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O2 oxygen 

OAA  oxaloacetate 

OCR oxygen consumption rates 

OD optical density 

p107 retinoblastoma-associated protein homolog 

p130 retinoblastoma-associated protein homolog 

p16 INK4A cyclin-dependent kinase inhibitor 2A 

P53 tumor protein 53 

p66shc  66-kilodalton isoform of the growth factor adapter Shc 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PDH pyruvate dehydrogenase 

PDK1 3-phosphoinositide-dependent kinase 1 

PI3K phosphoinositide 3-kinase 
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Abstract  

Short-term starvation (STS or fasting) protects normal cells, mice and 

potentially humans from the harmful side-effects of chemotherapeutic drugs. In this 

dissertation, I demonstrate that fasting-like cell culture conditions reduce cancer cell 

survival and sensitize human and murine cancer cell lines to chemotherapy. In vivo, 

cycles of STS were as effective as chemotherapeutics in delaying the progression of 

specific tumors and increased the effectiveness of these drugs and radiotherapy 

against melanoma, glioma, and breast cancer cells. In mouse models of 

neuroblastoma, STS cycles in combination with chemotherapy, but not either 

treatment alone, resulted in long-term cancer-free survival. In 4T1 breast cancer 

cells, STS led to increased phosphorylation of the stress-sensitizing AKT and S6 

kinases, increased oxidative stress, caspase-3 activation, DNA damage, apoptosis, 

and reduced expression of the stress resistance transcription factor NFkB; all 

changes were not observed in normal tissues. Several of these effects are linked to 

the activity of the stress-responsive enzyme heme oxygenase-1, whose modulation 

was central in regulating chemotherapy-dependent cell death in breast cancer cells. 

These studies suggest that multiple cycles of STS promote differential stress 

sensitization in a wide range of tumors and could potentially replace or augment the 

efficacy of some toxic chemotherapy drugs in the treatment of various cancers.  

In addition, we evaluated the contribution of calorie restricted (CR) diets and 

defined macronutrient (carbohydrate, protein, fat) ratios for their effects on stress 

sensitization markers and protection in mice treated with high-dose chemotherapy. 

Short-term 50% CR, combined with either severe protein-deficient or ketogenic diets, 

improved chemotoxicity resistance similarly to the standard 50% CR, but did not 

result in the high protection caused by STS. Notably, a high protein diet reversed the 

beneficial effects of short-term CR. In a subcutaneous mouse model of glioma, 

feeding a low protein diet (4% calories from protein vs. 18% in the control) for more 

than 20 days did not delay tumor progression once the tumor became palpable. 

Also, cycles of short-term (3 days) 50% CR did not augment the chemotherapy 

efficacy of cisplatin in a murine breast cancer model. These results indicate that the 

protection from chemotoxicity and retardation of tumor progression achieved with 

fasting could not be obtained with short-term calorie and/or macronutrient restriction.  
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Zusammenfassung  

Kurzzeitiges Fasten (STS) schützt normale Zellen, Mäuse und potenziell auch 

Patienten vor den schädlichen Nebenwirkungen einer Chemotherapie. In dieser 

Dissertation demonstriere ich, dass fasten-ähnliche Zellkulturkonditionen das 

Überleben von Nagetier- und menschlichen Krebszellen reduziert und diese 

gleichzeitig gegenüber chemotherapeutischen Interventionen sensitiviert. In vivo sind 

Fastenzyklen für manche Krebszellen ähnlich effektiv wie die verwendete 

Chemotherapie und reduzieren das Tumorwachstum. In Tierversuchsmodellen für 

Melanome, Gliome und Brustkrebs konnte die Effektivität der verwendeten 

Chemotherapeutika und auch Strahlentherapie in Kombination mit Fasten erhöht 

werden. In Mausmodellen für Neuroblastome resultierte die Chemotherapie 

zusammen mit Fasten in einem langzeitigen Überleben der Mäuse, während die 

einzelnen Therapien erfolglos blieben. In dem 4T1 Maus Brustkrebs-Modell 

resultierte STS in einer erhöhten Phosphorylierung der Stress sensitivierenden 

Kinasen AKT und S6, erhöhtem oxidativen Zellstress, Spaltung der Caspase-3, 

DNS-Schäden, Apoptose und der gleichzeitig reduzierten Expression von 

Transkriptions-Faktoren (z.B. NFkB) die eine Rolle im Widerstand gegen Zellstress 

spielen. Interessanterweise konnten diese Veränderungen in normalen Zellen nicht 

aufgefunden werden. Mehrere dieser intrazellulären Effekte stehen mit der Aktivität 

des Enzyms heme oxygenase-1 in Verbindung, dessen Regulierung eine zentrale 

Rolle in der durch das Fasten bedingten Sensitivierung von 4T1 Brustkrebs spielt. 

Unsere Studien deuten darauf hin, das Fasten eine differentielle Stress-

Sensitivierung in einer Vielzahl von Tumoren auslösen kann, die Effektivität von 

Chemotherapeutika erhöhen kann und somit möglicherweise eine Alternative zu 

Chemotherapie darstellt. 

Um Alternativen zum Fasten zu finden, evaluiere ich in dieser Dissertation 

zusätzlich noch die Effekte von kalorienreduzierten (CR), und Nährstoff (Eiweiß, Fett 

und Kohlenhydrate) definierten, Nahrungsmitteln hinsichtlich ihrer Effektivität im 

Schutz gegen akut hohe Chemotherapie und Tumorprogression. Eine kurzzeitige 

50% Reduzierung der konsumierten Kalorien, auch in Zusammenhang mit 

Proteindefiziten oder ketogenen Diäten, erhöhte die Resistenz gegenüber der 

Chemotherapie, blieb jedoch weniger effektiv als Fasten per se. Eine Diät mit hohem 
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Proteingehalt reversierte die positiven Effekte der CR. In subkutan implantierten 

Gliomen blieb die Ernährung mit auf niedrigem Eiweiß basierten Kalorien (4%) in der 

Maus nach mehr als 20 Tagen ohne Effekt auf das bereits etablierte 

Tumorwachstum. Zyklen in denen die Kalorien auf 50% reduziert wurden hatten, im 

Gegenteil zu Fasten, keine additive Wirkung auf die Behandlung von 

Brustkrebszellen mit Cisplatin in der Maus. Die präsentierten Ergebnisse belegen 

dass Fasten, jedoch nicht kurzeitige CR oder die Modifizierung der konsumierten 

Nährstoffe, vor der Toxizität von Chemotherapeutika schützt und gleichzeitig 

Krebszellen zu einer Vielzahl von Chemotherapien sensitiviert. 
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1 Introduction  

1.1 Aging  and Senescence  

Aging in humans refers to a multidimensional process that includes, but is not 

limited to, the physiological, psychological, and social changes that accumulate 

chronologically in the lifetime of an individual. While some dimensions of aging grow 

and expand with time in the elderly, e.g. wisdom, others, such as physical strength, 

may drastically decline. Aging plays not only an important part of all humans on a 

personal level, but its consequences have a large impact on all human societies, as 

manifested in many cultural and societal conventions to date. Yet, a more biological 

definition of aging is the physiological deterioration that accompanies increasing age, 

raising the risk of death form a variety of causes (Finch and Schneider 1985). Alex 

Comfort defines aging as a progressive increase throughout life, or after a given 

condition, in the likelihood that an individual will die during the next succeeding unit 

of time from randomly distributed causes (Comfort 1956). Aging therefore includes a 

defining element: the increase in mortality (and decrease in fertility) that occurs in 

older organisms and is based on a gradual decline in the capacity to respond to 

environmental challenges (Rose 1991), also known as fitness. 

 

Senescence (from Latin: senescere: to grow old) is commonly described as 

the accumulation of changes that cause alterations in the molecular and cellular 

structure, thereby affecting the metabolic capacity over time and consequently 

resulting in deterioration and death. Senescence occurs on the level of individual 

cells (cellular senescence) and subsequently causes alterations, including the onset 

of age-related diseases, within the whole of the organism (organismal senescence). 

There are a numerous hypotheses as to why senescence occurs. For example, 

some propose senescence occurs due to changes of gene expression (a cause for 

failure), others claim it is the cumulative damage caused by biological processes (a 

consequence of failure). If senescence as a biological process can be slowed down, 

halted or even reversed is a subject of ongoing scientific research.  

Cellular senescence is the phenomenon by which normal cells lose the ability 

to divide and multiply; after about 50 cell divisions in vitro, known as the Hayflick limit 

in honor of Dr. Leonard Hayflick (Hayflick 1965). Some cells become senescent after 
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fewer replication cycles as a result of DNA double strand breaks, exposure to toxins 

or the shortening of telomeres located at the end of eukaryotic chromosomes (a 

phenomenon generally attributed to "replicative senescence"). In 2009, Elizabeth 

Blackburn, Carol Greider and Jack Szostak were awarded the Nobel Prize in 

Physiology or Medicine (the closest Nobel Prize to date related to the field of aging) 

for their significant contributions of how telomeres are maintained by the specialized 

reverse transcriptase telomerase. Rapid telomere shortening may indicate cellular 

hyper-activation, hyper-proliferation and/or hyper-secretory phenotypes that are 

often associated with cellular senescence, stem cell exhaustion and diseases of 

aging. In agreement with these possibilities, telomere shortening has been shown to 

regulate the expression of the interferon-stimulated gene 15 (ISG15). Lou and 

colleagues demonstrated, for the first time, that an endogenous human gene can be 

regulated by telomere length prior to the onset of telomere dysfunction and DNA 

damage signals. Therefore, ISG15 up-regulation in response to telomere shortening 

may contribute to a chronic inflammation commonly associated with human aging 

(Lou, Wei et al. 2009). In 2009, several publications by Epel, Blackburn and co-

workers provided a new link between telomere length and age-related diseases. As 

published in the first issue of Aging, the rate of telomere shortening in peripheral 

leukocytes predicts mortality from cardiovascular disease in elderly men (Epel, 

Merkin et al. 2009). In response to DNA damage or shortened telomeres, cells either 

ñageò or self-destruct through apoptosis, a highly regulated process that involves 

characteristic changes such as cell shrinkage, nuclear fragmentation, chromatin 

condensation, and chromosomal DNA fragmentation. This ñcellular suicideò, the 

death of one or more cells may benefit the organism as a whole because it depletes 

compromised or deficient cells from the body; thereby preventing the accumulation 

of potentially cancerous cells.  

1.2 Theories of Aging  

Theories of Aging try to explain the various aspects of senescence. Some of 

the major cellular and functional changes of aging and the potentially underlying 

theories are shown in Table 1-1. Due to the process of senescence being complex, 

and deriving from a variety of different mechanisms, the closest we can currently get 

to understand the exact etiology of aging is by accepting that all aging-theories 

contribute to a holistic understanding of the aging process. 
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Table  1-1. Major cellular and functional changes of aging by prominent 

theories and major associated clinical disease outcome s.  

Modified from (Cefalu 2011). 
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Existing theories of aging can be divided into the programmed or stochastic theories 

of aging and are subsequently classified into evolutionary, physiological, structural 

and functional changes. Physiologic processes included into theories of aging 

emphasize the role of oxidative stress, immunology, neuro-endocrinology, the 

metabolism, insulin signaling pathways, and caloric restriction. At the cellular level, 

structural and functional processes that emphasize the role of intrinsic timing 

mechanisms and signals (for example through hormone signaling or programmed 

genetic signals), free radical formation, nuclear or mitochondrial DNA mutations or 

damage, the accumulation of damaged and abnormal proteins, accidental chance 

events, cross-linkage, glycation, waste accumulation, general molecular wear and 

tear, and specific cellular components such as genes, chromosomes or 

mitochondria, are all included into the aging theories (Cefalu 2011). Theories that 

include parts of these aspects are presented here after.  

Understanding the biological evolution of aging and lifespan is based on 

observations of the life cycles of biological species. Evolutionary aging theories try to 

explain the differences in aging rates and longevity across different biological 

species (e.g. mice and humans) through the interplay of mutation- and selection-

processes. For example, observations of the ñsuicidalò life cycles of species like the 

pacific salmon have promoted the idea that sexual reproduction may come with a 

cost for species longevity. Thus, in addition to mutation and selection, the 

reproductive cost, or, more generally, the trade-offs between different traits of 

organisms may also contribute to the evolution of species aging and longevity 

(Gavrilov and Gavrilova 2002). The ñdisposable soma theoryò was proposed by 

Kirkwood in 1977 and describes that all living organisms have finite energy 

resources (Kirkwood 1977). The available energy must be balanced between 

maintenance and reproduction. Reproduction occurs when nutrients are sufficiently 

available to secure offspring survival. Under conditions of reduced nutrient 

availability, the reproductive rate is reduced in order to ensure cellular function. It is 

the compromise of allocating energy between reproduction and repair that causes 

the body gradually to deteriorate with age. 

The logical foundations for most of the modern evolutionary theories of aging 

were completed relatively late in the 1950s and almost a century after Darwin 

suggested his theory of biological evolution (Darwin 2003). The biological evolution 
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of aging was initially studied in a purely theoretical and non-experimental way by 

Weismann (Programmed death theory, 1882; later adapted), Medawar (Mutation 

accumulation theory, 1952), Williams (Antagonistic Pleiotropy theory, 1957) and 

others. Their evolutionary theories of aging were subsequently (although only 

partially) tested by evolutionary experiments on D. melanogaster (Stearns, 

Ackermann et al. 2000) and on natural populations of Poecilia reticulata guppies 

(Reznick, Buckwalter et al. 2001). In these two studies, selection for later 

reproduction (artificial selection of late-born progeny) produced, as expected, longer-

lived fruit flies while placing guppies in a more dangerous environment with high 

extrinsic mortality redirected evolution to a shorter lifespan in the following 

generations. These experiments found that aging and lifespan do evolve in 

subsequent generations of biological species in a theoretically predicted direction 

depending on the particular living conditions. Therefore, the early criticism of the 

evolutionary theory of aging as merely theoretical speculation, with limited and 

indirect supporting evidence obtained from retrospective and descriptive studies, has 

been overturned. A detailed overview about evolutionary aging theories is provided 

by Gavrilov et al. (Gavrilov and Gavrilova 2002). 

The evolutionary theories of aging are closely related to the genetics of aging 

because biological evolution can only be possible through inheritable manifestations 

of aging. Programmed aging theories propose that senescence is the final 

destination in a developmental pathway that culminates in death. These theories 

suggest that aging is under control of ñbiological clocksò which operate throughout 

the lifespan of an organism. The regulatory effects of these clocks seem to be 

depending on changes in the gene expression pattern of systems involved in 

cellular-maintenance, -repair, and -defense. One such theory is the ñReproductive-

Cell Cycle Theoryò which reasons that cell growth, development, and death are 

under the regulation of reproductive hormones derived from the hypothalamic-

pituitary-gonadal (HPG) axis. According to this theory, reproductive hormones, such 

as estrogens, progestagens, androgens and gonadotropins, and their receptors, 

have an essential function in promoting growth and development of the organism. 

Normal function in early life is important in order to achieve a maximal reproductive 

rate. With the onset of hormonal changes (in men around age 30 and in women 

when they reach menopause, around age 50), the HPG axis becomes unbalanced, 
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cellular growth and development become deregulated, cellular-dysfunction and cell-

death are increasingly more prominent and thus promote senescence (Atwood and 

Bowen 2011). Supporting evidence for the reproductive-cell cycle theory includes 

studies that demonstrate that women with menopause occurring later in their life 

show reduced heart disease, fewer incidences of stroke, are less prone to dementia, 

and experience less osteoporosis. Conversely, early surgical menopause has been 

demonstrated to increase the incidence of these diseases (Ossewaarde, Bots et al. 

2005). In addition, studies in support of the theory have shown that suppressing 

growth hormone, regulated by the neuro-secretory nuclei of the hypothalamus, and 

insulin-like growth factor 1 (IGF-I) signaling (a part of the growth hormone axis), 

such as caused by caloric restriction or exercise, increases lifespan (Atwood and 

Bowen 2011). Another programmed theory of aging is related to a similar ñfixedò life 

span model. The developmentalïgenetic theory of aging proposes that the 

genetically programmed induction of senescence occurs during adult lifespan, which 

results in either the activation or suppression of specific ñagingò genes. Support for 

this theory comes from studies that indicate that longevity in humans seems to be 

hereditable related to the presence of specific genes. One such ñaging geneò is the 

human leucocyte antigen (HLA), which showed significantly high levels in a study of 

old (over the age of 85) healthy subjects (Ricci, Colombo et al. 1998). However, 

research that showed that physical fitness improves longevity in humans speaks 

against the developmentalïgenetic theory. 

Stochastic theories position environmental impacts, which induce cumulative 

damage at various levels, as the cause of aging. Examples include oxygen radicals 

(widely known as free radicals and countered by the even more prominent 

antioxidants) that can damage DNA (e.g. by cross-linking), cells and tissues. The 

ñChromosomal Alterations Theoryò proposes that normal aging is related to 

alterations in the chromosomal structure: deletions, mutations, translocations, and 

polyploidy acquired chromosomal instabilities contribute to gene silencing or gene 

specific expression over time (Cefalu 2011). Another popular theory of aging is the 

autoimmune theory, which is based on the hypothesis that the human body 

produces auto-antibodies against its own tissues and/or that deficits, primarily in T-

cell function, predispose the elderly to the development of infections, chronic 

disease, cancer, and autoimmune diseases, e.g. rheumatoid arthritis (Kent 1977).  



28 

 

One of the most commonly accepted aging theories is the ñFree Radical 

Theory of Agingò, first proposed by Harman in the 1950s (Harman 1956). The theory 

states that highly reactive oxygen-derived substances (free radicals) result in the 

accumulation of protein-, lipid-, and DNA-damage as a result of normal cellular 

metabolism. In later years, the theory was extended to include the role of 

mitochondrial free radical production (Harman 1972). Free radicals are mainly 

produced inside cellular organelles, in particular the mitochondria, which convert 

energy for the cell into adenosine triphosphate (ATP). Oxidative phosphorylation, the 

process in which ATP is produced, involves the shuttled transport of protons 

(hydrogen ions) through the electron transport chain across the inner mitochondrial 

membrane. For ATP production, electrons are passed through a series of proteins; 

each acceptor protein along the chain has a greater reduction potential than the 

previous one. The last destination for an electron along the electron transport chain 

is an oxygen molecule which is then reduced to produce H2O. The reduction of 

oxygen and the transported electrons, however, is not 100% efficient. Approximately 

0.1ï2%, oxygen is prematurely and incompletely reduced to produce the superoxide 

radical (·O2-), mostly documented for Complex I and Complex III (Gomez and 

Hagen 2012). Reactive oxygen species are therefore a byproduct of normal cellular 

metabolism. Superoxide is not particularly reactive by itself, but plays a role in 

hydrogen peroxide formation (H2O2), which can leak from the mitochondria into the 

cell. It is postulated that reactive oxygen may be a signal for aging and its levels in 

tissues may determine the aging process and lifespan. 

However, multiple experiments critically question the free radical theory. First, 

the over-expression of major antioxidant enzymes (e.g. superoxide dismutase or 

catalase), does not extend the lifespan of mice (Perez, Van Remmen et al. 2009) 

and mitochondrial superoxide dismutase (Sod-2) haplo-insufficiency does not 

accelerate murine aging, even in mice with dysfunctional telomeres (Guachalla, Ju 

et al. 2009). Even more surprisingly is that the deletion of Sod-2 extends the lifespan 

in the nematode Caenorhabditis elegans (Van Raamsdonk and Hekimi 2009). It was 

also reported that RNAi of five genes encoding components of mitochondrial 

respiratory complexes I, III, IV, and V leads to increased life span in flies. Long-lived 

flies with reduced expression of these electron transport chain genes do not 

consistently show a reduced assembly of respiratory complexes or reduced ATP 
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levels. In addition, extended longevity is not consistently correlated with increased 

resistance to the free-radical generator paraquat (Copeland, Cho et al. 2009). These 

results are in agreement with previous papers showing that antioxidant over-

expression causes minor effects in life span extension in yeast, flies, and mice 

compared to those caused by mutations in signal transduction genes. It is likely that 

the increased protection against superoxide must be accompanied by a number of 

other changes to be effective in life span extension. For instance, LON, a protease 

located in the mitochondrial matrix, increases stress tolerance, prevents the 

accumulation of oxidized proteins (Ngo, Pomatto et al. 2011) and increases 

mitochondrial oxygen consumption, while decreasing oxidative damage of proteins 

in the fungal aging model Podospora anserine (Luce and Osiewacz 2009). In the 

same model organism, deletion of a gene encoding an O-methyltransferase, which 

decreases levels of reactive oxygen species, leads to a decreased lifespan 

(Kunstmann and Osiewacz 2009). 

1.3 Aging -related Diseases  

In the United States, the geriatric population, individuals 65 years of age or 

older, has been continuously increasing in size. Between 1989 and 2010, this 

population rose from 25 to 40 million and is expected to grow to almost 90 million by 

2050 (Zoorob, Kihlberg et al. 2011). Aging is by far the leading cause of death: an 

estimated 100,000 people die of age-related causes per day, about two thirds of the 

roughly 150,000 people who die each day across the globe. In industrialized nations, 

the proportion is much higher, reaching 90% (Lopez, Mathers et al. 2006). The 

majority of these deaths can be attributed to age-associated diseases which include 

a wide array of illnesses, including cardiovascular disease, cancer, arthritis, 

cataracts, osteoporosis, type 2 diabetes, hypertension and Alzheimer's disease. 

Essentially, all of these aging-associated diseases are complications that arise from 

cellular deterioration. Despite the pronounced interconnection of aging and disease 

is it important to distinguish age-associated diseases from the aging process itself: 

all animals will age, yet not all adult animals, as either an individual or as a species, 

experience age-associated diseases. Mice for example generally do not, unless 

genetically altered, experience atherosclerosis (Breslow 1996).  
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 In a study conducted by Baker and colleagues in 2011 on mice, senescent 

p16INK4A -positive cells were deliberately eradicated, leading to greater resistance 

against aging-associated diseases in the BubR1 progeroid mouse background. 

Therefore, cellular senescence is causally implicated in generating age-related 

phenotypes, and the removal of senescent cells can prevent, or delay, tissue 

dysfunction and extend health span (Baker, Wijshake et al. 2011). 

1.4 The Epidemiology of  Cancer  

Although all the aforementioned aging-related diseases present a particular 

challenge for ongoing and future research, the data I present in this dissertation will 

focus mainly on the treatment of malignant neoplasms known as cancer. 

In 2008, 12.7 million cases of cancer are estimated to have occurred and 7.6 

million people died of cancer worldwide (Fig.  1-1). The exact number however can 

only be estimated because incidence rates and treatment modalities for some parts 

of the world are not fully established. With the expected increase in the population of 

the elderly, as well as the adaption to cancer-causing behaviors (e.g. cigarette 

smoking), the death rate is projected to increase to 13.2 million in 2030 (Brawley 

2011). Malignant neoplasms are the major cause of death in economically developed 

countries and the second leading cause of death in developing countries. Breast 

cancer in the female population and lung cancer in the male population are the most 

frequently diagnosed malignancies in both developed- and developing-countries 

(Jemal, Siegel et al. 2008). Of particular interest is that a large percentage of most 

cancer deaths seem to be avoidable. In 2005, Danaei and colleagues proposed that 

about 35% of all cancer deaths worldwide could have been avoided through 

adjustments to lifestyle- and environmental-factors (Danaei, Vander Hoorn et al. 

2005). Based on these (rough) estimations, out of the 7.6 million cancer deaths in 

2008, about 2.6 million (or ~7000 deaths/day) could have been avoided through the 

prevention of exposure to major risk factors such as tobacco use, diet, infections and 

alcohol use. Tobacco use is of significant importance to these statistics, as it not only 

drastically increases the risk of lung cancer, but at least 15 additional locations, and 

is the most preventable cause of cancer-related death. Cancer-deaths attributed to 

tobacco usage account for 20% (1.6 million) of the total deaths worldwide. A 

particular contribution to cancer rates in developed countries can be correlated to 

lifestyle choices such as reduced exercise (and the correlating increase in obesity) 
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and unhealthy diets. Several cancers, including the most common malignancies in 

developed countries such as breast, colorectal, stomach, liver, kidney and uterine 

cancers have been shown to have a clear link to these risk-factors (Watson and 

Collins 2011; Cabibbo, Maida et al. 2012; Cramer 2012; Li, Zhang et al. 2012; Navai 

and Wood 2012; Wang, Lehuede et al. 2012).  

 

Due to the impact of dietary choices on cancer, parts of my dissertation are 

focused on the role of dietary macronutrient compositions and the effects on stress-

resistance and tumor progression, as well as potential implications of short-term 

fasting regimes for the improvement of existing cancer treatments, including chemo- 

and radio-therapy. 

 

 

 

 

Figure 1 -1. Estimat ion of  new cancer cases and deaths worldwide for the 

leading cancer sites in 2008.  

Source: GLOBOCAN 2008. Modified from (Jemal, Siegel et al. 2008). 
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1.5 Development of Malignant Cells  

In 2000, Douglas Hanahan and Robert Weinberg postulated the ñhallmarks of 

cancerò and formulated the hope that cancer-research of the next century will 

ñbecome understandable in terms of a small number of underlying principlesò and 

ñthat the teachings of cell biology that virtually all mammalian cells carry a similar 

molecular machinery regulating their proliferation, differentiation and deathò will be 

the foundation of cancer research for the new century (Hanahan and Weinberg 

2000). Over the last 50 years, research has made progress in at least partly 

recognizing the underlying mechanisms that govern the transformation from normal 

into malignant cells.  

The genetic alterations of cancer cells, known as the hallmarks of cancer, 

include the 1) self-sufficiency in growth signaling and the 2) insensitivity to growth-

inhibiting signals, 3) evasion of apoptosis, 4) a limitless replicative potential, 5) 

sustained angiogenesis, and finally 6) the capacity to metastasize. Work of the past 

decade has made substantial contribution to further our understanding and required 

the addition of new hallmarks: 7) genome instability, 8) inflammation, 9) avoiding of 

immune destruction and 10) reprogramming of energy metabolism (Fig. 1-2) 

(Hanahan and Weinberg 2000). Based on the variety of cancer types in the human 

population, with more than 100 distinct types and various subtypes, it is clear that 

tumor cells have experienced alterations ranging from small point mutations 

(Rodenhiser, Chakraborty et al. 1996) up to significant changes in their 

chromosomes (Albertson, Collins et al. 2003). In tissue culture models, the 

transformation of rodent cells to achieve tumorigenic competence requires the 

acquisition of at least two genetic alterations; human cells are even more difficult to 

transform in vitro (Hahn, Counter et al. 1999). In vivo, transgenic mouse models of 

tumorigenesis led to the conclusion that multiple steps have to occur before rodent 

cells can become malignant (Berns, van der Lugt et al. 1994; Wu and Pandolfi 

2001). In the human population, a minimum of four stochastic, rate-limiting events 

with multiple intermediate steps are required to transform normal cells into an 

invasive cancer cell, thus explaining why the development of cancer is a relatively 

rare event (when considering the estimated up to 100 trillion cells that form the 

human body) and why it occurs in an aging-related manner during the average 

human lifetime (Foulds 1954; Renan 1993). Considering that tumorigenesis is a 
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multi-step process that requires specific genetic alterations to successfully avoid the 

regulatory mechanisms that govern normal cell proliferation and homeostasis, it is 

not surprising that research increasingly focuses on cancer-specific treatment 

options and personalized medicine. 

In the following section, I will describe some of the underlying mechanisms 

that are essential to cancerous cells. However, a comprehensive review on 

transformation and malignancy is beyond the scope of this dissertation. 

 

 

Figure 1 -2. The hallmarks of cancer.  

The six original hallmarks postulated in 2000 include self-sufficiency in growth 

signaling and the insensitivity to growth-inhibiting signals, the evasion of apoptosis, a 

limitless replicative potential, sustained angiogenesis, and metastatic capacity. The 

addition of the new hallmarks genome instability, inflammation, avoiding of immune 

destruction, and reprogramming of energy metabolism are added based on recent 

discoveries in the development of cancerous cells (cartoon in the center of the 

image). From (Hanahan and Weinberg 2011). 
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Self-sufficiency in growth signaling was among the first clearly identified 

capacities of malignant cells due to the defined roles of oncogenes. Normal cells rely 

on carefully released mitogenic signals (mediated by intercellular communication 

such as autocrine, paracrine or endocrine signaling pathways) to actively exit a 

quiescent state and proliferate, to maintain a balanced cell number, and to ensure 

normal tissue architecture/function. Growth signals are transmitted through a wide 

variety of transmembrane receptors which can bind diffusible growth factors (e.g. 

IGF-I or EGF), act as cell-cell adhesion molecules (e.g. cadherins) and can bind 

extra-cellular matrix components (e.g. integrins). The majorities of transmembrane 

receptors that mediate growth signals belong to the tyrosine kinase family and 

transmit signals through downstream signaling cascades to regulate gene 

expression, protein-modifications, and functions; thereby modulating energy 

metabolism and survival. Deregulated growth signaling in tumor cells can be due to 

the increased number of cell surface receptors, which causes cells to be hyper-

sensitive to their ligands. Further, hyper-responsiveness of signaling receptors to 

their ligands can result from structural alterations in the extra-, transmembrane-, 

and/or intra-cellular structure of the receptor itself; these alterations may even cause 

ligand independent receptor activation (Lyons, Rao et al. 2008). Malignant cells may 

also be independent of exogenous signals through oncogenes, located downstream 

of the transmembrane receptors, that mimic, or even enhance, normal growth 

signaling; thus disrupting cellular homeostasis. 

 Mutations downstream of the IGF-I receptor, such as the hyper-activation of 

phosphoinositide 3-kinase (PI3K), or the mutations in the protein B-Raf (resulting in 

activation of the mitogen-activated protein kinase (MAPK) pathway) have been 

detected in multiple tumor types (Jiang and Liu 2009; Davies and Samuels 2010; 

Sander, Calado et al. 2012). Further, malignant cells are capable of synthesizing 

growth factors to create a positive feed-back loop with autocrine function (Schlange, 

Matsuda et al. 2007; Wilson, Lee et al. 2011). Alternatively, cancer cells can signal 

the surrounding tissue, and normal cells in the tumor-associated stroma, to stimulate 

growth factor production (Bhowmick, Neilson et al. 2004; Cheng, Chytil et al. 2008). 

Sustained proliferative signaling can also result from the disruption of negative 

feedback-loops. One of the most commonly found proto-oncogenes in human cancer 

is the Ras proto-oncogene, which activates proteins that ultimately regulate genes 
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involved in cell growth, differentiation and survival (Downward 2003; Pylayeva-

Gupta, Grabocka et al. 2011). Another example of the disruption of negative 

feedback signaling are loss-of-function mutations in the phosphatase and tensin 

homolog PTEN. In normal cells, PTEN negatively regulates PI3K signaling by 

degrading its product phosphatidylinositol (3,4,5) trisphosphate (PIP3). Therefore 

loss-of-function mutations in PTEN promote tumorigenesis by sustained PI3K 

signaling (Song, Salmena et al. 2012). Of further interest, in particular due to the role 

of integrating the input from upstream pathways, including insulin, growth factors 

(e.g. IGF-I), and amino acids, is the serine/threonine protein kinase mammalian 

target of rapamycin (mTOR) (Laplante and Sabatini 2012). The modulation of mTOR 

activation can, via negative feedback-loops, affect PI3K signaling. The 

pharmacological inhibition of mTOR, by rapamycin for example, results in an 

increased activity of PI3K and therefore rapamycin treatment might actually blunt the 

anti-proliferative effects of mTOR inhibition (O'Reilly, Rojo et al. 2006).  

The excessive expression of proto-oncogenes, including RAS and PI3K, and 

the resulting proliferative signaling can trigger cellular senescence (Fig. 1-3) and 

hence seems to reflect an intrinsic cellular defense against cells that experience an 

uncontrolled proliferative state. Senescent cells, identified by markers such as the 

expression of senescence-induced ɓïgalactosidase, enlarged cytoplasm and the 

absence of markers indicative of proliferation, are prominent in tissues of mouse-

models of proto-oncogene deregulation (Collado and Serrano 2010), such as ras 

(Serrano, Lin et al. 1997), but can also be found in human tumor samples 

(Michaloglou, Vredeveld et al. 2005). The maximal proliferative stimulation in 

malignant cells must therefore be accompanied by mutations that help to avoid the 

anti-proliferative response of ñinduced senescenceò.   
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Figure 1 -3. Pathways of oncogene -induced senescence.  

Signaling pathways that lead to senescence induction in vivo when aberrantly 

activated. Oncogenes and tumor suppressers shown in red correspond to those that, 

when mutated, have been shown to lead to senescence in vivo. (GRB2, growth 

factor receptor-bound protein 2; GSK3ɓ, glycogen synthase kinase 3ɓ; HIF1Ŭ, 

hypoxia-inducible factor 1Ŭ; NF1, neurofibromin 1; P, phosphorylation; PDK1, 3-

phosphoinositide-dependent kinase 1; PIP2, phosphatidylinositol 4,5-bisphosphate; 

PIP3, phosphatidylinositol 3,4,5-trisphosphate; Ras GAP, Ras GTPase-activating 

protein; Ras GEF, Ras guanine nucleotide exchange factor; TSC, tuberous sclerosis; 

VHL, von HippelïLindau. From (Collado and Serrano 2010) 

 

Evading growth suppression is the second important hallmark. Cancer cells 

must evolve to evade multiple anti-proliferative signals that regulate cellular 

quiescence to maintain tissue homeostasis. These anti-growth signals act as tumor-

suppressors and include both soluble and immobilized inhibitors (e.g. on the cell 

surface of neighboring cells or the extracellular matrix), which can interfere with 

cellular proliferation in two ways: 1) signal cells to enter the quiescent G0 cell cycle-

state or 2) to differentiate into a post-mitotic cell state. The two most well-known 

tumor-suppressors are the retinoblastoma-associated (RB) and P53 proteins. The 

RB protein, and its two homologs p107 and p130, govern the transit of the 

proliferating cell through the G1-phase of the cell cycle by integrating signals from 

extra- and intra-cellular sources (Burkhart and Sage 2008). The hypo-
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phosphorylation of RB blocks proliferation by inhibiting the E2F transcription factors, 

which control the expression of genes necessary to progress from G1 to S phase. 

Transforming growth factor beta (TGFɓ) prevents the phosphorylation of, and thus 

inactivates, RB and blocks the progression into the S phase of the cell cycle. Cancer 

cells with disrupted TGFɓ and RB pathways thus have active E2F function, resulting 

in cell proliferation and render cells insensitive to anti-proliferative signaling. RB 

signaling disruption can result from various alterations, such as the down-regulation 

of TGFɓ-receptors (Meng, Xia et al. 2011) or displaying dysfunctional TGFɓ-

receptors (Markowitz, Wang et al. 1995). 

P53 functions as a sensor that integrates input from stress and abnormalities 

such as damage to the genome, reduced levels of nucleotides, reduced glucose 

levels, disrupted growth-signaling and suboptimal levels of oxygenation and halts cell 

cycle progression until normal cellular conditions have been re-established. If the 

conditions do not normalize, P53 can induce apoptosis. P53 null (-/-) mice develop 

tumors at a young age: 75% of p53 -/- mice develop tumors of various types by 6 

months of age and all succumb to tumors by 10 months of age (Donehower, Harvey 

et al. 1992). The p53 heterozygous (p53+/-) mice are also susceptible to tumors, but 

these neoplasms arise later than those observed in the p53 -/- mice; tumors are 

rarely observed until nine months of age. By 18 months, roughly 50% have 

developed cancers, and by 24 months, over 95% of the animals have had tumors or 

died (Venkatachalam, Shi et al. 1998). 

 

Evading apoptosis is essential for cancer initiation because growth and 

expansion are not only based on the rate of cellular proliferation, but also on the 

capacity to maintain the already established pool of cells. Apoptosis serves as a 

check point to uncontrolled proliferation because apoptosis can be triggered in 

response to abnormalities such as oncogene-related imbalances (Vaux, Cory et al. 

1988) and DNA damage associated with hyper-proliferation (Zindy, Eischen et al. 

1998). Many apoptotic signals converge on the mitochondria and in response to pro-

apoptotic signals (e.g. cytokines, nitric oxide, temperature, hormones and toxins) 

cytochrome C is released from the mitochondria through the formation of the 

mitochondrial apoptosis-induced channel (MAC) in the outer mitochondrial 

membrane. The MAC formation is regulated by various proteins, such as those 
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encoded by the mammalian Bcl-2 family with either anti-apoptotic (Bcl-2, Bcl-XL, Bcl-

W, Mcl-1, A1) or pro-apoptotic (Bax, Bak, Bid, Bim, Puma) properties. The released 

cytochrome C binds with the apoptotic protease activating factor-1 (Apaf-1) and ATP, 

which then bind to pro-caspase-9, creating a protein complex known as the 

apoptosome. The apoptosome cleaves the pro-caspase to its active form (caspase-

9), which in turn activates an intra-cellular cascade of proteases (effector caspases 

3, 6 and 7) to execute cell death.  

The deregulation of apoptosis is, in part, mediated by the loss of the tumor-

suppressor p53 in malignant cells, eliminating this ñdamage sensorò. Further, tumor 

cells may avoid the induction of apoptosis by increasing the expression levels of anti-

apoptotic regulators such as Bcl-2 and Bcl-XL (Kroemer 1997), or the down-

regulation of pro-apoptotic factors such as Bax, Bim or Puma (LeBlanc, Lawrence et 

al. 2002). The underlying principles to evade apoptosis are based on the structure of 

the pro- and anti-apoptotic pathways, but also rely on autophagy (which can mediate 

tumor cell survival, and death, based on genetic and cell-physiological conditions 

that dictate either fate) or necrosis (which has a pro-inflammatory and tumor-

promoting potential). See Favaloro et al. for a review on the role of apoptosis in 

diseases (Favaloro, Allocati et al. 2012).  

 

Enabling replicative immortality is another hallmark of cancer cells and is 

important to avoid cell death. The potential for limitless proliferation is a phenomenon 

generally not attributed to normal cells; stem- and germline-cells are an exception 

from this rule. This limitation, known as the Hayflick limit (Hayflick 1965), depends on 

two hurdles: cellular senescence (and the decrease in the replicative potential) as 

well as a subsequent crisis, resulting in cell death. Telomeres, composed of 

thousands of 6 base-pair (bp) sequence repeats at the end of the chromosomes are 

constantly shortened by 50-100 bp during each replication. The eventual loss of 

telomeres leaves the end of the chromosome unprotected and exposed to end-to-

end fusions, resulting in unstable dicentric chromosomes, karyotypic disarray and 

death. The shortening of telomeres is caused by the incapacity of the DNA 

polymerase to completely replicate the 3ô ends of the chromosomal DNA. 

Telomerase, a reverse transcriptase, protects the chromosome by adding 

hexanucleotide repeats onto the end of the telomeric DNA. Although the above 



39 

 

described acquired capabilities (self-sufficiency in growth signaling, insensitivity to 

growth-inhibiting signals and evasion of apoptosis) are necessary for the malignant 

cell to evade organismal regulation, the maintenance of the telomeres is essential to 

maintain a constant pool of cells. Otherwise, pre-malignant cells eventually succumb 

to senescence and death based on their own up-regulated proliferative capacities. 

The role of telomere maintenance in mediating replicative immortality has been 

demonstrated in vitro: the expression of telomerase conveyed unlimited replicative 

potential to a set of normal, pre-senescent cells (Bodnar, Ouellette et al. 1998; Vaziri 

and Benchimol 1998), and late passage cells (Counter, Hahn et al. 1998; Halvorsen, 

Leibowitz et al. 1999). In tumor-suppressor P53 deficient mouse models, engineered 

to lack telomerase, pre-malignant cells could be pushed towards a senescent state 

that contributed towards attenuated tumor development (Artandi, Chang et al. 2000). 

In contrast to normal cells, virtually all tumor cells have increased telomere 

maintenance, largely (85-90%) depending on the up-regulation of telomerase 

expression (Shay and Bacchetti 1997) or through the activation of a recombination-

based telomere maintenance known as alternative lengthening of telomeres (Bryan, 

Englezou et al. 1995; Biessmann and Mason 2003). Mice carrying a homozygous 

deletion of the negative cell cycle regulator p16INK4A with elevated telomerase activity 

are particularly prone to develop tumors. However, applying carcinogen treatment to 

p16INK4Aïnull mice which lack telomerase activity results in reduced tumor incidence 

and telomere shortening with karyotypic disarray (Greenberg, Chin et al. 1999). 

It can be argued that senescence, similar to apoptosis, reflects a protective 

mechanism that forces deregulated cells into a non-proliferative cell state when DNA 

damage becomes increasingly abundant. Tumor cells evade these protective means, 

thus making sustained telomerase function essential to maintain high cell 

proliferation rates.  

 

Induced and sustained angiogenesis is essential to maintain the progressive 

growth of solid tumors. Like most normal tissues, cancer cells rely on the sustained 

availability of O2 and nutrients. Further, residing close to the vasculature is 

necessary to remove carbon dioxide and metabolites. It is this dependency that 

obligates metabolically-active cells in the tissue to maintain in close proximity, no 

more than 100 µm, to capillary blood vessels. This connection emphasizes why 
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tumor progression is essentially depending on continued angiogenesis (the sprouting 

of vessels from the existing vasculature). In the adult tissue, angiogenesis is a rare 

and highly regulated event with the main physiologic function to ensure wound 

healing, but further plays a role in the female menstrual cycle and under hypoxic 

conditions. Tumor cells cannot passively rely on the surrounding vessels but have to 

induce the sprouting of new vessels from the quiescent vasculature, a step known as 

the ñangiogenic switchò. Mechanisms to induce this switch are based on alterations 

in balancing the production of angiogenic inducers or inhibitors through changes in 

the gene expression profile (e.g. increased levels of the vascular endothelial growth 

factor (VEGF) and the fibroblast growth factor (FGF), reduced levels of 

thrombospondin-1 and ɓ-interferon). VEGF and FGF both bind to tyrosine receptor 

kinases presented on endothelial cells and induce sprouting. The prototype of 

angiogenic inhibitory proteins, thrombospondin-1 (TSP-1), binds to multiple receptors 

(including CD36, integrins and integrin-associated proteins) and suppresses pro-

sprouting stimuli.  

Mice lacking genes encoding for angiogenic inhibitors, e.g. TSP-1 null mice 

(Rodriguez-Manzaneque, Lane et al. 2001) or TSP-1/P53 deficient mice (Lawler, 

Miao et al. 2001), show enhanced tumor progression. Vice versa, the genetic 

increase of angiogenic inhibitors in mouse models impairs tumor progression; 

examples of this inhibition include the delayed and decreased papilloma formation in 

the skin of TSP-1 over-expressing mice in a chemical-induced skin carcinogenesis 

model (Hawighorst, Oura et al. 2002). Further, anti-VEGF antibodies (Kim, Li et al. 

1993) and the dominant interfering VEGF-receptor 2 (Millauer, Shawver et al. 1994) 

reduced the growth of subcutaneous tumor models, mediated by an impaired 

angiogenesis. 

The mechanisms that cause shifts in the equilibrium of angiogenic regulators 

towards an increase in neo-vascularization/angiogenesis in malignant cells are still 

only poorly understood. However, proto-oncogene and tumor-suppressor gene levels 

are tightly knit to regulate levels of angiogenic regulators. The p53 tumor-suppressor 

negatively regulates TSP-1 and loss of function mutations in p53 can result in 

decreased levels of the angiogenic inhibitor TSP-1 (Dameron, Volpert et al. 1994). 

The ras oncogene, on the other hand, causes the up-regulation of the pro-

angiogenic VEGF (Rak, Mitsuhashi et al. 1995). 
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Activating tissue invasion and metastasis enable cancer cells to leave the 

primary tumor and invade nutrient- and oxygen-rich tissues, where they begin to 

form new tumor sites through a multistep process known as the ñinvasion-metastasis 

cascadeò. This cascade is based on local invasion, the intra-vasation into proximal 

blood- and lymph-vessels, transition through the lymphatic- and hematologic-system, 

infiltration of the parenchyma of distant tissues, nodule formation (micro-metastasis) 

and the subsequent growth of macroscopic tumors (Fig. 1-4). Metastases are the 

cause of up to 90% of cancer-related deaths in humans (Sporn 1996). It is of 

particular interest that tumor cells can undergo dormancy, leading to recurrence after 

therapy and long periods of remission also known as ñminimal residual diseaseò 

(MRD) (Aguirre-Ghiso 2007). For example, 20 to 45% of patients with breast or 

prostate cancer will relapse years or decades later (Karrison, Ferguson et al. 1999; 

Weckermann, Muller et al. 2001). The formation of metastases, like the formation of 

the primary tumor, depends on the previously described hallmarks of cancer (see 

above). The capacity to metastasize involves alterations in the interaction of tumor 

cells with the surrounding normal cells/tissue through cell adhesion molecules 

(CAM), including members of the immunoglobulin family, integrins and cadherins.  

E-cadherin is ubiquitous expressed in epithelial cells and bridges adjacent 

cells, resulting in anti-growth signaling and contact inhibition (Aplin, Howe et al. 

1999). In the majority of epithelial cancers, including squamous cell carcinoma, E-

cadherin function is drastically reduced and even lost due to mutational inactivation 

of the E-cadherin or ɓ-catenin (a functional subunit of the cadherin protein complex) 

genes (Jiang and Mansel 2000), by transcriptional repression (Hajra, Ji et al. 1999) 

or by proteolysis of the extracellular domain (Bergers and Coussens 2000). 

Subsequently, exploring the role of E-cadherin in tumor cell lines in vitro 

demonstrated that re-establishing a functional cadherin complex resulted in the 

reversion from malignant, invasive cancer cells into a more benign epithelial tumor 

cell phenotype (Frixen, Behrens et al. 1991). Studies exploring the role of E-cadherin 

in tumor development in vivo demonstrated that the expression of this cell adhesion 

molecule in a transgenic mouse model (Rip1Tag2) of carcinogenesis blocked 

invasion and metastases (Perl, Wilgenbus et al. 1998).  
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Figure 1 -4. The invasion -metastasis cascade  of malignant cells . 

Tumor cells carrying genetic or epigenetic changes, enabling motile and invasive 

properties, can invade the underlying stroma and interact with fibroblasts or immune 

cells and the stromal matrix. Tumor cells (in cooperation with stromal cells) can 

degrade the extracellular matrix (ECM) and the vascular walls and intra-vasate 

through either arterial or lymphatic routes. Tumor cells that arrest in the vasculature 

of the bone marrow can proliferate or remain dormant. Although the bone can be a 

target organ, it might also serve as a transit site from which cells can again 

disseminate, through yet unknown mechanisms, to their final destination. Tumor 

cells can arrest in lymph nodes or in the target organ vasculature, where they can 

extra-vasate into the organ parenchyma. At this stage, intra- or extra-vascularly 

lodged tumor cells have four possible fates: 1) they die (the vast majority of cells 

undergo apoptosis), they can enter a state of quiescence or dormancy, either as 2) a 

single solitary cell or 3) as a micro-metastatic lesion that underwent a proliferative 

expansion and cannot recruit a vascular bed, or 4) they can resume proliferation into 

micro-metastases. Modified from (Aguirre-Ghiso 2007). 














































































































































































































































































































