponding pictures were taken.  
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Figure 12: Schematic overview of the immunofluorescence assay and fluorescence microscope. Up: Conceptual 
diagram displaying the key steps involved in performing an experiment based on indirect immunofluorescence. 
Down: The major components of a fluorescent microscope (left part) and illustration of the mode of function 
(right part). 

 
 

3.2.1.9   Immunohistochemistry (IHC) 

 Immunohistochemistry (IHC) combines anatomical, immunological and biochemical 

techniques to identify discrete tissue components by the interaction of target antigens with 

specific antibodies tagged with a visible label. IHC makes it possible to visualize the distribution 

and localization of specific cellular components within cells and in the proper tissue context. 

While there are multiple approaches and permutations in IHC methodology, all of the steps 

involved are separated into two groups: sample preparation and labeling. IHC has a broad 
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range of applications such as biological research, disease diagnosis and drug development 

[107, 108]. 

 In the present study, IHC was performed in order to visualize targeted proteins in the cells of 

formalin-fixed paraffin embedded xenograft tissue sections. According to the protocol used, 

the samples were deparaffinised and rehydrated by subsequent treatment with 2x 100% xylol, 

2x 100% ethanol, 2x 96% ethanol, 2x 70% ethanol and 2x deionised water. Antigens were 

recovered by using a Microwave (600 W) for 15 minutes in 0.01M citrate buffer pH 6.0. After 

cooling down at room temperature for 20 min, slides were washed two times in cold deionised 

water. To block endogenous peroxidase activity, the samples were then treated with 3% H2O2 

in deionised water for 15 minutes and afterwards washed 2 times with deioinised water and 

2 times with PBS. Blocking was performed using 5% goat serum in PBS for 1 hour at room 

temperature. Slides were then incubated with primary antibodies diluted in blocking solution 

over night at 4 °C. Primary antibodies included: anti-cleaved Caspase 3 (1/100), anti-Ki67 

(1/2500) and anti-Cathepsin D (1/100). The following day, the samples were washed 3 times 

with PBS and incubated with anti-rabbit or anti-mouse in goat biotinylated secondary antibody 

diluted in blocking solution (1/300) for 1 hour at room temperature. The samples were then 

washed for 3 times in PBS and incubated for 30 min at room temperature with pre-formed 

avidin-biotin peroxidase complex (incubated prior to usage for 30 minutes at 4°C, Vector 

Laboratories, CA). Following 3 times washing in deioinised water, staining was developed 

using DAB for 2-10 minutes at room temperature. After successful staining, samples were 

washed in deionised water, counterstained with Mayer’s Hämalaun solution, washed with tap 

water, dehydrated in 2x 70% ethanol, 2x 96% ethanol, 2x 100% ethanol and 2x 100% xylol. 

Slides were covered with pertex and analysed by light microscopy. The IHC experiments were 

performed with the help of Kalliope-Nina Diakopoulos (Department of Gastroenterology, 

University Hospital “Klinikum rechts der Isar”, Munich, Technical University of Munich). 

 
 

3.2.2 Molecular biology methods  

3.2.2.1   DNA amplification and polymerase chain reaction (PCR)  

 While an organism’s entire genome is present in each cell of that organism, each gene or 

target region of interest typically represents only a small portion of the total DNA present in 
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the cell. In order to study the sequences of individual genes or specific regions of interest, it is 

often necessary to obtain a large quantity of DNA for study. Rather than isolating a single copy 

of the target DNA from a large number of cells, it is possible to generate multiple copies of a 

target from a single molecule of DNA or mRNA. In vitro amplification relies on methods like 

the polymerase chain reaction (PCR). 

 PCR is a method to rapidly amplify sequences of DNA. During a typical PCR, template DNA 

(containing the region of interest) is mixed with deoxynucleotides (dNTPs), a DNA polymerase 

and primers. Primers are short segments of complementary DNA that base-pair with the 

template DNA of the region of interest, therefore defining the start and end of the amplified 

region, and serve as recruitment sites for the polymerase. PCR involves a series of 

temperature cycles that, although once conducted by moving tubes through various water 

baths, is now controlled automatically by the use of thermal cyclers or thermocyclers. 

Thermocyclers provide tight control over both the reaction temperature and the duration of 

each temperature step, ensuring efficient amplification. During a typical PCR, cycles of 

denaturation, annealing and extension are repeated to achieve exponential amplification of 

the target sequence. Denaturation consists of heating the samples up typically between 94-

98°C to cause denaturation of the template DNA, disrupting the hydrogen bonds and base 

stacking interactions that hold the DNA strands together. Once the strands are separated, the 

temperature is decreased to the annealing temperature (TA) (typically between 48-72°C) to 

allow the primers to base pair (or anneal) to complementary regions of the template. During 

the extension step (typically 68-72°C) the polymerase extends the primer to form a nascent 

DNA strand. This process is repeated multiple times (typically 25-35 cycles), and because each 

new strand can also serve as a template for the primers, the region of interest is amplified 

exponentially. The final step of the PCR is generally a longer, single temperature step (often 

5-10 min at 68-72°C) that allows the completion of any partial copies and the clearance of all 

replication machinery from the nascent DNA (Figure 13) [109-111]. 

 Once the PCR is complete, the thermocycler is set to 4°-10°C to maintain product integrity 

until the time that tubes can be removed from the machine. In this study, quantitative PCR 

was used to detect the expression of different genes by using cDNA obtained from a reverse 

transcription of isolated RNA (reverse transcription PCR) [109, 112]. 
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Figure 13: Schematic overview of the polymerase chain reaction (PCR). Different stages of the PCR technique 
which are used to amplify small samples of DNA are highlighted. 

 

3.2.2.2   Total RNA purification 

 Total RNA from the cultured tumour cells was purified using the Qiagen RNeasy Mini Kit 

(Qiagen) in accordance to the manufacturer´s manual. Briefly, cells were plated initially in 6 

cm dishes. At the end of the experiment, cells were washed with cold PBS and plates were 

frozen on liquid nitrogen. Thereafter, cells were lysed in 600 µl RLT lysis buffer and RNA was 
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eventually purified and eluted in RNase free water.  The determination of the concentration 

in purified RNA samples took place using the Nanodrop spectrophotometer 2000C (Thermo 

Scientific) [113, 114]. 

 
 

3.2.2.3 Reverse Transcription PCR  

 Reverse transcription PCR (RT-PCR) involves the use of a RNA-dependent DNA polymerase 

(reverse transcriptase) in order to produce a library of complementary DNA (cDNA) from 

messenger RNA (mRNA) extracted from cultured cells or tissue (Table 22). The technique is 

based on RNA denaturation and hybridisation to short non-gene specific DNA sequences 

(random hexamers). The cDNA thus produced can be used to clone genes or to analyze the 

mRNA expression of a specific gene by PCR or quantitative PCR [112]. 

 

Table 22: Composition of RT-PCR master mix solutions.   

RT-PCR master mix solutions                                                         Amount* 
 

including RT enzyme 
10x RT buffer  
dNTP 
RT random primers 
Rnase free H2O 
RT enzyme Multi-Scrip 
 

not including RT enzyme (negative control) 
10x RT buffer  
dNTP 
RT random primers 
Rnase free H2O 

 

 
14 µl 
5,6 µl 
14 µl 
29 µl 
7 µl 
 

 
14 µl 
5,6 µl 
14 µl 
36.4  µl 

 

*Values are displayed for 8 samples and 10µl of master mix solution was added to each sample respectively. 

 
 
 
 

3.2.2.4   Quantitative PCR    

 The quantitative PCR (qPCR) or else real time PCR is a variation of the PCR in which the 

amplification of the PCR products is monitored during the amplification process. In this study, 

qPCR was employed in order to evaluate the relative gene regulation by assessing the mRNA 

levels of target samples subjected to the analysis. Therefore, following the RNA isolation and  

the reverse transcription leading to cDNA synthesis, qPCR was used for amplification of the 

target genes with PerfeCTa® SYBR® Green FastMix® (Quanta BioSciences).  qPCR was 
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performed in a Rotor-Gene 6000 Real-Time PCR System (Corbett Life Science) using gene-

specific primers. The samples were loaded in triplicate for each primer pair, and the result of 

each sample was normalized to ß-Actin mRNA. Quantification was done using the Relative 

Expression Software Tool - Multiple Condition Solver (REST-MCS) [115, 116]. A negative 

control without cDNA template was used in each assay to assess the overall specificity [117, 

118]. 

 
 

3.2.2.5   DNA sequencing  

 Automated fluorescent sequencing utilizes a variation of the Sanger chain-termination 

protocol [119]. In this study, gene products after performing qPCR needed to be sequenced in 

order to verify that suitable primers were selected and the corresponding target genes have 

been amplified on a precise way. In practise, gene products were processed using the QIAquick 

PCR purification kit and were sent for DNA sequencing (LGC Genomics GmbH). Sequence was 

aligned to the predicted PCR product sequence using the Basic Local Alignment Search Tool 

(BLAST) verifying the PCR product. 

 
 

3.2.2.6   In vivo method : Xenograft model 

 Animal models are used extensively in basic cancer research as well as in pharmaceutical 

research in predicting efficacy and finding toxicities for cancer chemotherapeutic agents 

before entering the clinic [120, 121]. This has resulted in the development of many different 

animal models of malignant disease. One very important group of these models concerns 

grafts of tumour material (syngeneic or xenogeneic) into immunocompetent or 

immunodeficient animals, respectively. In particular, the “xenograft models” concern 

heterotransplantation of human cancer cells or tumour biopsies into immunodeficient 

rodents. The term “xenograft” is derived from the Greek “xeno”, meaning foreign, and graft 

(Figure 14) [13]. 

 In this study, xenograft mouse model experiments were carried out in collaboration with Dr. 

Guenther Richter (Laboratory for Functional Genomics and Transplantation Biology, Research 

Center of Paediatric Oncology at the University Hospital Klinikum rechts der Isar, Technical 
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University of Munich). Male immunodeficient mice (Rag2-/-C
-/-) 10-14 weeks old were 

available in the collaborating lab. In total, they were used five control (corresponding to 

HepG2 shCtr cells) and five treatment mice (corresponding to HepG2 shp22phox cells). On day 

one, 3,0x106 cells diluted in 200 µl PBS, were injected subcutaneously into the groin using a 

26-gauge needle attached to a 1ml syringe. Tumour size was determined as described in [122]. 

Mice bearing a tumour > 10 mm in diameter were considered as positive and sacrificed. The 

immunodeficient Rag2-/-C
-/- mice on a BALB/c background were obtained from the Central 

Institute for Experimental Animals (Kawasaki, Japan) and maintained in the animal facility 

under pathogen-free conditions in accordance with the institutional guidelines and approval 

by local authorities. 

 

 

Figure 14: Diagram depicting major experimental stages in a xenograft mouse model. 

 
 
 
 

3.2.3 Protein biochemistry and proteomics methods  

3.2.3.1   Protein isolation  

 Proteins can be extracted from cultured cells using different experimental protocols and 

corresponding buffer solutions [123]. In this study, cells prior adding lysis buffer, were washed 

with phosphate buffered saline (PBS) and then, they were frozen on liquid nitrogen. After, 

frozen cells were lysed and scraped in 1.5x Laemmlie buffer (Table 23) and total protein 

concentration was quantified. Alternatively, cells were scraped directly in 1.5x Laemmli 

loading buffer without freezing them in liquid nitrogen and directly used for further 

experiments as cell lysates [123-125]. 
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Table 23: Composition of laemmlie lysis buffer. 

Laemmlie lysis buffer                                                            Amount* 
 

Tris (pH 6.8 / 187 mM)  
SDS (6% w/v) 
Glycerol (30%) 
Bromophenol blue (0.06% w/v) 
DTT (15 mM) 
EDTA (60 mM) 
Milli-Q H2O  

 

9.375 ml 
15 ml 
15 ml 
300 µl 
2.325 g 
0.5 ml 
4.325 ml 

 

 

*It was prepared as 3x concentrated solution and values displayed correspond to the total amount of ~50 ml.   
 
 

3.2.3.2   Bradford assay  

 Total protein quantification was done performing quantification after[126] using the Roti-

Quant (Carl Roth GmbH, Karlsruhe, Germany) containing Coomassie Brilliant Blue Dye-G250. 

This dye appears in three different states which absorb at varying wavelengths (cationic 

470nm, neutral 650nm, anionic 595nm). By binding the dye with a protein, it changes from a 

cationic to an anionic state and thus, it changes its absorption level to 595nm. This absorption 

change is proportional to the protein concentration over a wide range, and it was first utilized 

in concentration analysis by  Bradford [126]. Coomassie Brilliant Blue-G250 binds primarily to 

basic amino acids [127]. This accounts for the difference in the level of absorption of varying 

proteins.  Therefore, while performing the analysis, it was used a BSA protein standard for 

quantification (0, 5, 10, 20, 30, 40, 50, 60µg/ml). Protein cell lysates were diluted 1:400 and 

80µl of protein standards and samples were added to the wells of a 96 well plate. The Roti-

Quant solution was diluted 1:5 and 200µl was added to the samples and standards. 

Absorbance of the proteins was analyzed using a plate reader (Tecan) and protein 

concentration was calculated performing a standard curve from the standard and linear 

regression analysis. 

 

3.2.3.3   Western blot analysis 

 Western blot (also called immunoblotting) is used to detect protein levels and is a core 

technique in biomedical research laboratories. After protein extraction, the proteins are 

loaded onto a denaturing polyacrylamide gel where they are separated according to their 

molecular weight. They are then blotted onto a membrane which is hybridized with an 
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antibody (primary antibody) specific for the protein of interest (antigen). The membrane is 

then incubated with another antibody which recognizes the primary antibody (secondary 

antibody). The secondary antibody is tagged with horseradish phosphatase so the protein 

levels can be visualized by exposure of photographic film to the chemiluminescence given off 

by the secondary antibody (Figure 15) [128].  

 In this study, before performing the electrophoresis, samples were mixed with 3X Laemmli 

loading buffer and boiled at 95°C for 5 min. Proteins (50 μg) were separated by 8-12% SDS-

PAGE (Table 24) in running buffer in a Mini-Protean 3 System (Biorad) and transferred to 

nitrocellulose Protran membranes (Schleicher & Schuell) using the Mini Trans-blot System 

(Biorad) in ice cold transfer buffer (Table 25). After transfer, membranes were rinsed in water 

and incubated in Ponceau S solution for several min. The membranes were then washed in 

water to reduce background staining and the membranes were scanned for documentation 

and loading control. For reversing the Ponceau S staining, membranes were washed with TBS-

T (Table 26) and then blocked for 60 minutes in TBS-T containing 5% non-dry milk or 5% BSA 

and eventually they were incubated overnight at 4°C with primary specific antibodies. On the 

following day, after incubation with the primary antibodies, the membranes were washed 

initially 3 times for 10 minutes with TBS-T and were further incubated with a horseradish 

peroxidase-conjugated secondary antibody for 1 h. After that, the membranes were washed 

again 3 times for 10 minutes with TBS-T and finally protein bands were visualized by 

performing luminol-enhanced chemiluminescence (Table 27). Blots were analyzed and 

quantified using ImageJ software (NIH, USA).  
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Figure 15: Schematic overview of the western blot analysis. The key experimental steps are illustrated of the 
western blot analysis which is used for the detection and evaluation of the expression levels of targeted proteins.  

 

 In case that reprobing of membranes was needed, the following steps were carried out. 

Membranes were washed 2 times for 30 minutes in TBS-T, blocked for 2 h in TBS-T containing 

5% non-dry milk and then incubated with the appropriate primary antibody. Finally incubation 

with the secondary antibody and visualization of the protein bands were done as previously 

described. 

 

Table 24: Preparation of stacking and running gels used in Western blot method.  

Running and stacking gels                                                    Amount*   

Gel percentage 
Milli-Q H2O  
30%  Acrylamide 
1M Tris-HCl ** 
10% SDS  

5% 
2.14 ml 
0.488 ml 
0.375 ml 
30 µl 

8% 
3.4 ml 
2.7 ml 
3.7 ml 
100 µl  

10% 
2.8 ml 
3.3 ml 
3.7 ml 
100 µl 

12% 
2.1 ml 
4 ml 
3.7 ml 
100 µl 

 
 

 

*Values represent volumes needed for preparation of 1 gel. For the polymerization of 8, 10 or 12% running gels 
80 µl APS and 10 µl of TEMED were added. For the polymerization, of 5% stacking gels 15 µl APS and 3 µl of 
TEMED were added. 
**1M Tris-HCl pH 6.8 (ml) was used for stacking gels and 1M tris-HCl pH 8.8 (ml) was used for running gels.  
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Table 25: Composition of running and transfer buffers. 

Running and transfer buffers                                                        Amount* 
 

Tris (25 mM) 
Glycine (200 mM) 
Milli-Q H2O 

 

150 g 
720 g 
-up to 5 l 

 

 

*Both were prepared as 10x solutions and were SDS 0.5% w/v was added in the running buffer and methanol 
20% v/v was added in the transfer buffer. Both buffers were diluted in milli-Q H2O to 1x working solutions.  
 
Table 26: Composition of TBS-T buffer. 

TBS-T buffer                                                      Amount* 
 

Tris (pH 7.5 / 0.5 mM) 
Sodium Chloride (NaCl) (1,5 M) 
Fuming hydrochloric acid (HCl) (0.3% v/v)  
Milli-Q H2O  

 

303 g 
438.5 g 
150 ml 
-up to 5 l 

 

 

*TBS-T was prepared as 10x solution,  pH was adjusted to 7.5 and for the working solution was diluted in milli-Q 
H2O to 1x TBS-T adding as well 5 ml of Tween (0.3% v/v). 
 
Table 27: Composition of enhanced chemi-luminescent (ECL) reagents type 1 and 2. 
 

ECL reagents                                                 Amount 
 

ECL type 1 
Tris (pH 8.8 / 100 mM)  
Luminol (2.5 mM) 
Coumaric acid (0.4 mM)  
Milli-Q H2O 
 

ECL type 2 
Tris (pH 8.8 / 100 mM)  
H2O2 (0,15% v/v) 
Milli-Q H2O 

 

 
5 ml 
500 µl 
220 µl 
- up to 50 ml 
 
 
 

5 ml 
25 µl 
- up to 50 ml 

 

 

Note: before use, ECL1 and ECL2 were mixed in a 1:1 ratio. 

 
 

3.2.3.4   Two-dimensional gel electrophoresis (2-DE) 

 In the post-genomic era, proteins are undoubtedly considered key molecules in biomedical 

research which is directed towards translational and personalized medicine. The need of 

proteome maps is apparent but as previously mentioned (see introduction) the dynamic range 

of protein expression and modification makes the identification of the entire proteome a far 

more complex challenge than the sequencing of the genome. Two-dimensional gel 

electrophoresis (2-DE) is one of the preferred methods to resolve proteins extracted from 

cells, tissues, or other biological samples. Combined with high-throughput mass spectrometry 

(MS) techniques, the 2-DE gels allow the simultaneous analysis of hundreds of protein species. 

However, it should be highlighted that protein expression profiling per se, provides no data 

regarding their functional state unless additional experimental steps are included [77, 79, 80, 

129]. 
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 In the present study a 2-DE proteomics methodology was employed (Figure 16). The 2-DE 

method is a very widely used method that consists of various experimental steps of different 

degrees of complexity. Moreover, different types of compatible mass spectrometry 

techniques, software for 2-DE image analysis and bioinformatics tools for pathway and 

network analysis are available. A list of the principal 2-DE experimental steps as they were 

performed in this thesis (Figure 16) can be outlined in the following order: (1) sample 

preparation, (2) generation of the 2-DE gel maps: first dimension (IEF) and second dimension 

(SDS-PAGE), (3) image analysis of 2-DE gels, (4) protein spot excision and in-gel trypsin 

digestion, (5) mass spectroscopy (MS) analysis, (6) database search and protein identification, 

and (7) bioinformatics data analysis.  

 The experiments of 2-DE analysis were performed in collaboration with Dr. Cristina-Maria 

Valcu (former colleague at the German Heart Center Munich) and the experiments of MS 

analysis were performed in collaboration with Dr. Karl-Heinz Gührs (Fritz Lipmann Institute, 

Jena, Germany). 

 

 
 

Figure 16: Schematic overview of the proteomic analysis employed in the present study. All key experimental 
key steps are displayed. 
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3.2.3.4.1 Sample preparation for 2-DE 

 

 Stable cell lines were grown to 80% confluence in 150 mm Petri dishes. Sample preparation 

and protein extraction were optimized using non-transformed HepG2 cells. Following the 

optimized protocols, two independent biological replicates each with two technical replicates 

were prepared for both control and over-expressing p22phox cells. Cells were washed three 

times with Tris-Sucrose buffer solution containing protease and phosphatase inhibitors (Table 

28) and detached with a cell-scraper in the same buffer. Cells were pelleted, then resuspended 

in 1 ml lysis buffer (Table 29) and disrupted by tip sonication on ice (5 x 30 second cycles 90% 

of time at 70% power). After 1 h incubation on ice, the protein extract was centrifuged for 30 

min at 40000 x g and 4°C and proteins were quantified using the Bradford assay.  

 

Table 28: Composition of the tris-sucrose wash buffer. 

Tris-sucrose buffer                                                        Amount* 
 

Sucrose (250 mM) 
Tris base (10 mM/ pH 7.4)                 
Milli-Q H2O 
 

Protease inhibitors 
PMSF 
NaF 
Na3VO4  

 

17.1 g 
242.28 mg 
- up to 180 ml 
 
 
 
 
 
 
 

34.8 mg 
8.4 mg 
7.4 mg 

 

 

*Values are displayed for the total amount of 200 ml. 
 
 
Table 29: Composition of the lysis buffer used in 2-DE. 

Lysis buffer                                                            Amount* 
 

Urea (7 M) 
Thiourea (2 M)     
CHAPS (4% w/v) 
DTT (100 mM) 
Spermine (25 mM) 
Pharmalyte 3-10 ( 0.5% v/v) 

 

4.205 g 
1.522 g 
400 mg 
154.3 mg 
50.6 mg 
125 µl 

 

*Values are displayed for the total amount of 10 ml. 

 
 

3.2.3.4.2 Rehydration of IPG strips 

 

 For rehydration, commercially available dry immobilized pH gradient (IPG) strips were 

immersed overnight in a rehydration buffer solution (Table 30). The process included pipetting 

first of the rehydration buffer into the ceramic strip holders. Then, the protective plastic layer 

of the IPG gel was removed and the IPG gel was placed onto the strip holder with the gel-
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coated surface facing down, so that the gel surface would come in contact with the 

rehydration buffer. To prevent uneven rehydration, trapped air bubbles were smoothened 

carefully using a clean forceps and the strips were left over night for the rehydration process.   

 

Table 30: Composition of the rehydration buffer solution. 

Rehydration buffer                                                            Amount* 
 

Urea (7 M) 
Thiourea (2 M)                 
CHAPS (2% w/v) 
HED (100 mM) 
Pharmalyte3-10 (0,5% v/v) 
Bromophenol blue (0.002% w/v) 
Milli-Q H2O 

 

4.205 g 
1.522 g 
200 mg 
120 µl 
125 µl  
20 µl 
-up to 10 ml 

 

*Values are displayed for acidic IPG strips (pH 4-7, 24 cm) and 450 µl of rehydration solution were used per IPG 
strip. 

 
 

3.2.3.4.3 First dimension (IEF) 

 

 Protein samples were mixed with rehydration buffer solution under a dust free cabinet using 

all precautions (laboratory coat, gloves, hut) avoiding keratin contaminations.  Samples were 

then cup loaded (500 µg protein/strip) on immobilized pH gradient (IPG) strips (pH4-7, 24 cm) 

and Isolectric Focusing (IEF) was performed on an Ettan IPHphor 3 Cup Loading Manifold for 

64 kVhr (Table 29). 

 To ensure that the rehydrated IPG strip gels would not dry out during the focusing process 

they were overlaid with Immobiline DryStrip Cover Fluid. Finally, after closing the IPGphor 

cover, the suitable program (temperature set at 20°C and current limited to 50 μA per IPG 

strip) with desired running conditions was selected (Table 31) from the device (Ettan IPHphor 

3 Cup Loading Manifold) and the isoelectric focusing run started.  

 After IEF process, IPG strips were removed from the Manifold and the residual cover fluid was 

carefully drained from the IPG strips. Afterwards, the IPG strips could be either used 

immediately for the second dimension or, they could be preserved at very low temperature (-

70°C) for several weeks until the second dimension would be scheduled. In order to remove 

residual proteins after each IEF run, strip holders were cleaned with a neutral pH detergent 

using a toothbrush and extensively rinsed with deionised water. 
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Table 31: IEF running conditions. 

Step Mode Volt kVHours 
 

1 
2 
3 
4     
5 
total    

 

gradient 
gradient 
gradient 
gradient 
step & hold 
 

 

300 
600 
1000 
8000 
8000 
 

 

0.6 
1.2 
2 
13.5 
46.7 
64 

 

Note: Values are displayed for acidic IPG strips (pH 4-7, 24 cm).  
 
 

3.2.3.4.4  Equilibration of IPG strips  

 

 Strips were equilibrated prior to the second dimension in two steps for 15 min each under 

gentle shaking at room temperature. The first equilibration step involved reduction of the 

disulphide bonds as it is required for the separation of proteins during the second dimension. 

Gel strips were placed in an equilibration buffer solution (Table 30) containing 2% w/v 

ditheiothritol (DTT). After 15 min , the equilibration buffer was discarded. The second 

equilibration step involved alkylation of the free thiol groups of cysteines so reoxidation could 

be prevented. Gel strips were placed again in an equilibration buffer solution as the first step 

but containing 4% w/v iodoacetamide (IAA) instead of DTT (Table 32). Finally, equilibrated 

strips were sealed on top of 10% PAA gels with 0.5% low melting agarose solution. The second 

dimension was run over night in an Ettan Dalt6 chamber. 

 

Table 32: Composition of the equilibration buffer. 

Equilibration buffer                                                            Amount 
 

Tris-HCl (1.5M/pH 8.8) 
Urea (6 M) 
Glycerol (87% w/v) 
Milli-Q H2O 
SDS (10% w/v) 
Bromophenol blue (1% w/v) 
Milli-Q H2O 

 

16.67 ml 
180.18 g 
172.4 g 
-up to 460 ml 
50g 
500 µl 
-up to 500 ml 

 

 

Note: Before use, it was added 20 mg DTT / ml (2% w/v) (1st step) and 40 mg IAA / ml (4% w/v) (2nd step). 
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3.2.3.4.5 Second dimension (SDS-PAGE)  

 

 Gels were casted in a DALTsix Gel Caster by pouring quickly and carefully the well mixed 

solution (Table 33). Uniform gels (10%) were prepared. Immediately after pouring, each glass 

plate cassette was overlaid with 1 ml of a layer of 0.1% SDS solution to minimize gel exposure 

and to create a flat gel surface. After allowing a minimum of 3 h for polymerization, SDS-

solution overlay was removed and the gel surface was rinsed with deionized water. Finally the 

gels were wrapped in dust free tissues rinsed with running buffer solution and were preserved 

overnight at 10-20°C until their use on the following day [79]. 

 
Table 33: Composition of the 2-DE gels. 

2-DE gels                                            10% gel  

Acrylamide 40%      
Bis- Acrylamide 2%                                                 

 115.23 ml 
61 ml 

 

     At this point: addition of 2,2 g amberlite, stirring for 1 h and filtration through 0,45 µm membrane 

Tris-HCl-SDS (1,5M/pH:8,6)                                                                                                                                    
MilliQ  H2O                                              
Glycerol 99.5%                                      
TEMED 
APS  10%                                                               

 115 ml 
151.85 ml 
23 g 
230 µl 
1.84 µl 

 

Note: Values are displayed for the corresponding number of 6 gels per 2-DE run. 

 
 
 Equilibrated IPG strips were positioned with tweezers between the plates on the second-

dimension gel surface with the plastic backing against longer glass plate. With a thin spatula, 

the IPG strip was gently pushed down to achieve complete contact with the top surface of the 

stacking gel ensuring no trapping of air bubbles. IPG strips and the molecular weight standards 

positioned on the edges of gels were overlaid with about 1.5 ml of agarose sealing solution 

(prepared by heating it up for 10 min in 100 °C and cooling it to 40-50°C). After allowing 

agarose to solidify for 2-3 min, gel cassette was inserted in the electrophoresis unit. In the 

main chamber of the electrophoresis unit were poured 3 l of diluted anode (lower) buffer 

whereas 500 ml diluted cathode (upper) buffer were poured into the upper buffer chamber. 

Diluted anode and cathode buffers were prepared according to the Table 34. 
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Table 34: Composition of the 2-DE anode and cathode buffers. 

Components                                                            Amount 
 

Anode buffer 
Tris base (25 mM) 
Glycine (192 mM) 
SDS (0.1% w/v) 
Milli-Q H2O 
 

Cathode buffer 
Tris base (50 mM) 
Glycine (384 mM) 
SDS (0.2% w/v) 
Milli-Q H2O 

 

 
14.54 g 
69.18 g 
4.8 g 
- up to total of  4.8 l 
 

 
8.48 g 
40.36 g 
2.8 g 
- up to total of  1.4 l 

 

 
 
 The second dimension electrophoresis run (gels 10%) was performed according to the SDS -

PAGE running conditions displayed on Table 35. The run was terminated each time depending 

on the migration of the bromophenol blue dye towards the lower part of the gels. 

 

Table 35: SDS-PAGE running conditions. 

Step                                                                                            mA Volt Watt Hours 

1 
2 
3 
4        

30 
48 
60 
98 

150 
150 
150 
150 

12 
12 
12 
12 

2 
2 
8 
overnight* 

 

Note: Values displayed for acidic IPG strips (pH 4-7, 24 cm). Exact duration of the step 4 depends on the position 
of bromophenol blue front. 

 
 

3.2.3.4.6 2-DE gel staining and digitalization  

 

 Staining of 2-DE gels using Ruthenium (II) tris (bathophenantroline disulfonate) fluorescent 

stain (RuBPS) was performed for comparative analysis in protein expression of control vs. 

treatments 2-DE gels. The experimental steps were carried out according to the Table 36 

[130]. Stained 2-DE gels were digitalized  using  a Typhoon Trio+ scanner at 100 µm resolution 

under 610 nM emission, 532 nm laser, 600 V PTM. Careful handling of the gels was needed in 

order to avoid damage or contamination of them during their transfer into the scanner.  

 Silver staining was selected to visualize protein spots prior their excision after performing 

quantitative 2-DE runs. It was performed according to the protocol which is presented in the 

Table 37 [131]. 
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Table 36: Protocol used in the RuBPS staining of 2-DE gels. 

Step                                    Solution Amount Time 
 
 
 
 
 
 

Fixing and staining  
 
 
 
 
De-staining of gels 
 
 
Washing of gels 
 

 

Ethanol  
Acetic acid  
RuBPS  
Milli-Q H2O 
 
Ethanol 
Acetic acid 
Milli-Q H2O 
 
Milli-Q H2O 

 

480 ml 
120 ml 
60 ml 
-up to 1200 ml 
 
480  ml 
120 ml 
-up to 1200 ml 
 
1200 ml 

 
 
 
 
 
 

1 h 
 
 
 
 
24-48 h 
 
 
40 min 

 

Note: Values are displayed for 6 gels used per 2-DE run. 

 
 
Table 37: Protocol used in the silver staining of 2-DE gels. 

Step                                    Solution Amount Time 
 

 
Fixing 
 
 
 
 
Sensitizing 
 
 
 
 
Fixing 
 
 
Washing 
 
 
Silver reaction 
 
 
Washing 
 
 
Developing 
 
 
Stopping 
 
 
Washing 
 
 
Shrinking 

 

Ethanol 
Acetic acid 
Milli-Q H2O 
 
Ethanol 
Sodium acetate 
Sodium thiosulphate 
Glutardialdehyde 
Milli-Q H2O 
 
Ethanol 
Acetic acid 
Milli-Q H2O 
 
Milli-Q H2O 
 
Silver nitrate 
Formaldehyde 
Milli-Q H2O 
 
Milli-Q H2O 
 
Sodium carbonate 
Formaldehyde 
Milli-Q H2O 
 
Glycine 
Milli-Q H2O 
 
Milli-Q H2O 
 
Glycerin 
Ethanol 
Milli-Q H2O 

 

400 ml 
100 ml 
-up to 1 l 
 
300 ml 
78 g 
2 g 
20 ml 
-up to 1 l 
 
300 ml 
50 ml 
-up to 1 l 
 
1 l 
 
1 g 
500 µl 
-up to 1 l 
 
1 l 
 
90 g 
0.75 ml 
-up to 3 l 
 
30 g 
-up to 3 l 
 
3l 
 
250 g 
600 ml 
-up to 2 l 
 

 
 
 
 
 
 

1h  
 
 
 
 
45 min 
 
 
 
 
90 min 
 
 
6x10 min 
 
 
30 min 
 
 
2x20 sec 
 
 
10-30 min 
 
 
30 min 
 
 
8-10 min 
 
 
8-10 min 

 

Note: Values are displayed for 6 gels used per 2-DE run. 
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3.2.3.4.7 2-DE gel image analysis 

 

 2-DE gels after being digitalized into images, were analyzed using Progenesis SameSpots 

software (Figure 17). Relevant spot parameters were exported and stored in an MS Access 

database. Statistical analysis was performed on normalized spot volumes with R [132, 133].  

 
 

 

 

Figure 17: Schematic overview of the 2-DE image analysis. Key steps are illustrated while performing 2-DE image 
analysis using Progenesis SameSpots software for the determination of differentially expressed proteins [134]. 
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 Proteins were selected as differentially expressed between control and p22phox over-

expressing cells based on two criteria [135]: (1) statistically significant differences based on a 

Welsh t test for unequal variances (p values of a lower than 0.05 after applying a Benjamini-

Hochberg correction applied for controlling the false discovery rate [136] and (2) a fold 

regulation that exceeded the intrinsic levels of spot variation modeled for each spot based on 

the spot volume variability measured in the control samples. In a linear model including spot 

normalized volume and area, molecular weight and pI as predictors (the latter two as second 

order polynomials), spot volume variability was found to be predicted by the normalized 

volume and pI. The equation of this dependence was further used to predict for each spot the 

intrinsic level of variance above each any difference can be considered differential expression. 

The protein spots had to simultaneously fulfill the two above mentioned criteria in order to 

be considered differentially expressed between the two cell lines. 

 

 

3.2.3.4.8 Excision of protein spots and in-gel trypsin digestion 

 

 The protein spots of interest were excised manually using feather scalps. The excision of the 

areas in the gels was done as close to the spot as possible to minimize the amount of 

background gel using an illuminating base for more precise observation of their location. The 

excised spots were transferred to 1,5 ml eppendorf tubes in 100 µl milli-Q H2O. The eppendorf 

tubes were prior washed with 0.1% TFA / 50% ACN and rinsed twice with milli-Q H2O. Also, in 

order to avoid contamination from keratin, special precautions were taken using gloves, lab 

coat, lab hat and a dust free hood.  

 Each excised spot was washed with 150μl of washing buffer (2.5mM ammonium bicarbonate 

(NH4HCO3), 50% acetonitrile). The tubes were sealed with an adhesive film and stored at 4°C. 

Subsequently, the excised proteins spots were further processed for the Mass Spectrometry 

(MS) analysis. This phase included: de-staining, dehydration (Table 38), reduction, alkylation 

and dehydration (Table 39), followed by rehydration and finally in-gel trypsin digestion. 
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Table 38: Protocol used in the de-staining and dehydration of excised protein spots. 

Step                                    Solution Amount Time 
 

De-staining  
 
 
Washing  
 
 
Dehydration 
 

 

KFe(CN)6 /Na2S2O3 (1:1) 
 
Milli-Q H2O 
NH4HCO3 (200 mM) 
NH4HCO3 / ACN (1:1) 
 
ACN  

 

50 µl 
 
50 µl 
50 µl 
50 µl 
 
10 µl 

 

until total de-staining 
 
3x 10 sec 
2x 15 min 
2x 3 min 
 
10 min 

 

 

Note: All steps were performed at room temperature and in the end, all spots were dried at speed vac for 30 min 
and stored at -20°C. Values are displayed for each spot stored in a 1,5 ml eppendorf tube. 

 
 
Table 39: Protocol used in the reduction and alkylation of excised protein spots. 

Step                                    Solution Amount Time 
 

Reduction  
 
Alkylation  
 
Washing 
 
Dehydration 
 
Re-swelling 
 
De-hydration 
 

 

DTT (10 mM) 
 
IAA (55 mM) 
 
NH4HCO3 (100 mM) 
 
ACN  
 
NH4HCO3 (100 mM) 
 
ACN  

 

10 µl 
 
10 µl 
 
200 µl 
 
10 µl 
 
10 µl 
 
10 µl 

 

30 min 
 
45 min 
 
15 min 
 
10 min 
 
10 min 
 
10 min 

 

 

Note: The reduction step was performed at 56°C. The alkylation step took place in dark at room temperature. 
Shaking of tubes using a thermoblock-shaker was applied in all steps. Finally all spots were dried at speed vac for 
10 min and stored at -20°C. Values are displayed for each spot stored in a 1,5 ml eppendorf tube. 

 
 

3.2.3.4.9 Mass spectrometry (MS) analysis   

 

 Preparative gels were loaded with 500 µg protein and stained with MS compatible silver 

staining. Differentially expressed protein spots were excised from the 2DE gels and they were 

subsequently reduced and alkylated before their submission to MS analysis [135, 137].  

Reduced and alkylated gel pieces were washed two times with 100 µl 25 mM ammonium 

bicarbonate followed by 100 µl 75 % acetonitrile. The contained proteins were then digested 

with trypsin. The shrunk gel pieces were rehydrated with 30 µl 2.5 ng/µl trypsin dissolved in 1 

mM HCl. After re-swelling of the gel pieces the excess supernatant was removed and 30 µl of 

digest buffer (25 mM ammonium bicarbonate, 8 % acetonitrile) were added. After overnight 

digestion the supernatant was removed. The gel pieces were first extracted with 50 µl of 0.1 

% trifluoroacetic acid in 33 % acetonitrile and then with 100 µl of 75 % acetonitrile. After 

complete evaporation of the solvent in a vacuum concentrator the samples were 
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reconstituted with 20 µl of 5 % acetonitrile in 0.1 % formic acid. Samples were analyzed by 

nano-HPLC (Easy nanoLC, Proxeon) using a 100 µm x 2 cm trapping column and a 75 µm x 10 

cm C18 separation column (5 µm particles, NanoSeparations). A gradient from 5 % to 38 % 

acetonitrile in 0.1 % formic acid was applied over 90 minutes. The efflux of the HPLC was 

sprayed into the sample inlet of a LTQ Orbitrap XL ETD mass spectrometer  operated in the 

data dependent measuring scheme. A full scan at 60000 resolution was followed by 

measurement of up to three CID spectra in the ion trap (Top3). The evaluation of the spectra 

was performed by ProteomeDiscoverer and the spectra were searched by Mascot against the 

SwissProt database. Carbamidomethylation was set as a fixed modification and oxidation of 

methionine and phosphorylation of serine and threonine were allowed as variable 

modifications. Positive identifications required at least three peptides with Mascot ion scores 

of at least 20 each or two spectra with scores higher than 40. Scaffold (Proteome Software, 

Portland, USA) was also used to verify the identifications and showed 0.0 % peptide FDR and 

0.0 % of protein FDR. Spots with multiple hits were resolved by comparing spectral counts and 

spectral abundance factors  [138]. 

 
 

3.2.3.4.10 Bioinformatics data analysis 

 

 Bioinformatics software tools have become extremely popular in proteomics based studies 

as they offer direct high throughput links in forms of pathway analysis, network generation 

and functional analysis of target protein molecules to existing scientific knowledge derived 

from a broad range of information sources and databases. 

 In this study, a bioinformatics data analysis using the Ingenuity Pathway Analysis (IPA) 

software was performed (Ingenuity Systems http://www.ingenuity.com) generating a 

network built up of the MS identified and validated differentially expressed proteins in 

combination with interacting molecules as added by the software. Furthermore, information 

about pathways and diseases correlated functionally to this network was also obtained. In 

more detail about the network generation, the data set containing the UniProt database 

protein identifiers and corresponding fold regulation values was uploaded into the 

application. Each identifier was mapped to its corresponding object in Ingenuity's Knowledge 

Base. Other interacting molecules were then identified with a significantly differential 

http://www.ingenuity.com/


Materials and methods 

 

 

 
59 

regulation of their expression according to the Fisher´s exact test. These molecules, called 

network eligible molecules, were overlaid onto a global molecular network developed from 

information contained in Ingenuity’s Knowledge Base. Networks of network eligible molecules 

were then algorithmically generated based on their connectivity.  

 Regarding the functional analysis of the generated network, biological functions and/or 

diseases were identified that were most significant to the molecules of the network based 

again on the Ingenuity’s Knowledge Base. Again, Fisher’s exact test was used to calculate a p-

value determining the probability that each biological function and/or disease assigned to that 

network is due to chance alone. The IPA analysis was performed with the help of Dr. Guillaume 

Médard (Proteomics and Bioanalytics laboratory, Freising, Technical University of Munich).  

 
 

3.2.4 Statistical analysis     

Statistical analysis for the 2-DE analysis experiments was performed using the software 

environment R 2.14.0. For all the other experiments, the results were statistically processed 

and graphically represented using the GraphPad Prism software (La Jolla, USA). Values 

presented are means  standard deviation (STD) or standard error of the mean (SEM) as 

indicated. All experiments were performed at least 3 times (n>3). To calculate significance, 

Student-Newman-Keuls t-test was performed. P-value<0.05 was considered statistically 

significant. 
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4.1 Results 

4.1.1 Assessment of differential p22phox levels in stably transfected HepG2 cells 

 The role of the NADPH oxidase subunit p22phox in tumour progression was the focal point of 

the present study. Thus, expression levels of p22phox were evaluated and validated in a 

cancer cellular model system which included (a) hepatoblastoma (HepG2) cells stably 

transfected with a plasmid for human p22phox (available as two control and two over-

expressing p22phox clones already present in the lab) and (b) stably transfected HepG2 cells 

with a plasmid encoding for a shRNA against p22phox (available as one control and one 

silenced clone already present in the lab). In both cases, the protein and mRNA expression 

levels of p22phox as well as its intracellular localization were analysed by Western blot (Figure 

18), quantitative PCR (Figure 19) and immunofluorescence (Figure 20) accordingly. 

 The protein expression levels of p22phox were higher in p22phox over-expressing and lower 

in p22phox silenced HepG2 cells versus the control clones, respectively (Figure 18). The mRNA 

expression levels of p22phox, similarly to protein levels, were higher and lower versus the 

control clones in the over-expressing and silenced p22phox HepG2 cells, respectively (Figure 

19). 

 

 

 
 

Figure 18: Western blot analysis of p22phox modified HepG2 cells. HepG2 cells were stably transfected with (A) 
empty control vector (CtrK2 and CtrK5) or p22phox plasmid (p22K1 and p22K3) and (B) vector encoding for 
control shRNA (shCtr) or short hairpin RNA against p22phox (shp22phox). Western blotting was performed with 
human p22phox monoclonal antibody. Actin was used as loading control. The displayed blots are representative 
for at least three independent experiments. 
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Figure 19: Quantitative PCR analysis of p22phox modified HepG2 cells. RNA of stably transfected HepG2 cells 
with (A) empty control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control shRNA 
(shCtr) or short hairpin RNA against p22phox (shp22phox), was isolated. After cDNA synthesis, qPCR for p22phox 
mRNA was performed. Data are presented as relative change to control clones (CtrK5 or shCtr) after 
normalization to beta actin (n=3,*p<0.05, p22phoxK3 vs. CtrK5 or shp22phox vs. shCtr, SEM). 

 
 

 In addition, immunofluorescence (IF) staining of p22phox confirmed higher and lower levels 

of p22phox in over-expressing and silenced p22phox cells, respectively, when compared to 

their corresponding controls (Figure 20). 

 

                     
Figure 20: Immunofluorescence analysis of p22phox modified HepG2 cells. Stably transfected HepG2 cells with 
(A) empty control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control shRNA 
(shCtr) or short hairpin RNA against p22phox (shp22phox) were stained with an antibody against p22phox (red 
colour) and nuclei were counterstained with DAPI (blue colour). Overlay pictures of p22phox and nuclei (DAPI) 
staining are displayed. Fluorescence images were taken at a 20x magnification of representative areas with equal 
cellular distribution, size bar= 12µm. 
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4.1.2 Evaluation of p22phox regulatory effect on ROS generation 

 To evaluate the functional impact of p22phox levels on the generation of ROS, 

dihydroethidium (DHE) fluorescence was performed to determine ROS levels. Compared to 

the respective control clones, ROS levels were elevated in cells from a p22phox over-

expressing clone but decreased in cells from a shp22phox expressing clone confirming the 

functional importance of p22phox for the generation of ROS. In addition, fluorescence images 

of cells stained with DHE were taken showing an equal increase or decrease of ROS generation 

in p22phox over-expressing or depleted HepG2 cells, respectively (Figure 21). 

 

                                   

Figure 21: p22phox modulates ROS generation in HepG2 cells. HepG2 cells stably transfected with (A)(C) empty 
control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B)(D) a vector encoding for control shRNA (shCtr) 
or short hairpin RNA against p22phox (shp22phox) were used to evaluate ROS generation. (A)(B) Cells were 
seeded in a micro-plate and ROS generation was assessed using DHE fluorescence measured in a plate reader. 
Data are presented as relative change to control set to 100% (n=3,*p<0.05, p22phoxK3 vs. CtrK5 or shp22phox 
vs. shCtr, SEM).(C)(D) Cells were seeded in 8 well µ-slide with cover and incubated with 50µM DHE for 10 minutes 
in the dark. Fluorescence was assessed using a fluorescence microscope at 20x magnification (size bar= 12µm). 
Images are representative for at least 3 independent experiments. 
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4.1.3 Role of p22phox in proliferative activity of HepG2 cells 

4.1.3.1   p22phox modulates the proliferative and metabolic activity of HepG2 cells  

 ROS and NADPH oxidases have been implicated in the regulation of tumour progression [139-

141]. Therefore, the contribution of p22phox to the proliferative response of HepG2 cells was 

determined using 5-bromo-2´-deoxyuridine (BrdU) incorporation assay.  

 Results showed that the proliferative activity of HepG2 cells was significantly increased in 

stably transfected HepG2 cells over-expressing p22phox compared to control cells (Figure 22). 

In contrast, the proliferation of HepG2 cells with stable knock down of p22phox was decreased 

compared to control cells (Figure 22).  

 

Figure 22: p22phox modulates proliferation of HepG2 cells. Stably transfected HepG2 cells with (A) empty 
control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control shRNA (shCtr) or 
short hairpin RNA against p22phox (shp22phox), were seeded in 96-well plates. Proliferative activity was 
assessed using 5-bromo-2’-deoxyuridine (BrdU) incorporation. Data are presented as relative change to control 
set to 100% (n=3,*p<0.05, p22phoxK3 vs. CtrK5 or shp22phox vs. shCtr, SEM). 

 
 
 Additionally, immunofluorescence (IF) assays stained for Ki-67 as a proliferation marker were 

performed. Ki-67 staining was increased in cells from a p22phox over-expressing clone 

compared to control cells and it was decreased in cells derived from a clone with decreased 

p22phox levels compared to control cells (Figure 23). These results underline the importance 

of p22phox for the proliferation of HepG2 cells. 
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Figure 23: Expression of proliferation marker Ki-67 in p22phox modified HepG2 cells. Stably transfected HepG2 
cells with (A) empty control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control 
shRNA (shCtr) or short hairpin RNA against p22phox (shp22phox) were stained with an antibody against Ki-67 
(green colour). Nuclei were counterstained with DAPI (blue colour). Fluorescence images were taken at a 20x 
magnification (size bar= 12µm).  

 
 
 Furthermore, as proliferation of cells is strongly coupled to the metabolic activity of the cells, 

Alamar Blue assay was performed. HepG2 cells over-expressing p22phox showed enhanced 

metabolic activity compared to controls. In contrast, HepG2 cells depleted of p22phox showed 

decreased metabolic activity compared to controls (Figure 24). 

 

 

Figure 24: p22phox modulates the metabolic activity of HepG2 cells. Stably transfected HepG2 cells with (A) 
empty control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control shRNA (shCtr) 
or short hairpin RNA against p22phox (shp22phox), were seeded in 96-well plates. Metabolic activity was 
assessed by using Alamar Blue fluorescence measured in a plate reader. Data are presented as relative change 
to control set to 100% (n=3,*p<0.05, p22phoxK3 vs. CtrK5 or shp22phox vs. shCtr, SEM). 

 
 

DAPI

Ki-67

CtrK5 p22phoxK3 A

DAPI

Ki-67

shCtr shp22phox B

BA

shCtr shp22phox
0

50

100

150

*

*

*

A
la

m
ar

 B
lu

e
 F

lu
o

re
sc

e
n

ce
 (

%
 s

h
C

tr
)

CtrK5 p22phoxK3
0

50

100

150

*

*

*

*

A
la

m
ar

 B
lu

e
 F

lu
o

re
sc

e
n

ce
 (

%
 C

tr
K

5
)



Results 

 

 
66 

4.1.3.2  N-acetyl cysteine decreases metabolic activity in HepG2 cells  

 To verify that p22phox modulated metabolic activity is dependent on ROS, p22phox over-

expressing and control HepG2 cells were treated with the antioxidant N-acetyl-cysteine (NAC) 

and metabolic activity was thereafter evaluated utilizing Alamar Blue assay.  

 Although NAC also reduced Alamar Blue activity of control cells, the p22phox-induced 

increase in Alamar Blue activity was completely reduced to control levels indicating that 

p22phox-induced Alamar Blue activity is mediated by ROS (Figure 25).  

 

 

Figure 25: p22phox mediated metabolic activity is ROS dependent.  Stably transfected HepG2 control cells 
(CtrK5) and p22phox over-expressing cells (p22phoxK3) were seeded in 96 wells. After 18h cells were pre-treated 
with N-acetyl-cysteine (NAC, 5mM) for 24 h before metabolic activity was determined by Alamar Blue 
fluorescence. Data are presented as relative changes to untreated CtrK5 clone set to 100% (n=3, *p<0.05: over-
expressing p22phox vs. control,  #p<0.05: NAC treatment vs. control). 

 
 

4.1.3.3  p22phox modulates colony formation capacity of HepG2 cells 

 As tumour progression is not only characterized by the proliferative activity of tumour cells 

but also by the ability of these cells to survive, clonogenic assays were performed for both 

p22phox over-expressing and p22phox depleted HepG2 cells. It was observed that when 

p22phox was enhanced, colony formation was induced in a significant way whereas in case of 

depletion of p22phox, colony formation was almost abolished (Figure 26). 
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Figure 26: p22phox modulates the ability of HepG2 cells to form colonies. Stably transfected HepG2 cells with 
(A) empty control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control shRNA 
(shCtr) or short hairpin RNA against p22phox (shp22phox), were seeded in 6-well plates. Formation of colonies 
was assessed after 30 days. Colonies were stained with crystal violet (0.5% w/v). Pictures were taken and the 
number of colonies was counted. Representative images are shown. (C)(D) Data are presented as relative 
changes to control set to 100% (n=3, *p<0.05: over-expressing p22phox vs. control and knocked-down p22phox 
vs. control, SEM).  

 
 

4.1.4 Control of HepG2 tumour growth by p22phox in vivo 

4.1.4.1  Silencing of p22phox reduces HepG2 tumour growth in a xenograft mouse model 

 To study the role of p22phox in tumour progression in an vivo model, a xenograft mouse 

model was used with HepG2 cells stably transfected with a shRNA against p22phox 

(shp22phox) or with control shRNA (shCtr). The experiments were performed in collaboration 

with Dr. Guenther Richter (University Hospital Klinikum rechts der Isar, Technical University of 

Munich). 

 Cells (3,0x106) were injected into the groin of immunodeficient (Rag2-/-C
-/-) male mice. Five 
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sacrificed and the tumours were isolated and evaluated. Tumours had developed in 10 out of 

10 mice. The tumour shapes in both groups were very heterogeneous, but overall the average 

tumour weight of xenografts from the “shp22phox” group was lower than from the control 

“shCtr” group (Figure 27). p22phox protein was reduced in the “shp22phox” tumours 

compared to controls as determined by Western blot analysis (Figure 27). The results obtained 

from the in vivo experiments are in line with the in vitro results verifying the important role of 

p22phox in HepG2 tumour progression. 

 

 

Figure 27: p22phox modulates tumour growth in a xenograft mouse model. Mice were injected with stably 
transfected HepG2 cells with plasmids encoding for shRNA against p22phox (shp22phox) or control shRNA 
(shCtr). (A) Tumours were isolated 46 days after injection and pictures of all tumours are shown. (B) 
Corresponding xenograft tissue protein samples were prepared and submitted to Western blotting using an 
antibody against p22phox. A representative blot is displayed. Actin was used as loading control. (C) Tumour 
weights were measured. Data are presented as average tumour weight (g) (n=5, *p-value<0.05: tumour weight 
of shp22phox tumours vs. tumour weight of shCtr tumours, STD). 
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4.1.4.2  p22phox modulates the balance between proliferation and apoptosis in HepG2 

xenografts 

 To further analyse differences in proliferative activity between control and shp22phox 

expressing clones, xenografts were stained for Ki-67 via immunohistochemistry (IHC). 

Compared to control tumours, staining for Ki-67 was decreased in tumours with reduced levels 

of p22phox. To test whether apoptosis mediates the reduction in tumour growth, expression 

of cleaved caspase 3 was examined. Indeed, tumours from shp22phox clones showed 

increased levels of cleaved caspase 3 compared to controls indicating higher ratios of 

apoptotic cell death (Figure 28).  

  

                        

Figure 28: Proliferation and apoptosis are modulated in p22phox depleted HepG2 xenografts. 5 µm sections of 
paraffin embedded xenograft tumours derived from p22phox depleted HepG2 cells stably transfected with either 
shRNA against p22phox (shp22phox) or control shRNA (shCtr) were cut and stained for the proliferation marker 
Ki-67 or the apoptosis marker cleaved caspase-3 (Cl. Casp-3). Representative images are shown, size bar = 50 µm 
for all panel segments. 
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4.1.5 Proteomic analysis of p22phox over-expressing HepG2 cells 

4.1.5.1    Two dimensional gel electrophoresis (2-DE) analysis 

 In a next step we evaluated whether increased levels of p22phox in HepG2 cells would 

differentially affect the proteome compared to control cells by employing a suitable gel based 

proteomic platform.  

 First, preliminary two-dimensional gel electrophoresis (2-DE) experiments were performed 

for optimization purposes of the targeted analysis. All experimental parameters such as the 

concentration of the protein sample, the type of the immobiline pH gradient strips,  the gel 

concentration and the gel staining method were evaluated. After, the 2-DE gels were 

generated on the highest possible degree of reproducibility giving emphasis on minimizing 

errors due to inter-gel variability. The gels which did not meet high quality and reproducibility 

criteria were ommitted from the analysis. All suitable 2-DE gels after staining, scanning and 

digitalisation, were submitted to image software analysis using SameSpots (Non Linear 

Dynamics, Newcastle upon Tyne, UK). The analysis resulted in the identification of 

dysregulated protein spots. The theoretical isoelectric point pI and the theoretical molecular 

weight Mr of all identified spots were estimated. 

 2-DE protein expression patterns on immobilized pH 4-7 gradient strips (IPGs) were compared 

between p22phox over-expressing (p22K1 and p22K3) clones and control (CtrK2 and CtrK5) 

clones. A total of 722 spots were retained as correctly matched and identified across all gels 

and were subjected to statistical analysis. A number of 16 protein spots exhibited statistically 

significant differences between the control and p22phox over-expressing cells at a fold change 

exceeding the level of biological variation found in the control samples and were thus selected 

as differentially expressed. Of them, 13 had higher abundance in the p22phox over-expressing 

cells, while 3 were more abundant in the control cells (Figure 29).  
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Figure 29: Proteins differentially expressed in control versus p22phox over-expressing HepG2 cells. Up: A 
representative 2-DE gel image displaying all sixteen dysregulated protein spots. Protein functions which were 
found as differentially expressed are indicated with numbers and arrows. Underlined numbers correspond to 
successfully identified proteins as given on Table 40. Empty arrows correspond to up regulation and filled arrows 
to down regulation of proteins. The gel was prepared using acidic IPG strips (pH area 4-7). Down: Numbered pairs 
of magnified images of all sixteen dysregulated protein spots which are derived from representative 2-DE gels 
showing the differential expression patterns between control HepG2 samples (left image of each numbered pair) 
and p22phox over-expressing HepG2 samples (right image of each numbered pair). Underlined numbers of pairs 
correspond to successfully identified proteins as given on Table 40. 

1

7 8

9

4

10 11 12

2

65

3

13 14 1615

13

116

97

80

66

55

45

30

205

4 7

1

15

11

9

4

2

12

10

8

16

5 14

6

3

7



Results 

 

 
72 

4.1.5.2    Mass spectrometry (MS) analysis 

 The sixteen protein spots which exhibited statistically significant differences were excised 

from preparative 2-DE gels prepared using samples of both control and p22phox over-

expressing cells and stained with silver. The spots were analyzed subsequently by LTQ Orbitrap 

XL ETD mass spectrometry (ThermoScientific, Dreieich, Germany) at Fritz Lipmann Institute, 

Jena, Germany. Single hits were obtained for three spots, while ten spots contained more than 

two proteins. One other protein consisting of a complex mixture of proteins contained a 

protein differentially expressed in a neighbouring spot. Altogether MS/MS analysis 

successfully identified nine protein functions from ten spots, all of them up-regulated in 

p22phox over-expressing cells (Table 40). 

  

Table 40: Protein functions differentially expressed in p22phox over-expressing HepG2 cells.  
 

Spot                                                                                            Protein name p-value fold regulation direction 
 

1 
2 (7) 
4 
9 
10 
11 
12 
13 
15 

 

Heat shock protein  90-alpha 
Heterogeneous nuclear ribonucleoprotein F 
Charged multivesicular body protein 4b 
26S protease regulatory subunit 6B 
Heat shock protein 90-beta 
Heat shock cognate 71 kDa protein 
Glutaredoxin 3 
Microtubule-associated protein RP/EB family member1 
Lamin-B1 

 

0.004 
0.047 
0.045 
0.030 
0.020 
0.044 
0.030 
0.021 
0.027 

 

1.4 
1.6 
1.7 
1.6 
1.4 
1.4 
1.8 
1.8 
1.4 

 

Up 
Up 
Up 
Up 
Up 
Up 
Up 
Up 
Up 

 

 
 

4.1.5.3    Validation of differentially expressed proteins 

 To validate selected differentially expressed protein spots which were identified by the MS 

analysis, Western blot analyses were performed (Figure 30). Biological replicates of stably 

transfected HepG2 control cells (CtrK2 and CtrK5 clones) and p22phox over-expressing cells 

(p22K1 and p22K3 clones) were used in order to confirm the expression patterns of six protein 

species (Glutaredoxin-3, Lamin B1, Heat shock protein 90-alpha, Heat shock protein 90-beta, 

Heat shock cognate 71 kDa protein and Microtubule-associated protein RP/EB family member 

1). Densitometric analyses were performed for all protein bands and the values were 

subsequently normalised to their respective protein concentration (loading controls: actin 

blots or Ponceau S staining). In all cases, Western blot results were consistent with the 

proteomic analysis (2-DE/MS) results (Table 40). 

 



Results 

 

 
73 

 
3 

Figure 30: Validation by Western blot of selected proteins identified as differentially expressed in p22phox 
over-expressing HepG2 cells. Whole cell protein lysates (50 µg) from stably transfected HepG2 control (CtrK2 
and CtrK5) and p22phox over-expressing (p22K1 and p22K3) cells were immunostained using antibodies against 
human Glutaredoxin 3 (GLRX3), Lamin B1 (LaminB1), Heat shock protein 90 alpha & beta (HSP90 a/b), Heat shock 
cognate 71 kDa protein (HSC70), and Microtubule-associated protein RP/EB family member1 (MAPRE1). Ponceau 
S (PonS) staining or beta-actin (Actin) were used as loading control. The displayed blots are representative for at 
least three independent experiments. 

 
 

4.1.5.4    Pathway and network analysis of differentially expressed proteins  

 The Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, USA) 

provides the ability to map differentially expressed proteins to functional networks and 

canonical pathways. Therefore, regarding the present study, the identified set of differentially 

expressed proteins which were validated by Western blotting, have been the input for the IPA 

analysis. Functional networks were constructed based on these selected differentially 

expressed proteins in combination with other interacting molecules as they were given by the 

Ingenuity´s knowledge database. The network which appeared statistically the most 

significant, is presented on Figure 31. Moreover, IPA software suggested several 

diseases/disorders, biological functions, canonical pathways and toxicity for the differentially 

expressed proteins involved (Tables 41-44).   
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Figure 31: Protein interaction network revealed by IPA software analysis. Shades of red represent up-regulation 
functions of the identified proteins.  A major sub-network within the network is centered on HSP90.  
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Table 41: Top diseases and disorders given by IPA. 

Name                                                            p-Value 
 

Cancer 
Reproductive system disease                 
Renal and urological disease 
Gastrointestinal disease 
Hepatic system disease 

 

5,21e-07 – 3,74e-02 
5,21e-07 – 3,63e-02 
1,04e-06 – 4,00e-05 
3,53e-05 – 2,98e-02 
3,53e-05 – 5,24e-04 

 

 
 
Table 42: Top molecular and cellular functions given by IPA. 

Name                                                            p-Value 
 

Cell signalling 
Cellular assembly and organization                 
Cellular function and maintenance 
Lipid metabolism 
Molecular transport 

 

4,50e-04 – 4,50e-04 
4,50e-04 – 8,97e-03 
4,50e-04 – 8,97e-03 
4,50e-04 – 2,70e-03 
4,50e-04 – 1,80e-03 

 

 
 
Table 43: Top canonical pathways given by IPA. 

Name                                                            p-Value 
 

eNOS signalling 
Aldosterone signalling in epithelial cells          
Protein ubiquitination pathway        
Glucocorticoid receptor signalling 
Mitotic roles of polo-like kinase 

 

1,69e-05 
3,05e-05 
1,44e-04 
1,50e-04 
3,24e-04 

 

 
 
Table 44: Top toxicity lists given by IPA. 

Name                                                            p-Value 
 

Hypoxia-inducible factor signalling 
Mechanism of gene regulation by peroxisome proliferators via PPARα 
Aryl hydrocarbon receptor signalling        
PPARα/RXRα activation 
NRF2-mediated oxidative stress response 

 

4,02e-04 
7,44e-04 
1,76e-03 
2,38e-03 
3,51e-03 
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4.1.6 Role of HSP90 in the p22phox proliferative response of HepG2 cells 

 Based on the proteomics findings and bioinformatics data analysis, demonstrating increased 

HSP90 levels in p22phox over-expressing HepG2 cells, we analyzed whether HSP90 would be 

involved in p22phox dependent proliferative activity. HSP90 has been proven to be related to 

tumour proliferation [142-144].  

 To this end, we applied an inhibitor of HSP90 (NVP-AYU922, 100 nM) [145, 146] to control 

and p22phox over-expressing HepG2 cells for 24 hours. Western blot analyses performed with 

antibodies against HSP90 indicated no change in the protein levels by the inhibitor as expected 

(Figure 32). However, levels of HSP70 and HSP27 were increased in the HepG2 cells treated 

with NVP-AYU922 inhibitor of HSP90. It is well recognized that one of the molecular signatures 

of many HSP90 inhibitors is an up-regulation of the antiapoptotic and cytoprotective HSP70 

protein, a consequence that is believed to reduce the overall antitumour efficacy of these 

compounds [147, 148]. 

 

                                        

Figure 32: Inhibition of HSP90 affects expression of HSP70 and HSP27 in HepG2 cells. Stably transfected HepG2 
cells over-expressing p22phox (p22phoxK3 samples) or empty control vector (CtrK5 samples) were treated with 
the HSP90 inhibitor NVP-AUY922 (100 nM) for 24 h. Western blot was performed using antibodies against heat 
shock protein 90 alpha/beta (HSP90), heat shock protein 70 (HSP70) and heat shock protein 27 (HSP27). Actin 
was used as loading control.  

 
 We next evaluated whether inhibition of HSP90 would affect the proliferative activity induced 

by p22phox. Ki-67 staining revealed that inhibition of HSP90 reduced the number of positively 

stained cells (Figure 33). In addition, we found that treatment with the HSP90 inhibitor 

abolished clonogenic activity in control and p22phox over-expressing HepG2 cells (Figure 34). 
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Figure 33: HSP90 inhibition modulates the p22phox mediated expression of proliferation marker Ki-67. Stably 
transfected HepG2 cells with (A) control levels of p22phox (CtrK5) and (B) enhanced levels of p22phox 
(p22phoxK3), were treated with HSP90 inhibitor NVP-AUY922 (100 nM). Immunofluorescence (IF) was performed 
using antibody against Ki-67 (green colour). Nuclei were counterstained with DAPI (blue colour).  Fluorescence 
images were taken at a 20x magnification (size bar 12 µm).  

 

 

Figure 34: HSP90 inhibition diminishes clonogenic activity in HepG2 cells. (A) HepG2 control cells (CtrK5) and 
(B) p22phox over-expressing cells (p22phoxK3) were seeded in 6-well plates and treated with the HSP90 inhibitor 
NVP-AUY922 (100 nM). Formation of colonies was assessed after 30 days. Colonies were stained with crystal 
violet (0.5% w/v). Pictures were taken and the number of colonies was counted. Representative images are 
shown. (C) Data are presented as relative change to untreated CtrK5 clone set to 100% (n=3, *p<0.05 over-
expressing vs. control p22phox, SEM).  
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 To further validate the importance of HSP90 in the p22phox regulated pathways we 

determined the levels of proteins known to be involved in the balance between proliferation 

and apoptosis.  

 First, we assessed whether p22phox affects phosphorylation of Akt as an indicator of cell 

survival, proliferation and glucose metabolism. Compared to controls, levels of 

phosphorylated Akt were enhanced in p22phox over-expressing clones. Application of the 

HSP90 inhibitor completely abolished this response.  

 To determine whether inhibition of HSP90 would affect apoptosis as a mechanism explaining 

decreased proliferative activity we assessed the levels of Cleaved Caspase-3, PARP and p53. 

While neither control nor p22phox over-expressing cells showed Cleaved Caspase-3 or cleaved 

PARP, application of HSP90 inhibitor substantially increased the levels of those proteins in 

both cell lines. Similarly, the levels of p53 were substantially increased in cells treated with the 

HSP90 inhibitor (Figure 35). Collectively, these data suggest that inhibition of HSP90 promotes 

apoptosis of control and p22phox over-expressing HepG2 cells.  

 

                                    

Figure 35: HSP90 inhibition increases apoptosis marker levels in HepG2 cells. HepG2 cells over-expressing 
p22phox (p22K3 samples) or empty control vector (CtrK5 samples) were treated with the HSP90 inhibitor NVP-
AUY922 (100 nM) for 24 h. Cell lysates were immunostained using antibodies against phosporylated Akt (p-Akt), 
cleaved Caspase 3 (Cl.Casp-3), PARP and p53.  Actin was used as loading control.  
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4.1.7 Regulation of Cathepsin D by p22phox in HepG2 cells 

4.1.7.1   p22phox modulates Cathepsin D expression 

 Cathepsin D is an aspartic lysosomal endopeptidase present in most mammalian cells. It 

affects major cellular biological processes such as proliferation, angiogenesis and apoptosis 

[149]. Increased levels of Cathepsin D have been associated in several human neoplastic 

tissues [150, 151]. Cathepsin D has also been shown to contribute to breast cancer metastasis, 

in the malignant progression of melanocytic tumours and hepatic carcinomas [152-156]. 

Although ROS have been linked to Cathepsin D function [157], the role of NADPH oxidases in 

the regulation of this protease is not known.  

 To assess a putative link between p22phox and Cathepsin D, protein expression levels of 

Cathepsin D were determined in p22phox over-expressing HepG2 cells and p22phox depleted 

HepG2 cells. Cathepsin D levels were enhanced in p22phox over-expressing HepG2 cells and 

reduced in p22phox depleted HepG2 cells, respectively (Figure 36). 

 

Figure 36: Cathepsin D expression levels in p22phox modified HepG2 cells. Up: Stably transfected HepG2 cells 
with (A) empty control vector (CtrK5) or p22phox plasmid (p22phoxK3) and (B) vector encoding for control shRNA 
(shCtr) or short hairpin RNA against p22phox (shp22phox), were analyzed by Western blot using an antibody 
against Cathepsin D. Actin was used as loading control. The displayed blots are representative for at least three 
independent experiments. Down: RNA of stably transfected HepG2 cells with (C) empty control vector (CtrK5) or 
p22phox plasmid (p22phoxK3) and (D) vector encoding for control shRNA (shCtr) or short hairpin RNA against 
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p22phox (shp22phox), was isolated. After cDNA synthesis, qPCR for Cathepsin D mRNA was performed. Data are 
presented as relative change to control clones (CtrK5 or shCtr) after normalization to beta actin. (n=3,*p<0.05: 
p22phoxK3 vs. CtrK5 or shp22phox vs. shCtr, SEM). 
 

 To determine whether Cathepsin D is dependent on p22phox at the transcriptional level, 

mRNA levels of Cathepsin D were assessed on the established cellular model systems of stably 

transfected HepG2 cells with enhanced and reduced levels of p22phox.  Indeed, mRNA levels 

of Cathepsin D were higher in p22phox over-expressing cells and reduced in p22phox depleted 

cells compared to controls, respectively (Figure 36). Therefore, these results underline the 

dependency of Cathepsin D on p22phox at the transcriptional level.  

 

4.1.7.2   The modulation of Cathepsin D by p22phox is ROS dependent 

 In order to test whether the p22phox modulated Cathepsin D levels are dependent on the 

ROS, HepG2 wild type cells were treated with hydrogen peroxide (H2O2) in the concentrations 

of 100 µM and 200 µM, thus artificially inducing cells with ROS. After performing Western blot 

analysis on these samples, we showed that H2O2 treatment resulted in the increase of 

Cathepsin D expression levels proportionally to the concentration applied. Also, a control and 

a p22phox over-expressing HepG2 clone, were pre-treated with the antioxidant N-acetyl 

Cysteine (NAC, 5 mM) and Western blot for Cathepsin D was performed for these samples, 

too. Treatment with NAC reduced the Cathepsin D expression in the p22phox over-expressing 

clone to the level of the control clone supporting the evidence that Cathepsin D expression is 

ROS dependent (Figure 37). 

 

 

Figure 37: p22phox mediates Cathepsin D expression via ROS. (A) HepG2 cells were treated with hydrogen 
peroxide (H2O2) and Western blot analysis was performed using an antibody against Cathepsin D. Ponceau S 
(PonS) staining was used as loading control. The displayed blots are representative for at least three independent 
experiments. (B) HepG2 cells over-expressing p22phox (p22phoxK3) or with empty control vector (CtrK5) were 
treated with N-acetyl-cysteine (NAC) and Western blot analysis was performed using an antibody against 
Cathepsin D Ponceau S (PonS) staining was used as loading control. The displayed blots are representative for at 
least three independent experiments.  
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4.1.7.3   p22phox regulates Cathepsin D localization and secretion 

 In a next step, intracellular localization of Cathepsin D in HepG2 cells was investigated. Results 

show that in cells over-expressing p22phox, Cathepsin D is highly diffused and secreted 

compared to the control cells in which Cathepsin D appears to be accumulated more firmly in 

the lysosomes (Figure 38). Moreover, Western blot analysis confirmed that p22phox 

modulates secretion of Cathepsin D. The observed secreted protein in the western blot 

analysis could be identified as Cathepsin D by using specific siRNA against Cathepsin D for 

silencing its expression (Figure 39). 

 

 

Figure 38: p22phox modulates Cathepsin D localization. Stably transfected HepG2 cells (A) over-expressing 
p22phox (p22phoxK3) and (B) over-expressing siRNA against p22phox (shp22phox) were immunostained using 
antibodies against p22phox (red colour) and Cathepsin D (green colour). Overlay pictures of p22phox and 
Cathepsin D staining are displayed. Fluorescence images were taken at a 60x magnification (size bar = 20 µm). 

 

 
 

Figure 39: p22phox modulates secretion of Cathepsin D. Stably transfected HepG2 cells over-expressing 
p22phox (p22phoxK3 samples) or with empty control vector (CtrK5 samples) were transfected with siRNA against 
Cathepsin D (siCathD) or control siRNA (siCtr). 24 h post-transfection, western blot analysis was performed with 
supernatants of the samples using an antibody against Cathepsin D (CathD). Ponceau S (PonS) served as loading 
control.  
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4.1.7.4   p22phox affects lysosomal structure in HepG2 cells 

 Cathepsin D is mainly localized in the lysosomes. Therefore we investigated whether p22phox 

would affect the structure of lysosomes in p22phox over-expressing cells using LysoTracker, a 

fluorescence dye that accumulates in acidic organelles. HepG2 cells were stained with 

LysoTracker probe and fluorescence pictures were taken with a fluorescence microscope at 

two different magnifications displaying a group of cells (20x) and a representative single cell 

(60x) accordingly. HepG2 cells over-expressing p22phox showed higher affinity to the probe 

compared to the control cells. On a reverse way, HepG2 clones with silenced p22phox showed 

weaker lysotracker staining (Figure 40). 

 

 

Figure 40: p22phox modulates lysosomal processing of Cathepsin D. Stably transfected HePG2 cells (A) with 
enhanced p22phox levels (p22phoxK3) and (B) reduced p22phox levels (shp22phox) were stained with the 
lysotracker fluorescence probe (green). Fluorescence images were taken at a 20x maginification (size bar = 
12µm). Also, bright field pictures were taken at the same magnification (20x) showing the corresponding number 
of cells. Parts (C) and (D) of the figure show respectively to (A) and (B), lysotracker fluorescence images which 
were taken at a 60x magnification of a representative cell (size bar = 20µm). 
 
 

4.1.7.5   Evaluation of Cathepsin D effect on the proliferative activity of HepG2 cells 

 As it is reported that the pro-proliferative effect of Cathepsin D is mainly mediated by the 

pathophysiological secretion of Cathepsin D by tumour cells [158, 159], we next investigated 

the secretion pathway of Cathepsin D. First, HepG2 wild type cells were transiently transfected 

using siRNA against Cathepsin D. Intracellular expression levels of Cathepsin D were evaluated 
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by immunoblotting. Also, extracellular levels of Cathepsin D were assessed by Western 

blotting detecting the secreted form of Cathepsin D in the corresponding media of the cells 

used to prepare the cell lysates (Figure 41). Silencing of the Cathepsin D protease could be 

clearly observed in the cell lysate as well as in the supernatant of HepG2 cells. To assess the 

impact of Cathepsin D on the proliferation of HepG2 cells, control and HepG2 cells with 

silenced Cathepsin D were seeded into 96-well plates. The proliferative and metabolic activity 

was evaluated using the BrdU ELISA and Alamar Blue assays. Indeed, reduced levels of 

Cathepsin D resulted in reduced proliferation of HepG2 cells indicating the firm role of 

Cathepsin D in cancer cell proliferative activity (Figure 41). 

 

 

Figure 41: Silencing Cathepsin D reduces HepG2 proliferation. HepG2 cells were transfected with siRNA against 
Cathepsin D (siCathD) or control siRNA (siCtr). 48 hours post-transfection, Western blot was performed (A) with 
the cell lysate or (B) the supernatant for Cathepsin D. Ponceau S (PonS) staining served as loading control. Also, 
the transfected cells were seeded in 96-well plates for (C) BrdU proliferation assay and (D) Alamar Blue metabolic 
activity assay. Data are presented as relative change to control set to 100% (n=3, *p<0.05: siCathD cells vs. siCtr 
cells). 
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 Cathepsin D is known to be induced by thrombin [160, 161]. Therefore, HepG2 wild type cells 

were stimulated with thrombin and Western blot analysis for Cathepsin D was performed. 

Indeed intra- and extracellular levels of Cathepsin D were increased by thrombin (Figure 42). 

In addition the proliferative activity of cells was subsequently assessed. Proportional to the 

Cathepsin D levels, the proliferation of cells demonstrated a mild increase (Figure 42).  

 

 

Figure 42: Thrombin induces Cathepsin D expression and proliferation in HepG2 cells. HepG2 cells were treated 
with thrombin (3 units) for 4h. Western blot was performed with (A) cell lysates or (B) supernatant for Cathepsin 
D (CathD). Ponceau S (PonS) staining served as loading control. Also, the stimulated cells were seeded in 96-well 
plates for (C) BrdU proliferation assay and (D) Alamar Blue metabolic activity assay. Data are presented as relative 
change to control set to 100% (n=3, *p<0.05: Thrombin stimulated cells vs. control cells). 
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4.1.7.6    p22phox modulates HepG2 proliferation dependent on Cathepsin D 

 To check whether p22phox mediated tumour progression is Cathepsin D dependent, stably 

transfected p22phox over-expressing HepG2 cells were further transiently transfected with 

siRNA against Cathepsin D.  

 In order to assess the transient transfection efficiency, immunoblotting was used (Figure 43). 

Indeed, silencing of Cathepsin D was successful in both control and p22phox over-expressing 

clones, as a reduction of Cathepsin D expression levels could be observed at intracellular level.  

 

 

Figure 43: Silencing Cathepsin D in p22phox over-expressing HepG2 cells. Stably transfected HepG2 cells over-
expressing p22phox (p22phoxK3 samples) or with empty control vector (CtrK5 samples) were transfected with 
siRNA against Cathepsin D (siCathD) or control siRNA (siCtr). 24 h post-transfection, western blot analysis was 
performed with cell lysates for Cathepsin D (CathD). Ponceau S (PonS) served as loading control.  

 
 
 In a next step, the impact of Cathepsin D on proliferation of stably transfected HepG2 cells 

was investigated by silencing Cathepsin D by specific RNA followed by either Alamar Blue assay 

or immunofluorescence assay for the proliferation marker Ki-67. siRNA transfection of 

Cathepsin D reduced metabolic activity in both control and p22phox over-expressing clones, 

however only in the p22phox over-expressing clone the decrease in metabolic activity was 

significantly reduced (Figure 44). Similarly, the increased staining for the proliferation marker 

Ki-67 in p22phox over-expressing HepG2 cells was substantially reduced in the presence of 

siCathD (Figure 44). 
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Figure 44: Silencing of Cathepsin D reduces p22phox mediated staining for Ki-67. Stably transfected HepG2 cells 
over-expressing p22phox (p22phoxK3) or empty control vector (CtrK5) were transfected with siRNA against 
Cathepsin D (siCathD) or control siRNA (siCtr). (A) 24h post transfection, cells were seeded in 96 wells plates 
before metabolic activity was determined by Alamar Blue fluorescence. Data are presented as relative changes 
to CtrK5 clone set to 100% (n=3, *p<0.05: p22phoxK3 vs. CtrK5, #p<0.05: p22phoxK3 siCathD vs. p22phoxK3 siCtr, 
SEM). (B) 24h post-transfection, cells were seeded into a 8 well µ-slide (60.000 cells per well). 
Immunofluorescence (IF) was performed using an antibody against proliferation marker Ki-67 (green colour). 
Nuclei were counterstained with DAPI (blue).  Fluorescence images were taken at a 20x magnification (size bar= 
12µm).   

 

 In addition, a clonogenic assay (Figure 45) was performed using control and silenced p22phox 

over-expressing HepG2 samples. Results showed that depletion of Cathepsin D decrases the 

capacity of cells to form colonies and this effect, similarly to the previous results, was 

siginificantly incurred in the p22phox over-expressing clone. Thus, results derived from the 

Alamar Blue assays, immunofluorescence staining for Ki-67 marker and colony formation 

assays, underline the modulating role of p22phox in Cathepsin D dependent HepG2 

proliferation, metabolic activity and cell survival capacity. 
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Figure 45: Cathepsin D modulates the ability of p22phox in HepG2 cells to form colonies. Stably transfected 
HepG2 cells with (A) empty control vector (CtrK5 samples) and (B) over-expressing p22phox (p22phoxK3) were 
transfected with siRNA against Cathepsin D (siCathD) or control siRNA (siCtr). 24 h post-transfection, cells were 
seeded in 6-well plates (1500 cells per well). Formation of colonies was assessed after 30 days. Colonies were 
stained with crystal violet (0.5% w/v). Pictures were taken and the number of colonies was counted. 
Representative images are shown. (C) Data are presented as relative changes to CtrK5 clone set to 100% (n=3, 
*p<0.05: p22phoxK3 vs. CtrK5,  #p<0.05: p22phoxK3 siCathD vs. p22phoxK3 siCtr, SEM). 
 

 

 Last, stably transfected HepG2 cells over-expressing p22phox  were pretreated with pepstatin 

A, a well known inhibitor of Cathepsin D, and were seeded in 96-well plates in order to assess 

proliferation using Alamar Blue assay. Indeed, the pre-treatement with pepstatin A reduced 

proliferation of p22phox to the same level of control cells further indicating that p22phox 

mediated proliferation is controlled by Cathepsin D (Figure 46). 
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Figure 46: Cathepsin D inhibition with Pepstatin A reduces cellular metabolic activity. Stably transfected HepG2 
cells over-expressing p22phox (p22K3 samples) or with empty control vector (CtrK5 samples) were seeded in 96 
well plates. After 18h, cells were pre-treated with 50 µM Pepstatin A (PepA) for 24 h before metabolic activity 
was determined by Alamar Blue fluorescence. Data are presented as relative changes to untreated CtrK5 clone 
set to 100% (n=3, *p<0.05: p22phoxK3 vs. CtrK5,  #p<0.05: p22phoxK3 PepA treatment vs. p22phoxK3 Ctr, SEM). 

 
 

4.1.7.7   p22phox regulates Cathepsin D expression in HepG2 xenografts 

 In order to assess the in vivo association of p22phox and Cathepsin D levels, formalin-fixed 

paraffin embedded tumour tissue sections derived from the xenograft model experiments 

were stained against Cathepsin D. Indeed, Cathepsin D levels were decreased in xenografts 

from the p22phox knockdown cells compared to controls, highlighting the regulatory role of 

p22phox on Cathepsin D expression. In addition, Cathepsin D appeared to be localized 

intracellularly (Figure 47).  
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Figure 47: IHC analysis of xenograft mouse sections targeting Cathepsin D. 5 µm sections of paraffin embedded 
xenograft tumours derived from HepG2 cells stably transfected with either shRNA against p22phox (shp22phox) 
or control shRNA (shCtr) were cut and stained for Cathepsin D (CathD). Representative images are shown, at 10x 
(upper row) and 40x (middle row) magnification. The lower row displays respective magnified selected areas of 
the middle row.   
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5.1  Discussion 

5.1.1 p22phox modulates ROS levels in HepG2 cells 

 Reactive oxygen species (ROS) derived from NADPH oxidases have been increasingly 

acknowledged to contribute to various pathways important in tumour pathophysiology [14, 

28]. In this project we used hepatoblastoma HepG2 cells expressing enhanced or diminished 

levels of the NADPH oxidase subunit p22phox. 

 Our experimental findings indicate that modulating p22phox levels in HepG2 cells by either 

over-expressing or depleting p22phox results in a significant increase or decrease in p22phox 

levels. The quantification of mRNA levels showed an approximately 3 fold up regulation and 

the quantification of protein levels showed an average 4,5 fold up regulation of p22phox in 

the p22phox over-expressing clones compared to control clones which was associated with a 

concomitant increase in ROS levels, respectively. Interestingly, ROS generation as determined 

by DHE fluorescence showed only an average of 1,8 fold up regulation compared to control. 

This suggests that p22phox alone is not sufficient to regulate ROS generation, but that ROS 

generation is also dependent of other subunits, such as NOX1, NOX2 and NOX4, which are 

required for ROS generation and expressed in HepG2 cells. Previously, we have shown in 

endothelial cells that NOX2 and NOX4 are equally important for basal ROS generation for ROS 

generation with p22phox [162]. 

 In contrast, regarding the p22phox depleted HepG2 cells, p22phox expression is 2,5 fold 

down-regulated and this is in line with a 2 fold reduction of ROS generation indicating that 

basal ROS levels are quite proportional to p22phox levels. Furthermore, these results show 

that the main portion of basal ROS in HepG2 cells is derived from NADPH oxidases. In addition, 

we performed immunofluorescence staining of the cells for p22phox showing equal 

distribution of p22phox protein expression among cells of the same clone. Moreover, 

intracellular localization resembles the endoplasmic reticulum as it is reported by us and other 

groups [162, 163]. There was no difference observed in intracellular localization of p22phox 

among the different clones indicating that the over-expression of p22phox does not affect its 

intracellular localization and thus, its physiological function.  
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5.1.2 p22phox modulates proliferation of HepG2 cells 

 In a next step, we showed that enhanced levels of p22phox in HepG2 cells increase 

proliferation whereas silenced levels of p22phox decrease proliferation in HepG2 cells. 

p22phox dependent proliferative activity was mediated by ROS, since cells treated with NAC 

showed reduction of their proliferative activity. In a similar way, previous studies in our lab on 

NOX2, NOX4 and p22phox, have shown the mediating role of these proteins in the 

proliferative activity of endothelial cells and smooth muscle cells [160, 162, 164]. In line with 

our results, another study demonstrated that over-expression of p22phox mediated the anti-

apoptotic effects of growth factors in pancreatic cancer cells, thus contributing to a pro-

proliferative effect [165]. 

 We further showed that p22phox modulates metabolic activity by Alamar Blue fluorescence 

of HepG2 cells. This assay is an estimate of metabolic activity and has been served to indicate 

viability and proliferation. Thus, in line with results from BrdU assay, there is strong indication 

that p22phox levels modulate the proliferative activity of HepG2 cells. Moreover, colony 

formation experiments showed that increase of p22phox in HepG2 cells leads to increased 

number of colonies compared to control cells and decrease of p22phox in HepG2 cells leads 

to decreased number of colonies compared to control cells.  

 In addition, p22phox deficient HepG2 cells showed reduced xenograft growth. Furthermore, 

experimental data from our lab using p22phox over-expressing HepG2 cells showed an 

increase in xenograft growth compared to control HepG2 cells adding value on the important 

modulating role of p22phox in tumour progression in this type of liver cancer. In support, in a 

pancreatic cancer model system, the knockdown of p22phox led to a significant decrease in 

cell growth, colony formation capacity and tumour growth in vivo based on a mouse xenograft 

model, too [165]. Moreover, another published work showed that p22phox mediated ROS 

contribute to angiogenesis and tumour growth in prostate cancer [55, 165]. Knockdown of 

p22phox decreased prostate cancer cell proliferation, colony formation capacity, and 

inhibited tumour angiogenesis and tumour growth in a mouse xenograft model  included in 

the same study [55].  

 In conclusion, our data indicate that p22phox enhances ROS generation in HepG2 cells which 

subsequently leads to enhanced proliferation of these cells. 
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5.1.3 Proteomic analysis of HepG2 cells over-expressing p22phox 

 In this study, 2DE gel based proteomic analysis revealed a list of differentially expressed 

proteins due to enhanced levels of p22phox in HepG2 cells.  

 Glutaredoxin-3 (Glrx3, also known as Grx3, PICOT, TXNL2 or Trx-like 2) was identified as up-

regulated protein in p22phox over-expressing HepG2 cells. Glutaredoxins (Glrxs) are [2Fe-2S]-

binding protein proteins responsible for specific catalysis of removal of the glutathionyl moiety 

from protein-mixed disulfides (deglutathionylation). These small redox enzymes of 

approximately one hundred amino-acid residues use glutathione as a cofactor. In contrast to 

thioredoxins, which are reduced by thioredoxin reductase, no oxidoreductase exists that 

specifically reduces glutaredoxins. Instead, glutaredoxins are reduced by the oxidation of 

glutathione. Oxidized gluatathione is then regenerated by glutathione reductase. Together 

these molecules compose the glutathione system [166]. Glutaredoxin class of enzymes 

possesses an active centre disulfide bond. It exists in either a reduced or an oxidized form 

where the two cysteine residues are linked in an intramolecular disulfide bond. Glutaredoxins 

function as electron carriers in the glutathione-dependent synthesis of deoxyribonucleotides 

by the enzyme ribonucleotide reductase. Importantly, glutaredoxins act as antioxidants and 

they have been shown to be critical in maintaining redox homeostasis in living cells [167]. By 

acting as part of the anti-oxidant program, they are involved in protecting cells from oxidative 

stress. Our findings that p22phox which enhanced ROS, also enhances an antioxidant protein, 

suggest the presence of an internal negative feedback loop which might be relevant for fine 

tuning p22phox dependent ROS levels and to protect the cells from adverse effects of ROS 

overload. 

 In fact, glutaredoxins have been shown to control apoptosis and play a role in immune cell 

response, embryogenesis, and regulation of cardiac hypertrophy [168]. Particularly in the field 

of oncology, Glrx3 has been associated with cancer cell growth and has been shown to be 

over-expressed in human colon and lung carcinoma [169]. Thus enhanced levels of Glrx3 might 

contribute to the enhanced proliferative response of p22phox over-expressing HepG2 cells. In 

support, Glrx3 was shown to promote breast cancer cell growth by activating NF-kB signaling 

[170].  

 Moreover, the microtubule-associated protein RP/EB family member 1 (MAPRE1) protein, or 

else known as end-binding protein 1 (EB1), was found also with increased levels in p22phox 

over-expressing HepG2 cells compared to control cells. MAPRE1 (or EB1) is a 35-kDa, mildly 
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acidic, leucine zipper protein belonging to microtubules-associated RP/EB1 family [171]. It was 

first identified by its binding to the APC protein which is often mutated in familial and sporadic 

forms of colorectal cancer [172]. Also, EB1 has been reported to be over-expressed in 

esophageal squamous cell carcinoma, gastric adenocarcinoma and hepatocellular carcinoma 

[173-176]. Depletion of EB1 promoted apoptosis of human non-small-cell lung cancer via ROS 

and Bax-mediated mitochondrial dysfunction [177]. This phenomenon was potentiated in 

radiation-treated EB1-knockdown cells and was largely blocked by NAC suggesting the 

involvement of ROS in the anti-apoptotic function. Thus induction of EB1 by p22phox might 

contribute to p22phox dependent proliferation by acting as an anti-apoptotic.  

 The results also showed that p22phox enhanced cells express increased levels of lamin B1 as 

compared to control cells. Lamin B1 is an intermediate filament protein of the nuclear 

envelope [178]. It belongs to the B-type lamins which arise from two different genes, LMNB1 

and LMNB2. Lamin B1 is required for proper organogenesis and organism survival. Mice that 

lack a functional LMNB1 gene, die minutes after birth, and fibroblasts from these mice have 

misshaped nuclei and undergo premature senescence in culture [179]. Therefore, decreased 

levels of lamin B1 can serve as a senescence biomarker [180]. Lamin B has been suggested to 

play a role in cancer development and other diseases with ROS involvement [181, 182]. 

The proliferation defects induced by silencing Lamin B1 were accompanied by a p53-

dependent reduction in mitochondrial reactive oxygen species (ROS), over-expression of lamin 

B1 on the other hand, increased the proliferation rate and delayed the onset of senescence of 

WI-38 cells in conjunction with a cell cycle arrest at the G1/S boundary [183]. Up-regulation 

of lamin B1 by p22phox might be part of a survival strategy and contribute to HepG2 tumour 

progression by preventing senescence. Maintenance of mitochondrial ROS by lamin B1 might 

be an interesting strategy in the light of increased ROS levels by p22phox suggesting a link 

between this enzyme and mitochondria as it has been recently described [183, 184]. 

 Moreover, increase of p22phox protein levels resulted in changes in the abundance of 

proteins belonging to the family of heat shock proteins (HSPs). We found higher levels of heat 

shock protein 90 alpha (HSP90-alpha), heat shock protein 90 beta (HSP90-beta) and heat 

shock cognate protein 71 (named also as HSPA8 or HSC70)  in p22phox over-expressing cells 

compared to control cells.  

Heat shock proteins are over-expressed in a wide range of human cancers and are implicated 

in tumour cell proliferation, differentiation, invasion, metastasis, death, and recognition by 
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the immune system. HSP90 is key to the stability and function of a host of proteins that are 

important to the tumour cell, such as BCR-ABL, ERB-B2, epidermal growth factor receptor 

(EGFR), CRAF, BRAF, AKT, MET, VEGFR, FLT3, androgen and estrogen receptors, hypoxia-

inducible factor (HIF)-1a, and telomerase, the list of which is being constantly updated [185]. 

Apart from its interaction with various client proteins such as HIF1a, which has also been 

shown to be regulated by p22phox [186], HSP90 has been reported to buffer cellular ROS 

although its mechanism of action remains poorly understood [187]. These findings again point 

to a scenario where ROS generating systems such as p22phox coregulate their safeguard 

helping to control and fine tune cellular ROS levels.  

 Heat shock cognate protein 70 (HSC70) is a constitutively expressed molecular chaperone 

which belongs to the heat shock protein 70 (HSP70) family. HSC70 has different properties 

compared with HSP70 and other heat shock family members [188].  Regarding cancer, the 

expression of HSC70 is higher in some tumour cell lines compared to normal cell lines [189]. 

HSC70 functions as a chaperone by trafficking proteins to different cellular compartments and 

is important in endocytosis [190]. HSC70 is also involved in Akt [191, 192] and NF-κB signaling 

[193]. Importantly, HSC70 also regulates cell survival [194] and confers protection from 

several forms of cellular stresses, such as metabolic stress and oxidative stress [195, 196]. Thus 

far, the mechanism of regulation of HSC70 remains unclear, but it appears that its expression 

is regulated by KLF4 [197]. Thus, our findings that p22phox increases HSC70 which regulates 

cell survival and protects against oxidative stress, suggest that this protein might contribute 

to the proliferative response induced by p22phox. Again it might also be part of the protective 

antioxidant system which is concomitantly up-regulated by p22phox. 

 Interestingly, the present proteomic analysis revealed that p22phox mediated ROS results in 

differential expression of proteins which most of them are firmly linked to tumour progression 

and protection against oxidative stress. Regarding IPA analysis, the results supported the 

correlation of the identified dysregulated proteins to tumour proliferation and development. 

Cancer was identified as the top disease and cellular signalling as the top molecular function. 

Moreover, hypoxia-inducible factor (HIF) signalling was given by IPA analysis based on its 

correlation between HIF and ROS [198, 199] as well as the as one between HIF and cancer 

[200, 201]. Last, there has been shown also that HPS90 correlates with HIF. In general, IPA 

analysis underlined the important role of p22phox in regard to tumour progression. 
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5.1.4 Role of HSP90 in the p22phox regulated proliferation of HepG2 cells 

 After having shown the importance of the modulating role of p22phox in tumour progression 

using both in vitro and in vivo experimental tools, and since 2-DE analysis showed that HSP90 

is up-regulated by p22phox, we decided to further investigate that interesting link between 

p22phox and HSP90 in regard to tumour progression. Our data showed that application of the 

HSP90 inhibitor (NVP-AUY922) in control and p22phox over-expressing HepG2 cells decreased 

the expression of p-Akt (Figure 35) as well as the expression of cleaved caspase-3, PARP and 

p53 levels (Figure 35) which indicate induction of apoptosis. As a result, we could show that 

inhibition of HSP90 decreased p22phox dependent proliferation in HepG2 cells and abrogated 

clonogenic activity. 

 It is known that p-Akt is involved in the balance between proliferation and apoptosis [202, 

203] and it has been previously described that p-Akt is linked to tumour progression [204]. In 

line with this study, it has been shown that HSP90 inhibition results in degradation of p-Akt in 

multiple myeloma (MM) cells. The HSP90 inhibitor (NVP-AUY922) led to a significant reduction 

in myeloma cell viability and induced G2 cell cycle arrest, degradation of caspase-8 and 

caspase-3, and induction of apoptosis. In addition, a very pronounced and ubiquitous effect 

was the strong upregulation of HSP70, which is a well established cellular response to 

inhibition of HSP90 [205, 206]. 

 On the other hand, treatment with the HSP90 inhibitor increased the expression of the anti-

apoptotic and cytoprotective HSP70 (Figure 32). These findings even though they appear 

contradictory, are consistent with previously published reports of HSP90 inhibitors [147, 207]. 

In addition, up-regulation of HSP70 was also seen in myeloma cells treated with the HSP90 

inhibitor (NVP-AUY922), which showed signs of apoptosis [205, 206]. This contradiction could 

be explained by suggesting that the pro-apoptotic effect induced by the cleavage of Casp3, 

PARP and p53 proteins and other possible signalling pathways involved in HSP90 inhibition, 

apparently prevails over the anti-apoptotic effect induced by the increase of HSP70. As such, 

the pro-apoptotic effect of HSP90 inhibition might contribute to the decrease of HepG2 

tumour cell proliferation that we observed after the application of the HSP90 inhibitor. 

 Also, in line with our study again, previous studies have shown that inhibition of HSP90 

decreases tumour proliferation [208-211]. Therefore, there are several drug candidates 

besides NVP-AUY922 that target HSP90 inhibition, some of them in advanced phases of clinical 

trials. HSP90 inhibitors have been developed to cause the eventual inactivation, 
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destabilization, and degradation of numerous chaperone-dependent client proteins. These 

drugs have shown promising anti-tumour activity in preclinical model systems [212]. The fact 

that HSP90 inhibitors selectively affect tumour cells over normal cells gives promise that there 

will be a therapeutic window upon their use [213, 214]. Although we do not know exactly 

which HSP90 client proteins regulated by p22phox were affected in our study, we can 

speculate that HIF1a, which has been identified as important HSP90 client protein [215] and 

which has been shown to be up-regulated by p22phox in different cell types [186], might be 

also the target in our study.  

 Interestingly, a recent study associated HSP90 and NADPH oxidase ROS production. In more 

detail, it was shown that pharmacological and genetic inhibition of HSP90 directly reduces 

NADPH oxidase derived superoxide. The explanation lies on the fact that HSP90 binds to the 

C-terminus of NOXes 1-3 and 5 which is necessary for superoxide production [216]. Although 

we did not determine ROS levels in the presence of the HSP90 inhibitor, these data suggest 

that HSP90 inhibitors might directly affect NADPH oxidase function, and that the subsequent 

decrease in ROS generation might decrease proliferation and activate an apoptotic program.  

 Taken together with the results that p22phox increases HSP90 levels, these data indicate that 

HSP90 is an important molecule linking p22phox to increased proliferation of HepG2 cells.  

 

5.1.5 Role of Cathepsin D in the p22phox regulated proliferation of HepG2 cells  

 In this study, we were able to provide a novel functional link between p22phox and Cathepsin 

D. We showed that p22phox modulates Cathepsin D at both mRNA and protein expression 

level in HepG2 cells. Over-expressing p22phox induced expression of Cathepsin D and 

demonstrated elevated levels of the secreted form of Cathepsin D.  

 Our results demonstrated a clear association of Cathepsin D levels with p22phox levels in a 

ROS dependent way. Staining for Cathepsin D in tissue sections derived from a mouse 

xenograft model established with p22phox deficient HepG2 cells, showed decreased 

Cathepsin D levels further validating the in vitro results (Figure 47). Moreover, the results 

showed that silencing p22phox not only decreases Cathepsin D expression, but also influences 

Cathepsin D localization (Figures 38, 47). Indeed, p22phox over-expression resulted in a higher 

number of vesicles localized to the membrane indicating a higher secretion of Cathepsin D 

(Figure 38). We see that in p22phox over-expressing cells there might be an increased number 
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of vesicular structures containing Cathepsin D. Together with our findings that Cathepsin D 

levels in the supernatant were increased in p22phox overexpressing cells, these findings 

suggest that p22phox stimulates the secretion of Cathepsin D.  

 This goes in line with reports from literature [40] where increased ROS production is 

associated with increased Cathepsin D expression. Moreover, the staining patterns on both 

immunofluorescence and immunohistochemistry data (Figures 38, 47) show that upon 

silencing p22phox, Cathepsin D levels are reduced. The localization can only be clearly evident 

in the immunofluorescence data (Figure 38) where the few observed vesicles seem to be 

localized intracellularly. In the immunohistochemistry data (Figure 47) we can only clearly see 

that Cathepsin D levels are lower in silenced p22phox xenografts and that Cathepsin D is not 

localized in the nucleus. It is difficult to distinguish cytosol and extracellular space due to the 

small and densely packed tumour cells.  

 In addition, by silencing Cathepsin D, we showed that p22phox induced proliferation in HepG2 

cells was reduced. Also, another study showed that increased levels of extra-cellular Cathepsin 

D act as a mitogenic factor promoting tumour proliferation [149], a fact which is in line with 

our results of increased extracellular Cathepsin D levels modulating proliferation in HepG2 

cells. Our results further showed that p22phox is homogeneously distributed inside the cell, 

indicative of an association with the Endoplasmic Reticulum (ER) (Figure 38). Cathepsin D on 

the other hand seems to be localized in a punctuate manner inside the cell, highlighting its 

potential association with lysosomes. These results are in line with the literature in which the 

localization of Cathepsin D within acidic compartments of lysosomes, pre-lysosomal and 

endosomal vesicles has been well described [40].  

 Moreover, a recent study associated thrombin with Cathepsin D in regard to angiogenesis, 

tumour growth and metastasis in breast cancer cells and five additional types of cancer cells 

and HUVEC cells. It was shown that over-expressed Cathepsin D enhanced angiogenesis as 

well as tumour growth and metastasis [161]. In support, we could show that thrombin induced 

tumour cell proliferation in HepG2 wild type cells. In contrast, silencing Cathepsin D in HepG2 

cells and pepstatin A treatment of p22phox over-expressing HepG2 cells led to reduction of 

tumour cell proliferation. Although we did not examine the levels of p22phox induced by 

thrombin in HepG2 cells, we have previously shown in our lab that thrombin increases 

p22phox expression and function in vascular cells [160], concomitant with increased 

proliferation and angiogenesis [149]. One might thus speculate that thrombin induces 
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p22phox levels in HepG2 cells subsequently increases Cathepsin D levels and HepG2 

proliferation.  

 It should be noted however that studies dealing with the diagnostic and prognostic value of 

Cathepsin D in cancer are complicated, by the fact that there are several forms of Cathepsin 

D in a cell at the same time: pro-Cathepsin D, intermediate enzymatically active Cathepsin D 

and mature heavy and light chain Cathepsin D. Also, since different methodologies have been 

used for pro-Cathepsin D/Cathepsin D quantification, and Cathepsin D has been assessed in 

both intra-cellular and extra-cellular compartments, conflicting results were made available in 

the literature [151]. 

 A study of interest associated Cathepsin D and ROS by showing that Cathepsin D induces ROS 

mediated apoptosis via cleavage of thioredoxin, a protein similar to glutaredoxin-3 found in 

our proteomic analysis. In contrast to our results, here a pro-apoptotic action of Cathepsin D 

was observed, however, only intracellular Cathepsin D levels were investigated and not 

extracellular Cathepsin D levels which exhibit proliferative action [159]. In addition, the 

differences could be further explained by the used model system. In contrast to our study, 

endothelial cells and not cancer cells were used. These findings clearly indicate that the 

function of Cathepsin D is strongly dependent of the cellular environment and whether intra- 

or extra-cellular Cathepsin D is investigated, as it was previously pointed out. 

 Regarding future perspectives based on the findings of the present study, we recommend 

additional studies on different tumour cell lines. In a large number of clinical studies, the 

association of Cathepsin D with tumour size, tumour grade, tumour aggressiveness, incidence 

of metastasis, prognosis, and a degree of chemoresistance in variety of solid tumours including 

neuroblastoma, glioma, melanoma, endometrial and ovarian tumours, colorectal carcinoma, 

head and neck tumours, thyroid tumours, pancreatic tumours, lung carcinoma, liver tumours, 

bladder carcinoma, prostate tumours and gastric carcinoma has been reported [153, 217-

221]. In particular, regarding the association of Cathepsin D in liver cancer, increased 

Cathepsin D activity levels have been observed in human hepatoma tissues as compared to its 

normal counterparts [153]. Other experimental data indicated that Cathepsin D, in concert 

with other proteolytic enzymes, could be involved in the process of tissue remodeling which 

occurs during the evolution of cirrhosis [151]. Notably, the majority of dedicated clinical 

studies for Cathepsin D demonstrated the important role of this protease as a tumour 

biomarker with poor prognostic value in the case of breast cancer [222]. Cathepsin D is 
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overexpressed and secreted at high levels by human epithelial breast cancer cells and 

stimulates cancer cell proliferation, fibroblast outgrowth, angiogenesis and metastasis [154, 

219, 220, 223]. Therefore, based on our results by investigating the role of Cathepsin D in a 

liver cancer cell line, it would be of great interest to carry out further research using different 

cancer cell lines such as MCF-7 breast cancer cells.  

 Moreover, it has been reported that expression levels of p22phox and endogenous ROS are 

upregulated in prostate carcinoma. Elevated p22phox expression promotes prostate cancer 

cell proliferation, tumour growth and tumour angiogenesis through Akt/ERK/HIF/VEGF 

signaling pathways [55]. These results, which are supported by the present findings, implicate 

that the modulation of action of p22phox may act as a potential new therapeutic strategy for 

treatment of different types of cancer in the future. The identification of the ROS-driven 

phenotype by p22phox in tumour pathology could entail valuable clinical applications.  

 Taken together, based on the interesting cross-talk between p22phox and Cathepsin D which 

was identified in liver cancer cells, we could suggest further studies aiming to demonstrate 

the value of these two proteins as potential cancer biomarkers and targets for therapeutic 

interventions. So far, a large number of molecular markers has been identified and evaluated  

in a variety of different cancers. Often, the same markers have been used for more than one 

type of cancers indicating the current lack of specificity of these markers. Although some 

markers have shown promising clinical diagnostic and prognostic value of disease progression, 

very few have been fully validated for assessing clinical patients’ outcome in large and well 

characterized populations. Such an example is serum PSA for monitoring men with prostate 

cancer [224]. Therefore, not a single marker but rather a combination of different markers will 

be more effective in cancer diagnosis or prognosis. To this end, in order to enable a potential 

use of p22phox and Cathepsin D as clinical biomarkers, first a detailed planning of clinical 

studies would be required. For achieving clinical use of cancer candidate-markers, it is a 

prerequisite apart from a tumour mechanistic relevance incidence, to analyze and 

demonstrate their value according to particular types of tumour. A clinically useful molecular 

marker should have high sensitivity and specificity [224]. Thus, evaluation of the clinical role 

of p22phox and Cathespin D cross-talk in samples from breast cancer patients, could provide 

us with insightful data leading to the development of a strong evidence-based panel of 

markers. Consequently, this could be a more adequate strategy to monitor breast cancer 

patients. 
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 In conclusion, to best of our knowledge, there are no available data in the literature up to 

present date showing a direct correlation between p22phox and Cathepsin D. Therefore, the 

study identified a novel and important functional link in cellular signaling. Without doubt, 

further investigation should be promoted to enhance understanding in the mechanistic 

pathways underlying p22phox mediated ROS signaling in tumour progression via Cathepsin D. 

 

5.1.6 Limitations of the study 

 The present study has revealed very interesting results as described previously. Nevertheless, 

there have been some limitations worth outlining them, too.  

 First of all, a limitation that has to be pointed out is that HepG2 cells have been used 

exclusively in this study. To extend the pathophysiological relevance of these observations, 

thus, further research is suggested upon our findings using different types of cancer cells.  

 Moreover, the availability of a limited number of clones in the established cellular model 

systems of HepG2 cells consisted a limitation to the study [225]. Particularly, in the case of 

stably transfected HepG2 cells with reduced levels of p22phox, it was made difficult to 

implement a statistically strong design for a proteomic analysis as it has been the case for the 

p22phox over-expressing HepG2 cells. Additionally, in the case of the stably transfected 

HepG2 cells with enhanced levels of p22phox, even though there have been available two 

control and two p22phox over-expressing clones, we observed that the clones were growing 

irregularly, thus making it difficult to achieve always the sufficient number of cells for 

experiments. As a result, only two representative clones (one control and one p22phox over-

expressing clone) have been incorporated in all corresponding experiments of the study. One 

could speculate that the limited number of p22phox deficient clones is a result of the reduced 

ROS generation. Clones with much stronger reduction in p22phox levels and thus, reduced 

ROS levels, would have not survived the selection process - only clones with a moderate 

reduction of p22phox levels and thus, remaining basal levels of ROS, sufficient to allow 

proliferation might have survived. In general, conducting research with genetically modified 

cells especially with integrated transgenic DNA is challenging as one can never exclude side 

effects due to the integrating site of the transgenic DNA [226]. To exclude these effects, other 

model systems may be used to verify our findings including transgenic animals and transient 

transfection as a method for over-expressing or silencing the target gene.  
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 Regarding the gel based proteomic analysis of the study, due to technical challenges known 

to be involved in the reproducibility of 2-DE gels in the basic area of pH [227], we selected to 

perform the 2-DE analysis and validate corresponding results using only immobilized pH 

gradient (IPG) strips at the acidic area of pH. 

 Last, in the present study, we decided to investigate the role of the protease Cathepsin D in 

the p22phox mediated tumour progression. The results revealed the identification of an 

interesting functional link. However, taking into account the complexity of the Cathepsin D, 

further investigation is recommended. It has been reported that different studies focused on 

Cathepsin D so far, entail inconsistencies due to the limitations of identifying all existing 

different isoforms of the protease detected in both intracellular and extracellular environment 

of diverse tumour cells [159]. Also, analysis of the Cathepsin D secretion levels are challenging 

in the used model system of our study, as the over-expression of p22phox is permanent in the 

stably transfected HepG2 cells. An inducible p22phox over-expressing system would be of 

interest to further investigate the link between p22phox and Cathepsin D. 

 In conclusion, despite the limitations of this study, the provided data show novel interesting 

insights in the intracellular pathways regulated by p22phox derived ROS. 
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6.1 Summary 

 The overall aim of the present thesis has been to enhance the understanding of the functional 

role of the NADPH oxidase subunit p22phox mediated reactive oxygen species (ROS) in tumour 

progression by employing a combination of proteomics, in silico, in vitro and in vivo tools. Liver 

cancer was selected as the model system to investigate tumour progression, particularly 

genetically modified hepatoblastoma (HepG2) cells. Therefore, the primary objective was to 

assess cellular model systems available in our laboratory. Clones of stably transfected HepG2 

cells with enhanced and reduced levels of p22phox were validated in regard to protein 

expression, gene regulation and ROS production.  

 In a next step, we employed a gel based proteomic platform (2-DE) as a protein expression 

profiling method which allowed us to screen and identify differentially expressed proteins at 

a global cellular level, due to enhanced levels of p22phox. Subsequently, we assessed the 

relevance of the identified protein species to tumour progression and correlated them with 

existing literature data. Bioinformatics tools were used in order to facilitate this last objective. 

After a successful proteomic analysis and in silico pathway analysis, the association of p22phox 

to cancer signaling pathways and other protein species of interest such as the heat shock 

protein 90 (HSP90) became clear. In order to test the validity of the findings, we employed an 

array of in vitro assays evaluating the role of p22phox in tumour cell proliferation and survival 

ability. Particular focus was given on HSP90 functional correlation to p22phox and the results 

indeed revealed that HSP90 inhibition in p22phox over-expressing HepG2 cells reduces 

tumour proliferation via apoptosis. 

 In addition, the study´s findings were further validated by showing not only in vitro, but also 

in vivo that p22phox protein modulates tumour progression. In a mouse xenograft model, 

depletion of p22phox in HepG2 cells resulted in diminished tumour growth. Finally, 

incorporation of Cathepsin D, an important tumour biomarker, in the experimental set-ups 

showed that a potential signaling pathway in regard to tumour progression is due to the 

interaction of p22phox mediated ROS and Cathepsin D. 

 In conclusion, the findings of the present study come to underline the biologically significant 

role of the NADPH oxidase p22phox protein in tumour progression via ROS signaling both in 

vitro and in vivo. We suggest that inhibition of p22phox could be a potential new therapeutic 

strategy for cancer treatments in the future. 
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