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Preface

This book, entitled Mechanisms of Molecular Carcinogenesis, addresses the latest 
developments in the assessment of molecular carcinogenesis. Mechanistic insights 
gained by various in vitro and in vivo model systems need to be validated, so that 
the patients can effectively be assisted on their way into the clinics. Although the 
clinical relevance of model systems is sometimes not obvious, drug development is 
increasingly based on the knowledge of how these systems work, and targeted drugs 
are a first step toward individualized medicine.

Patient-derived model systems that faithfully recapitulate human cancer are criti-
cal for the identification and validation of innovative drug targets and particular 
drugs. Furthermore, understanding these model systems means to simultaneously 
gain a basic understanding of cancer. Traditional approaches most often fail in the 
late stages of drug development (i.e., clinical phase II/III) because the currently 
available preclinical models have substantial limitations and therefore predict tumor 
plasticity and heterogeneity in the human patient only inappropriately. Scientists 
seek to overcome these limitations in cancer research by utilizing a panel of clini-
cally well-characterized tumor tissues for the generation of different patient-derived 
3D cell culture models (PD3D). These contain either tumor cells alone or are com-
bined with cancer-associated fibroblasts, as well as xenograft mouse models (PDX). 
The in-depth comparison of various models to define the stability of gene expres-
sion and their response to chemotherapy pose a critical challenge in applied cancer 
research. Therefore, next-generation sequencing is used to characterize well-
described mutations and translocations of particular tumor entities in the original 
patient tissue, whereas their transcriptome is often analyzed using RNAseq.

Patient-derived tissues, as well as models, are often implemented into high-
content analyses and screening platforms for high-throughput drug discovery, tak-
ing into account the influence of tumor stroma on drug treatment efficacy. Model 
systems, such as transgenic or knockout animals, PD3D models, or cell lines, are 
assumed to allow for high precision profiling of both mRNA expression patterns 
and protein levels of novel targets and furthermore enable the scientist to dissect and 
discover signaling pathways.

The emerging field of computational pathology, which is of high clinical rele-
vance, provides the basis for the application of novel tools, allowing for the 
construction of computer-based models and the simulation of biological processes.
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In-depth knowledge of the relevant molecular mechanisms of carcinogenesis is 
becoming increasingly important for targeted molecular therapy within the frame-
work of personalized medicine and patient care. Therefore, the purpose of this book 
is to provide the reader with up-to-date insights into molecular and cellular mecha-
nisms of cancer onset and progression, spread of cancer cells, and metastasis. It 
aims to fill the gap between basic cancer research and daily clinical practice, where 
the prescription and advancement of routinely applied treatment strategies can only 
be accomplished by individuals who have a deeper knowledge of the mode of action 
of the respective medications. Notably, the more advanced the tools for fighting 
cancer, the greater the need for a mechanistic understanding of medical approaches. 
Therefore, this book deals with molecular diagnostics and targeted and genetic ther-
apies, as well as their usability. It draws a parallel to modern technology platforms 
and gives an outlook for the future.

This book aims at bridging the gap between basic and applied cancer research 
and the clinics, thereby trying to transfer knowledge from bench to bedside. A 
mechanistic understanding of carcinogenic events might be fundamental to the 
future of cancer research and treatment. Prognostic and predictive tumor biomark-
ers are extremely important and are therefore highlighted in various chapters of the 
book.

Only few medical areas have undergone such dramatic changes as did molecular 
pathology over the last few years. Thus, it is reasonable to look at this fascinating 
and very fast growing scientific field from different angles. Excellent books on 
molecular technologies, diagnostic approaches, and therapeutic algorithms have 
been written, but a book addressing all these areas and simultaneously shedding 
light on the molecular mechanisms related to tumorigenesis is still lacking.

This book not only provides a summary of the basic knowledge but also, which 
is more important, gives an overview of recent advances made in basic cancer 
research. We hope that it will serve as a comprehensive and concise source that 
provides the reader with knowledge of new developments and insights into 
carcinogenesis.

We wish that this book stimulates our readers and that they will be fascinated by 
this exciting and scientifically, as well as clinically relevant, emerging topic.

Magdeburg, Germany� Johannes Haybaeck 
 

Preface
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Abstract

Cannabis sativa has been used in traditional medicine for thousands of years. The 
receptors responding to its ingredients and the mechanisms behind its effects, 
however, have only recently been revealed. The description of the cannabinoid 
receptors in the brain initiated a huge strive in unraveling the molecular actions of 
Δ9-tetrahydrocannabinol (THC), the plant’s main ingredient, leading to the char-
acterization of the so-called endocannabinoid system. The discovery of the endo-
cannabinoid system rekindled the ambition to focus on Cannabis as a medicinal 
plant and to exploit it for new pharmacological treatments [1]. Anectodal reports 
suggest that the plant’s ingredients may have an impact on a variety of inflammatory 
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diseases, and even cancer. In the past years, basic researchers have therefore 
increasingly focused on investigating antitumorigenic effects of cannabinoids/
endocannabinoids in cancer cells and mouse models of cancer.

The present chapter shortly describes the role of the endocannabinoid system 
in cancer and provides an insight into potential mechanisms behind the anti-
tumorigenic effects of cannabinoids/endocannabinoids.

1.1	 �The Endocannabinoid System and Its Components

The physiological role of the endocannabinoid system is not yet clarified, but it is 
assumed to take part in the homeostasis of various organ systems, such as the central 
nervous system and systems in the periphery [2, 3]. It consists of the cannabinoid 
(CB) receptors 1 and 2 (CB1 and CB2), their endogenous ligands (the “endocan-
nabinoids”), as well as their degrading and synthesizing enzymes. The effects of 
endo- and exogenous cannabinoids (the latter can be of synthetic or herbal origin) 
are predominantly brought about by the activation of CB receptors, although non-
CB receptor-mediated effects of cannabinoids have been frequently observed. 
Endocannabinoids are short-lived bioactive lipids and chemical derivatives of ara-
chidonic acid. Next to anandamide and 2-AG, which are the best characterized 
endocannabinoids (Fig. 1.1), other endocannabinoids of little known function have 
been described, such as virodhamine (O-arachidonoyl ethanolamine) and noladin 
ether (2-arachidonyl glyceryl ether).

Anandamide is formed on demand through rapid metabolization of membrane 
phospholipids by N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD), 
while 2-AG is synthesized by diacylglycerol lipase (DAGL). Endocannabinoids have 
originally been described as retrograde messengers in the nervous system, but they are 
also released from cancer cells, such as Caco-2 [4], and from macrophages and plate-
lets [5, 6]. After activating CB receptors, 2-AG and anandamide are rapidly degraded 
by specific enzymes, i.e., by monoacylglycerol lipase (MAGL) and fatty acid amide 
hydrolase 1 (FAAH-1), respectively. A recently found FAAH-2 is more effective in 
degrading other fatty acid amides [7]. Enzymes like cyclooxygenase-2 (Cox-2) and 
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Fig. 1.1  Chemical structures of 
endocannabinoids
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lipoxygenase (Lox) may also degrade endocannabinoids, giving rise to prostaglandin 
ethanolamides, glyceryl prostaglandins, and derivatives of hydroxyeicosatetraenoic 
(HETE) and hydroperoxyeicosatetraenoic acid (HPETE) [8, 9]. The pathophysiologi-
cal importance of these mediators in cancer remains to be elucidated.

1.2	 �The Endocannabinoid System and Cancer

CB receptors have been investigated in a variety of cancer cell lines. Evidence now 
exists that endo- and exogenous cannabinoids produce anticarcinogenic effects via 
multiple mechanisms and pathways. Cannabinoids/endocannabinoids interfere with 
tumor cell proliferation through apoptosis, autophagy, and cell cycle arrest. They 
are also able to inhibit tumor cell migration, invasion, and angiogenesis, thus inter-
fering with metastasis (Fig. 1.2). CB receptors are expressed in many aggressive 
tumor cell lines, such as of brain, breast, thyroid, prostate, pancreas, lung, skin, 
gastrointestinal, and hematopoietic cancer. Anti-tumorigenic effects of synthetic or 
natural CB receptor agonists or endocannabinoids have been demonstrated in these 
tumor cells in vitro [10]. In clinical studies, however, CB receptors, endocannabi-
noids, and endocannabinoid-degrading enzymes were often observed to correlate 
with tumor aggressiveness, suggesting high activity of the endocannabinoid system 
in aggressive tumors [11]. CB receptors are also present in endothelial cells, and 
antiangiogenic/antimetastatic actions by cannabinoids/endocannabinoids have been 
reported [12]. Cannabinoids/endocannabinoids, therefore, inhibit hallmark mecha-
nisms of carcinogenesis not only by interfering with cancer cells but also with cells 
of the tumor microenvironment [13].

The role of the degrading enzymes, MAGL and FAAH, in cancer is still unclear. 
In prostate cancer, epithelial FAAH immunoreactivity has been shown to positively 
correlate with disease severity at diagnosis in cases with midrange CB1 immunore-
activity scores, but not in those with high CB1 immunoreactivity scores [14]. 
Expression of MAGL is elevated in colon cancer tissue [15], suggesting a high 
turnover of 2-AG in this type of cancer. Ovarian and melanoma cancer cells with 
MAGL deficiency exhibit lower levels of fatty acids [16]. It is believed that low 

Anti-inflammatory

Anti-proliferative

Cannabinoids
Endocannabinoids

Anti-metastatic

Apoptosis
Autophagy

Cell cycle arrestFig. 1.2  Anticarcinogenic 
effects of cannabinoids/
endocannabinoids

1  The Endocannabinoid System in Carcinogenesis



4

levels of fatty acids may produce lower amounts of oncogenic signaling lipids that 
would normally contribute to pathogenicity.

1.3	 �Receptors of the Endocannabinoid System Involved 
in Carcinogenesis

The cannabinoid receptors CB1 and CB2 are seven-transmembrane, G protein-
coupled receptors (GPCRs) and are the main receptors responsible for the actions of 
the endocannabinoids. Other receptors, such as the G protein-coupled receptors 55 
and 18 (GPR55 and GPR18) [17, 18], the peroxisome proliferator-activated recep-
tors (PPARs) [19], and the transient receptor potential vanilloid receptor 1 (TRPV1) 
[20], may also be activated by certain cannabinoids/endocannabinoids. In tumors of 
breast, pancreatic, prostate, and liver cancer, CB1 and CB2 are upregulated; however, 
a clear correlation between severity of tumors and levels of CB receptor expression 
has not been established yet (Table 1.1). While a positive correlation between CB2 
expression and tumor aggressiveness was noted in breast cancer [28], no such cor-
relation exists in pancreatic cancer [22]. High levels of CB1 receptors in prostate 
cancer have been linked to poor survival rate [14]. Similar to CB receptors, TRPV1 
receptors are upregulated in human prostate [21] and oral squamous cell carcinoma 
[29]. TRPV1 correlates with tumor grades in prostate carcinoma [21], but no associa-
tion with malignancy was observed in oral squamous cell carcinoma [29].

1.4	 �Mechanisms of Anti-tumorigenic Effects 
by Cannabinoids/Endocannabinoids

The majority of studies suggest that the signaling pathways induced by endocan-
nabinoids generate anticarcinogenic effects, but pro-carcinogenic effects by endo-
cannabinoids have been described as well [11]. The in vitro and in vivo mechanisms 

Table 1.1  Receptors of the endocannabinoid system in various types of cancer

Type of cancer
CB receptor 
regulation Correlation with disease severity References

Prostate carcinoma CB1 increased
TRPV1 increased
CB1 increased

No
Yes (increase with malignancy)
Yes (poorer prognosis)

[21]
[14]

Pancreatic carcinoma CB1/2 increased ND [22]

Hepatocellular 
carcinoma

CB1/2 increased
TRPV1 increased

Yes (improved prognosis)
Yes (improved prognosis)

[23]
[24]

Glioma CB1 decreased
CB2 increased

ND
ND

[25]

Colon cancer CB1 decreased ND [26]

Colon cancer CB1 increased In microsatellite stable stage II 
tumors

[27]

Breast cancer CB2 increased Correlation with Erb2 expression [28]

R. Schicho
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through which cannabinoids/endocannabinoids inhibit tumor cell growth have been 
characterized as antiproliferative, proapoptotic, and antimetastatic (Figs.  1.2 and 
1.3). These effects may occur at different levels, e.g., at the level of CB receptor 
expression or endocannabinoid production/degradation, MAGL/FAAH activity, or 
at the level of receptor interaction, such as with GPR55.

1.4.1	 �Apoptosis

Apoptosis can be induced in glioma cells by THC via CB receptors [30]. Part of this 
mechanism is the de novo production of ceramide, a sphingolipid with proapoptotic 
properties. Ceramide production causes endoplasmic reticulum stress and the 
upregulation of transcription factor p8 and other downstream molecules, such as 
pseudo-kinase tribbles homolog 3 (TRB3), C/EBP-homologous protein (CHOP), 

Endocannabinoids: e.g. anandamide, 2-AG
Cannabinoids: e.g. THC

p21

CDC2 CDK2

p27

ERK1/2
p38

JNK
Cell cycle arrest

Apoptosis
p8 ATF4 CHOP

AKT mTORC1

AMPK

Autophagy

CaMMKβ

CB1/2

Ceramide

TRIB3

ER stress

Fig. 1.3  Anticarcinogenic signaling pathways induced by cannabinoids/endocannabinoids. 
Stimulation of CB1 and/or CB2 receptors by cannabinoids/endocannabinoids induces autophagy 
and apoptosis in glioma cells. This involves de novo production of ceramide, which causes endo-
plasmic reticulum stress and the upregulation of transcription factor p8 and other downstream 
molecules, such as CHOP and ATF4, and the upregulation of TRIB3, which blocks the prosurvival 
AKT-mTORC1 pathway. In breast cancer cells, the induction of p38, JNK, and ERK1/2 may also 
lead to apoptosis. CB receptor-dependent cell cycle arrest was observed in breast, gastric, and 
prostate cancer cells, which involved p21 and p27 and the regulation of CDC2 and CDK2. In 
hepatocellular carcinoma cells, activation of AMPK via CaMMKβ represents another pathway that 
leads to autophagy and apoptosis. 2-AG 2-arachidonoyl glycerol, AKT protein kinase B, AMPK 
AMP-activated kinase, ATF4 activating transcription factor 4, CaMMKβ Ca2+/calmodulin-
dependent kinase kinase-β, CB cannabinoid, CDC2 cyclin-dependent kinase 1, CDK2 cyclin-
dependent kinase 2, CHOP C/EBP-homologous protein, ER endoplasmic reticulum, ERK 
extracellular-signal-regulated kinase, JNK c-Jun N-terminal kinase, mTORC1 mammalian target 
of rapamycin complex 1, p38 mitogen-activated protein kinase p38, p8 transcription factor p8, p21 
and p27 cyclin-dependent kinase inhibitory proteins, THC tetrahydrocannabinol, TRIB3 pseudo-
kinase tribbles homolog 3

1  The Endocannabinoid System in Carcinogenesis



6

and activating transcription factor 4 (ATF4) [30, 31]. In breast cancer cells, the 
induction of mitogen-activated protein kinase (MAPK) pathways (p38, JNK, and 
ERK1/2) and the inhibition of the PI3K–AKT pathway may lead to apoptosis 
through inhibition of antiapoptotic or stimulation of proapoptotic proteins [11].

1.4.2	 �Autophagy

Cannabinoids have been demonstrated to trigger autophagy in cancer cells through 
endoplasmic reticulum stress [32]. Autophagy can be seen here as a process that 
participates in the CB receptor-induced pathways that lead to apoptosis. In glioma 
cells, for instance, the THC-induced inhibition of the AKT-mTORC1 pathway has 
been implicated in triggering autophagy [30], while in hepatocellular carcinoma 
cells, activation of AMP-activated kinase (AMPK) via Ca2+/calmodulin-dependent 
kinase kinase-β (CaMMKβ) may have been responsible for inducing autophagy/
apoptosis [33].

1.4.3	 �Cell Proliferation and Cell Cycle Arrest

Cell proliferation is decreased in various cancer cell lines (colon, breast, gastric, and 
prostate) after stimulation of CB receptors and inhibition of AKT phosphorylation. 
CB receptor-dependent cell cycle arrest was observed in breast, gastric, and prostate 
cancer cells and involved the regulation of CDC2 (also known as cyclin-dependent 
kinase 1), cyclin-dependent kinase 2 (CDK2), and the cyclin-dependent kinase 
inhibitors p21 and p27 [32].

1.4.4	 �Metastasis

Angiogenesis and cancer cell migration are key mechanisms of metastasis, and 
there is evidence that the endocannabinoid system plays a role therein. Cannabinoids/
endocannabinoids decrease adhesion and migration of various cancer cell lines 
through inhibition of vascular endothelial growth factor (VEGF) [12] and through 
the downregulation of VEGF receptors 1 and 2 (VEGFR1/R2) [32, 34]. 
Cannabinoids/endocannabinoids have also been shown to modulate the effects of 
matrix metalloproteinase-2 (MMP2) and tissue inhibitor of matrix metalloprotein-
ases 1 (TIMP1) [12, 32]. In addition, cannabinoids are able to inhibit proliferation 
and migration of endothelial cells [12]. Following incubation with anandamide, 
breast and prostate cancer cells displayed reduced phosphorylation of the tyrosine 
kinases Fak and Src, which may lead to decreased cell migration [35]. Decreased 
migration through inhibition of EGF-induced phosphorylation of ERK1/2, JNK1/2, 
and AKT was observed in human non-small cell lung cancer cells after incubation 
with THC [36]. Another mechanism that cannabinoids utilize to inhibit migration 
involves the expression of adhesion molecules. Thus, cannabinoid agonist WIN 

R. Schicho
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55,212-2 inhibits IL-1-induced vascular cell adhesion molecule 1 (VCAM-1) and 
intercellular adhesion molecule 1 (ICAM-1) expression in astrocytoma and glio-
blastoma cell lines [37].

1.5	 �Anti-tumorigenic Effects of Cannabinoids/
Endocannabinoids: Non-CB Receptor-Mediated

Evidence that cannabinoids/endocannabinoids exert anti-tumorigenic effects 
independently of CB receptors comes from a study in N1E-115 neuroblastoma 
cells. The study showed that in the presence of anandamide, blockade of FAAH 
led to a reduction in cell viability through toxic effects but not through mecha-
nisms of apoptosis or necrosis [38]. The effect was not mediated by CB, TRPV1, 
or GPR55 receptors, but involved lipid rafts instead. In another study with vari-
ous tumor cell lines in which MAGL was genetically downregulated, the amount 
of free fatty acids, as well as the migration/invasion of the tumor cells, was 
reduced by CB receptor-independent mechanisms [16]. As already mentioned, 
anandamide and 2-AG can be degraded by Cox-2. In this context, it is interesting 
to note that in cancer cells expressing high levels of Cox-2, such as in colon car-
cinoma cells, treatment with anandamide resulted in CB receptor-independent 
cell death [39]. High prostaglandin levels of the E series were observed in these 
cells, suggesting the conversion of anandamide into prostaglandin products. In 
tumors with high Cox-2 expression, therefore, endocannabinoids could be 
metabolized to prostaglandins which then promote cell death via non-CB recep-
tor mechanisms.

1.6	 �Potential Pro-tumorigenic Effects 
of the Endocannabinoid System

Although a large amount of data favors an anti-tumorigenic role of cannabinoids/
endocannabinoids in carcinogenesis, some reports suggest that the endocannabi-
noid system could also be involved in tumor growth. This notion is supported by 
studies showing elevated levels of endocannabinoids in various types of cancer, 
such as in glioblastoma and meningioma [40], pituitary adenoma [41], colon adeno-
mas and carcinomas [4], and prostate and bladder tumors [42]. Increased expression 
of CB receptors that correlate with disease severity has been demonstrated in malig-
nant vs. nonmalignant tissue (Table  1.1). In addition, FAAH has been shown to 
associate with the severity of prostate cancer [43], suggesting that the endocannabi-
noid system is overactive during tumorigenesis or even drive tumor growth. In an 
experimental model of hepatocellular carcinoma, CB1 and anandamide were found 
upregulated together with other tumor-promoting genes, such as the forkhead box 
protein M1 (FOXM1) and the growth factor receptor-bound protein 2 (GRB2) inter-
actome, suggesting that CB1 is involved in tumor-promoting effects in this type of 
cancer [44].

1  The Endocannabinoid System in Carcinogenesis



8

1.7	 �Synopsis

The theory holds that the endocannabinoid system is protective and maintains 
homeostasis during excitotoxic and inflammatory conditions. Indeed, a large body 
of preclinical data indicate that cannabinoids/endocannabinoids possess anti-
tumorigenic properties which could be exploited for pharmacological treatment. 
Pro-tumorigenic behavior by the endocannabinoid system, however, has been 
observed in some studies, suggesting that its role in cancer is not yet clearly defined. 
It should be considered that high concentrations of exogenous cannabinoids are 
often used in studies to demonstrate anti-tumorigenic effects, which may not always 
reflect the physiological actions of endocannabinoids. Also, anti-tumorigenic effects 
independent of CB receptors have been reported. It, therefore, seems that the role of 
the endocannabinoid system during cancer development is multifaceted and com-
plex, and depends on many factors, such as cell type, lipid raft formation, receptor 
crosstalk, and an intricate interaction of signaling pathways, to name a few. 
Nevertheless, pharmacological interference with components of the endocannabi-
noid system certainly represents a new and interesting approach to control the 
growth and spread of tumors.
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Abstract
Cancer develops due to uncontrolled proliferation of cells initiated by genetic 
instability, mutations, and environmental stress. Cells acquire these fundamen-
tal abnormalities in a multistep process due to changes in complex multilayer 
molecular network signaling axes equipping them with increased capacity of 
proliferation, survival, extracellular matrix (ECM) degradation, migration, 
invasion, and metastasis. Recently, metastasis-associated in colon cancer 1 
(MACC1) was identified with differential display RT-PCR by analyzing the 
normal mucosa, primary, and metastasis specimens of colon cancer. We discov-
ered that MACC1 is an important transcriptional regulator of hepatocyte growth 
factor (HGF) receptor c-Met and showed that MACC1 plays an important role 
in tumorigenesis, migration, invasion, and distant metastasis. In this book chap-
ter, we discuss in-depth the structure and function of MACC1  in different 
aspects of carcinogenesis like gene regulation, signaling, cell proliferation, 
apoptosis, migration, invasion, metastasis, angiogenesis, epithelial mesenchy-
mal transition (EMT), its role in cell metabolism, and also the impact of MACC1 
as predictive and prognostic marker. In addition, we describe MACC1 as drug-
gable target molecule by different approaches to reduce tumorigenesis and 
metastasis.

2.1	 �MACC1: Regulation, Structure, Signaling

2.1.1	 �Transcriptional and Posttranscriptional Regulation 
of MACC1

Formation of distant metastases is the limiting factor for the therapy of colorectal 
cancer (CRC) patients and drops the 5-year survival rate from 90% to 10%. 
Therefore, the identification of biomarkers that allow for an individual diagnosis 
and prognosis of cancer patients becomes more and more important. By differential 
display RT-PCR of human colon cancer tissues, metastases, and normal colon 
mucosa, we identified a previously not described differentially expressed comple-
mentary DNA fragment. We cloned the full length DNA and identified a novel gene 
which was named metastasis-associated in colon cancer 1 MACC1 (GenBank gene 
ID 346389, European Molecular Biology Laboratory (EMBL) data bank accession 
code AJ313524) [1]. Tumors with UICC stages I, II, and III due to TNM classifica-
tion (not distantly metastasized at the time point of surgery), which developed meta-
chronous metastasis, showed a significantly higher MACC1 expression at the time 
point of diagnosis compared to non-metastasizing tumors. The 5-year survival rate 
for patients with low MACC1 mRNA expression in their primary tumors was 80% 
and only 15% for patients with high MACC1 expression. It was also shown that 
MACC1 is an important regulator of hepatocyte growth factor (HGF)/c-Met 
signaling, which is crucial for cell motility, invasiveness, and metastasis.

G. Mudduluru et al.



13

Apart from its inducing role in the metastatic process by transcriptional activa-
tion of the oncogene c-Met, evidence suggests MACC1 as an important signaling 
molecule contributing to CRC tumorigenesis. Especially the identification of the 
basal MACC1 promoter and transcription factors regulating the expression allowed 
further insights. Based on promoter luciferase constructs, we examined the pro-
moter sequence and identified several binding sites for transcription factors [2]. The 
minimal essential promoter region within −426 to −18 harbors binding sites, e.g., 
activator protein 1 (AP1), specificity protein 1 (SP1), and CCAAT/enhancer-binding 
protein (c/EBP). The physical binding of these transcription factors to the MACC1 
core promoter was validated using chromatin immunoprecipitation (ChIP) and elec-
trophoretic mobility shift assay (EMSA). Knockdown of SP1, c-Jun, or c/EBP 
decreased the MACC1 expression in CRC cell lines. In addition to the regulation of 
the endogenous MACC1 expression by SP1 and c-Jun, we also demonstrated 
MACC1-specific reduction of migration by knockdown of these transcription fac-
tors. To demonstrate the biological dependency of MACC1 expression on these 
transcription factors, we performed qRT-PCR of 60 CRC tumor patients. We identi-
fied a significant positive correlation of these transcription factors with MACC1 
expression. AP1 expression is known to be altered in several cancer entities includ-
ing CRC. It controls cellular processes including differentiation, proliferation, and 
apoptosis. In tumors the AP1 expression levels are often increased and associated 
with a transformed phenotype. Besides AP1, also SP1 is known to be highly 
expressed in several cancer entities and involved in tumor development, prolifera-
tion, and metastasis. Further, in clinical studies, SP1 was shown to be prognostic for 
patient survival. The regulation of the MACC1 expression by these transcription 
factors involved in differentiation and tumorigenesis imparts an additional dimen-
sion of MACC1-associated phenotype.

In the meantime further transcriptional regulators of the MACC1 expression 
were identified in different cancer entities. Sex-determining region Y (SRY)-related 
HMG box factor 17 (SOX17) was identified as negative regulator of the MACC1 
expression in esophageal cancer [3]. Promoter luciferase constructs were used to 
demonstrate the reduction of MACC1 transcription based on SOX17 expression. In 
addition, binding of SOX17 to the SRY-binding motif in the MACC1 promoter was 
verified by quantitative ChIP-PCR. SOX17 is a transcription factor which is impor-
tant for esophagus tissue development and tumor suppressor that transcriptionally 
downregulates nibrin (NBN), nuclear factor of activated T-cells 5 (NFAT5), 
MACC1, metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), 
casein kinase 1 alpha 1 (CSNK1A1), fibronectin 1 (FN1), and plasminogen activa-
tor inhibitor 1 (SERPINE1) mRNA-binding protein 1 (SERBP1) gene expression 
[3]. These genes are partly involved in cancer cell growth, proliferation, cell adhe-
sion, migration, and invasion of esophageal cancer.

Altered MACC1 expression levels were previously also shown in ovarian cancer 
[4]. Recently, positive correlation of serine/threonine-protein kinase pim-3 (Pim-3) 
and MACC1 expression was shown in human ovarian cancer cell lines [5]. 
Overexpression of Pim-3 leads to increased MACC1 mRNA and protein expression. 
Pim-3 is a proto-oncogene with serine/threonine kinase activity that can prevent 
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apoptosis and promote cell survival and protein translation [6]. To date, the regula-
tory mechanism of MACC1 expression by Pim-3 has not been described in detail.

MACC1 expression levels were also shown to be increased in nasopharyngeal 
carcinomas compared to normal tissue [7]. In addition, they showed that the Epstein-
Barr virus-encoded latent membrane protein-1 (LMP1) regulates MACC1 expres-
sion. LMP1 was shown to mimic the TNFR family member CD40 and has a putative 
role in the pathogenesis of nasopharyngeal carcinomas [8].

The correlations and regulation of MACC1 expression with tumor suppressor 
genes and proto-oncogenes like SOX17, Pim-3, and LMP1 underline the role of 
MACC1 as an important signaling molecule during carcinogenesis of different can-
cer entities.

Regulatory expression networks are not limited to the 5′UTR and transcriptional 
activity. The 3′UTR of genes harbors binding sites for microRNAs (miRNAs). 
These small noncoding RNAs regulate the gene expression at the posttranscrip-
tional level. Through binding to the corresponding regions in the 3′UTR of their 
target genes, the mRNA translation can be inhibited. MicroRNAs are involved in 
the regulation of tumorigenesis, differentiation, proliferation, and survival. Altered 
expression patterns of miRNAs are shown in several cancer entities. There are miR-
NAs described which regulate MACC1 expression and MACC1 induced migratory 
abilities in vitro and metastasis in vivo. The tumor suppressor miR-143 was the first 
described miRNA posttranscriptionally regulating the MACC1 expression and 
MACC1-dependent migration and invasion [9]. A negative correlation of miR-143 
and MACC1 expression was identified in CRC patient samples and cell lines. 
Restoration of miR-143 expression in CRC cells reduced the MACC1 protein 
expression and migratory abilities. In cell lines with high miR-143, the use of 
miRNA inhibitors increased the MACC1 protein expression. The binding of the 
miRNA to the MACC1 3′UTR was verified by luciferase constructs harboring the 
endogenous or mutated binding sites for the miRNA. miR-143 acts as a tumor sup-
pressor and targets genes involved in differentiation, proliferation, apoptosis, che-
moresistance, and metastasis. The most prominent target is the proto-oncogene 
Kirsten rat sarcoma viral oncogene homolog (KRAS), which is a crucial player in 
the traditional CRC model following the adenoma-carcinoma sequence [10]. 
Additionally described targets are extracellular-regulated protein kinase 5 (ERK5) 
[11], DNA methyltransferase 3A (DNMT3A) [12], E twenty-six (ETS)-like tran-
scription factor 1 (ELK1) [13], neuroblastoma RAS viral (V-Ras) oncogene homo-
log (NRAS) [14] and B-cell CLL/lymphoma 2 (Bcl-2) [15].

In the meantime, the relationship between MACC1 and miR-574-5p expression 
was investigated in CRC cell lines and in a liver metastatic mice model [16]. CRC 
cell lines with high MACC1 expression and low miR-574-5p had significantly 
increased lesions of liver metastasis. The endogenous MACC1 expression inversely 
correlated with miR-574-5p expression. Endogenous MACC1 protein expression 
levels were negatively regulated due to transfection with miRNA mimics or inhibi-
tors in CRC cell lines. Previously described targets are the carbonyl reductase 1 
(CBR1) [17] and Quaking 6/7 (Qki6/7). The negatively regulation of Qki6/7 leads 
to increased β-catenin/Wnt signaling and development of CRC [18].
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Recently, the tumor suppressor miRNAs, miR-200a, miR-218 and miR-338-3p, 
were identified as posttranscriptional regulators of the MACC1 expression [19–21]. 
The miR-200a belongs to the miR-200 family, which is known to regulate EMT-
associated proteins [22] by targeting transcription factors like zinc finger E-box-
binding protein 1 and 2 (ZEB1 and ZEB2) [23]. miR-338-3p affects the behavior of 
the cancer cells by upregulating the epithelial marker E-cadherin and downregulat-
ing the mesenchymal markers via targeting the ZEB2 [20].

These findings underline the important role of MACC1 during cancer initiation, 
EMT, and tumor progression.

2.1.2	 �Structure and Domain Architecture of MACC1

The MACC1 protein consists of 852 amino acids. It was analyzed with online pre-
dictive tools [ELM, http://elm.eu.org [24]; PSIPRED, http://bioinf.cs.ucl.ac.uk/
psipred [25]; PredictProtein, https://www.predictprotein.org [26]] and its structure 
was subsequently published [1, 27, 28]. Its schematic structure is represented in 
Fig. 2.1a.

The N-terminus of MACC1 is predicted to be highly disordered, which has high 
affinity for protein-protein interactions (Fig. 2.1b). The putative clathrin box LIDME 
(aa23-27) closely matches the canonical sequence pattern L[LI][DEN][LF][DE], 
which is known to interact with the N-terminal part of the clathrin heavy chain [29]. 
Three adjacent short motifs containing the tripeptides NPF or DPF are predicted 
to  interact with proteins containing epsin15 homology (EH) domains [30, 31]. 
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Fig. 2.1  (a) Schematic representation of predicted MACC1 protein domains. Colored boxes: pre-
dicted similarity to known structural domains. White boxes: predicted similarity to short protein 
interaction motifs; ZU5 ZO-1/Unc5-like domain (type II), UPA domain present in Unc5, PIDD, 
and ankyrins, SH3 variant Src homology-3 domain, DD death domain, NPF/DPF AP2-binding 
motif, KxxPxxP class I SH3 domain-interacting motif; (b) prediction of disordered regions and 
putative protein-binding areas of MACC1 by DISOPRED/PSIPRED
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Kirchhausen et al. reported a function of the clathrin box in endocytosis [32], whereas 
the members of the EH domain-containing protein family determine the fate of the 
vesicle after internalization [33–35]. Both predicted interaction motifs strongly sug-
gest a role of MACC1  in clathrin-mediated endocytosis (CME) of still unknown 
cargo proteins or in directed trafficking of vesicles.

The first two predicted structural domains of MACC1, C-terminal of the unstruc-
tured N-terminus, are highly similar to the ZU5 domain and to the UPA domain, 
respectively. The first was initially found in the proteins zona occludens (ZO) 1 and 
uncoordinated (Unc)-5. The latter was described to be part of the UPA domain, 
which is also present in Unc5, p53-induced death domain-containing (PIDD) pro-
tein, and ankyrins, respectively.

A very recent report suggests a common ancestor of the family of ZU5-like 
domains early in evolution, since highly similar domains have been found in bacte-
ria and archaea [36]. A high number of these domains are capable of auto-proteolysis 
when a conserved histidine and serine (H/S) are present at the putative active site of 
proteolysis. Intriguingly, caspase recruitment domain-containing protein (Card) 8 
and NACHT and leucine rich repeat (LRR) and pyrin (PYD) domains-containing 
protein (NLRP) 1 show active auto-proteolytic activity and share a unique puta-
tively active site H/S pattern, which is also found in the predicted ZU5-like domain 
of MACC1 [36, 37]. It needs to be clarified whether or not this feature contributes 
to any cellular function of MACC1, since no auto-proteolytic activity of MACC1 
has been reported so far.

ZU5 domains, which lost the auto-proteolytic activity during evolution, acquired 
important protein-protein interactions, especially in proteins involved in maintain-
ing the cytoskeleton, cellular signaling, motility, and apoptosis [38–40]. As it has 
recently been shown for ankyrins, the two ZU5 domains occurring in tandem do not 
overlap in their function [41, 42]. Although structurally similar, the different surface 
charge of each respective ZU5 domain determines distinct interaction partners. 
While the ZU5A domain interacts with spectrin, the ZU5B domain binds to the 
adjacent UPA and death domains (DD). This intramolecular binding of a ZU5-
UPA-DD module was earlier reported for Unc5b, regulating the signaling activity of 
the netrin receptor upon ligand binding [43]. MACC1 shares the general domain 
composition of Unc5b: a ZU5-UPA module and two C-terminal DDs, also predicted 
by sequence similarity. Thus, it may form intramolecular domain interactions as 
well, which contribute to protein stability or regulate cellular functions of MACC1.

A major structural difference of MACC1 to ZU5-UPA-DD-containing proteins 
is the presence of a canonical proline-rich interaction motif (PRM; KxxPxxP) for 
classical sarcoma proto-oncogene (Src)-homology 3 (SH3) domains, closely fol-
lowed by a predicted variant SH3 domain [1, 27, 28]. Due to the high variance in the 
protein sequence of both PRMs and SH3 domains and the high selectivity of their 
interactions, a prediction of interaction partners of MACC1 via these motifs is 
hardly fruitful [44]. A first indication of the functional relevance of SH3-PRM inter-
actions of MACC1 was the albeit weak binding of its SH3 domain to the PRM of 
tumor necrosis factor ligand superfamily member 6/Fas ligand (TNFL6/FasL) and a 
disintegrin and metalloprotease (ADAM) 10 [45, 46]. When both regions of MACC1 
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were altered, either by mutating the PRM (KxxAxxA) or by deleting the SH3 
domain (ΔSH3), the ability to induce cell motility in vitro and tumor growth and 
metastasis formation in vivo was significantly reduced [1, 47]. This finding high-
lights the importance of the protein-protein interactions of this region for the func-
tionality of the MACC1 protein.

The in silico analysis of the MACC1 protein sequence predicts interesting pro-
tein domains and protein-binding motifs indicating a variety of cellular interaction 
partners and predestining MACC1 as a signal transducer. It is yet to be shown how 
these features contribute to different cellular functions of MACC1 and whether they 
affect cancer initiation, progression, and metastasis.

2.1.3	 �MACC1 as a Signaling Molecule

We have shown for the first time that MACC1 transcriptionally regulates c-Met [1]. 
It is well documented in the literature that HGF is a ligand of the c-Met receptor 
tyrosine kinase [48], which is activated by serine proteases. c-Met is a disulfide-
linked heterodimer, which arises from cleavage of a precursor to an extracellular 
alpha chain and a transmembrane beta chain. Intracellular regions of the beta chain 
contain the juxtamembrane catalytic region and multifunctional docking site. After 
HGF binding to c-Met, it gets activated by different transphosphorylations of tyro-
sine residues, first in the catalytic region and then Tyr1349 and Tyr1356, which 
are multifunctional docking sites [49]. These activated tyrosine residues create 
docking sites for a variety of adaptor proteins and kinases like growth factor 
receptor-bound protein 2 (GRB2), Grb2-associated adaptor protein (GAB1), Src, 
phosphatidylinositol-3-kinase (PI3K), Son of Sevenless (SOS), and signal trans-
ducer and activator of transcription 3 (STAT3), which leads to activation of down-
stream signaling pathways that include the mitogen-activated protein kinase 
(MAPK), PI3K/V-Akt murine thymoma viral oncogene homolog (AKT), and STAT 
pathways [48]. The tight control of the HGF/c-Met signaling axis is observed dur-
ing embryonic development. However, this control is lost in multiple levels, for 
example, at the transcriptional level, inadequate degradation of proteins, and cross-
talk in the downstream signaling axis in different cancer types, like carcinomas, 
musculoskeletal sarcomas, soft tissue sarcomas, hematopoietic malignancies, and 
other neoplasms. Deregulation of HGF/c-Met signaling results in tumorigenesis and 
metastasis. In-depth details of HGF/c-Met associations can be found in a searchable 
fully referenced table with this web link (http://www.vai.org/Met/Index.aspx).

MACC1 is one of the key carcinogenic transcriptional regulators of c-Met apart 
from SP1, tumor protein P53 (p53), V-ets avian erythroblastosis virus E26 oncogene 
homolog 1 (Ets1), paired box 3 (Pax3), AP1, death domain-associated protein 
(Daxx), and hypoxia-inducible factor 1 (HIF-1), which plays a crucial role in differ-
ent biological aspects of c-Met [1, 50–56]. Apart from our study, other studies 
screened for c-Met and its transcriptional regulator MACC1 in patient specimens of 
different tumor types. Among these reports, a positive correlation of MACC1 and 
c-Met expression in patient tumor specimens has been described, e.g., for CRC even 
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at distant metastasized organs, for rectal, hepatocellular, nasopharyngeal, and renal 
carcinoma [7, 57–59]. HGF/c-Met signaling axis induces MACC1 expression tran-
scriptionally through RAS/MAPK signaling. Indeed, induced MACC1 protein 
translocation to the nucleus activates the c-Met expression. This positive feedback 
loop regulation of MACC1 and c-Met activation subsequently activates other carci-
nogenic signaling axes [1, 55, 60–63]. These pieces of evidence suggest that 
MACC1 might be a signaling molecule independently (upon induced expression) or 
dependently via the HGF/c-Met signaling axis (Fig. 2.2).

Based on sequence similarity predictions (Fig. 2.1), MACC1 can form protein-
protein interactions and function as a signal transducer (Fig.  2.2) [59]. MACC1 
knock-in studies in CRC cell lines showed significant upregulation of c-Met, cell 
motility, and proliferation. Specifically, overexpression of MACC1 mutated in the 
proline-rich and SH3 domains could not induce either together or independently the 
c-Met expression, cell motility, and proliferation. The c-Met ligand HGF-induced 
cell detachment is inhibited by MEK inhibitors UO126, but not by the PI3K inhibi-
tor LY294002 [1]. These findings clearly show that MACC1 functions as a tran-
scriptional factor either alone or along with other DNA-binding interacting proteins 
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Fig. 2.2  MACC1 signaling axes: overexpression of MACC1 induced the c-Met and β-catenin 
expression and activation of AKT and MAPK signaling. GRB2 growth factor receptor-bound pro-
tein 2, GAB1 Grb2-associated adaptor protein, Src SRC proto-oncogene, PI3K phosphatidylinositol-
3-kinase, RAS rat sarcoma viral oncogene homolog, MAPK mitogen-activated protein kinase, AKT 
V-Akt murine thymoma viral oncogene homolog, CRKL V-Crk avian sarcoma virus CT10 onco-
gene homolog-like, DOCK dedicator of cytokinesis, CDC42 cell division cycle 42, RAC1 Ras-
related C3 botulinum toxin substrate 1
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through mainly proline-rich and/or SH3 domains. Secondly, without HGF stimula-
tion, induced MACC1 expression increases migration, cell detachment, and distant 
metastasis. With this functional evidence, one could suggest that without HGF acti-
vation of c-Met signaling, MACC1 alone could induce migration [1]. At least in 
part, the cancer cell phenotype effect could be independently mediated by protein-
protein interaction domains of MACC1 (Fig. 2.2). In support of our hypothesis in 
terms of protein-protein interactions, Voss et al. showed by phage display screening 
that the proline-rich motif of human FasL is a SH3 domain interaction partner of 
MACC1 [46]. Further, Ebsen et al. showed with a similar screening approach that 
ADAM10 is also a SH3 domain interaction partner of MACC1, which induces cell 
proliferation, migration, and invasion [45, 64].

Changes in various signaling pathways associated with manipulation of endoge-
nous MACC1 expression (knock-in and knockdown studies) allow cells to gain sev-
eral hallmarks of cancer, like cell proliferation, cell survival, apoptosis, migration, 
EMT, invasion, and distant metastasis [65]. Meng et al. showed that MACC1 plays a 
major role in nasopharyngeal carcinogenesis through the AKT/β-catenin signaling 
axis. Small interfering (si) RNA knockdown of MACC1 inhibited the activation of 
AKT and reduced the gene expression of β-catenin, c-Met, and its regulator c-Myc. 
Furthermore, knockdown of MACC1 increased the amount of cleaved caspase 3, 
which is an apoptosis inducer. They observed a significant positive co-expression of 
MACC1, p-AKT, and β-catenin in nasopharyngeal carcinoma specimens [7]. A simi-
lar study in CRC by Zhen et  al. showed MACC1-induced expression of c-Met, 
β-catenin, and its downstream signaling molecules c-Myc, Cyclin D1, and matrix 
metallopeptidase 9 (MMP9). Further, silencing of MACC1 with siRNA reduced the 
β-catenin expression and its translocation to the nucleus, whereas silencing of 
β-catenin with siRNA did not alter the expression or localization of MACC1 in the 
cell. Furthermore, they discovered a significant co-expression of MACC1 and 
β-catenin in CRC patient specimens [66]. Overexpression of MACC1 induced the 
extracellular matrix (ECM) remodeling genes fibronectin, matrix metallopeptidase 2 
(MMP2), and MMP9, as well as the mesenchymal phenotype markers vimentin and 
CD44, and reduced the epithelial phenotype markers E-cadherin and α-catenin in 
gastric cancer cell lines. Importantly, apart from these molecules, MACC1 upregu-
lated the key EMT switch initiative transcriptional factors like twist family BHLH 
transcription factor 1/2 (TWIST1/2). In concordance with other cancers, a significant 
positive correlation was observed for the expression levels of MACC1, c-Met, and 
β-catenin in gastric cancer patient specimens [67, 68]. MACC1 overexpression 
reduces cell apoptosis and induced cell growth in hepatocellular carcinoma cell lines, 
which is achieved by enhancing the HGF-driven activation of PI3K/AKT signaling 
axis and its downstream molecules like Bcl-2-associated death promoter (BAD), cas-
pase 9, and forkhead box O3 (FOXO3) activation. MACC1 and p-AKT expression 
showed positive correlation in hepatocellular carcinoma tumor specimens [69]. 
These experiments and in vivo corroborative studies are clearly showing that MACC1 
is one of the key signaling molecules in tumorigenesis allowing cells to acquire hall-
marks of cancer, like cellular proliferation, colony formation, anti-apoptotic abilities, 
migration, invasion, EMT, distant metastasis, and angiogenesis (Fig. 2.3).
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Fig. 2.3  MACC1 functional role in carcinogenesis: increased MACC1 expression in cells induces 
cell proliferation, EMT, anti-apoptosis, cell motility, migration, invasion, tumor growth, angiogen-
esis, and distant metastasis leading to reduced patient’s survival and drug sensitivity

2.2	 �Biological Impact of MACC1

2.2.1	 �MACC1 as Proliferation and Anti-apoptotic Inducer

The balance of proliferation and apoptosis is crucial for physiological processes. 
Cancer cells are characterized by unlimited proliferation without presence of stimu-
lating growth signals. In addition, these cells gain abilities to overcome apoptotic 
signals. These defects in the control mechanisms of proliferation and apoptosis pro-
mote malignant transformation [65].

MACC1 is very well characterized as metastasis-associated gene but can also 
induce proliferation and inhibit apoptosis. Knockdown or overexpression of 
MACC1 in different CRC cell lines directly correlates with the proliferation and 
tumor growth of these cancer cells, compared to the corresponding controls [1, 66]. 
In the meantime the proliferation-inducing impact of MACC1 was also shown in 
several different entities. To name a few, Zhang et al. showed MACC1 upregulation 
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in osteosarcoma cell lines compared to hFOB1.19 osteoblasts and the downregula-
tion of MACC1 expression caused inhibition of proliferation, colony formation, 
invasion, and tumor growth [70]. Further, decreased MACC1 expression led to cell 
cycle arrest in G0/G1 phase and induction of apoptosis. In salivary adenoid cystic 
carcinoma, MACC1 expression is significantly increased, compared to the adjacent 
normal salivary tissue, and knockdown of MACC1 inhibited proliferation and 
induced apoptosis in ACCM cells [62]. Similar correlations of MACC1 expression 
with proliferation and apoptosis are shown in several other entities, like gastric can-
cer [71], nasopharyngeal cancer [7], tongue squamous cell carcinoma [72], glio-
blastoma [73, 74], ovarian cancer [5] and cervical cancer [75]. The in silico predicted 
domain composition gives a hint that MACC1 could interact via the ZU5-UPA-
death domain (DD) with signaling molecules that are directly involved in apoptosis 
regulation [28]. In addition, based on the domain composition of MACC1, bioinfor-
matics studies provide additional hints for a role of MACC1 in apoptosis [27]. By 
using phage display screening, MACC1 was identified as possible interaction part-
ner with the FasL, which is a known crucial molecule for apoptosis [46].

The impact of MACC1 on proliferation and apoptosis supports the possible role 
of MACC1 during cancer initiation and malignant transformation.

2.2.2	 �MACC1 as Epithelial Mesenchymal Transition (EMT) 
Inducer

A crucial molecular program that enables tumor cells to proliferate and establish 
metastases is EMT [76–78]. EMT is characterized by the transition of cells from 
epithelial into mesenchymal phenotype. Epithelial cells are characterized by the 
presence of regular cell-cell contacts and adhesion to the surrounding cellular fab-
ric, preventing the detachment of individual cells. In contrast, mesenchymal cells do 
not form such intracellular contacts and are characterized by an irregular cell shape. 
Molecular EMT is defined by the induction of N-cadherin, vimentin, and fibronec-
tin and the downregulation of cytokeratin and occludin. The crucial transition is the 
loss of the cell-cell adhesion molecule E-cadherin [79]. Mainly expressed in epithe-
lial cells, E-cadherin plays a central role in embryonic development and mediates 
signals important in the morphogenesis of epithelial tissues [80]. During invasion of 
surrounding structures or distant metastasis, various malignant tumors show a sup-
pression of E-cadherin expression, mediated mainly through transcriptional repres-
sors, such as the transcription factors ZEB1 and ZEB2, survival of motor neuron 
protein interacting protein 1 (SIP1) [81, 82], TWIST [83–85], and snail family zinc 
finger (SNAIL) [86].

Recent reports using knock-in or knockdown studies showed substantial evi-
dence for the role of MACC1 in EMT. Wang et al. examined mRNA expression of 
MACC1, c-Met, and EMT markers (E-cadherin, fibronectin, and vimentin) in 22 
gastric cancer patients and found that MACC1 and c-Met were positively co-
expressed in tumor specimens and also the expression of both of these genes was 
also positively correlated with fibronectin and vimentin. Furthermore, MACC1 
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knock-in and knockout studies clearly showed that MACC1 induces EMT by down-
regulating the epithelial marker E-cadherin and upregulating the mesenchymal 
markers fibronectin and vimentin in gastric cancer cell lines. Apart from these EMT 
markers, they found induced expression of MMP2, MMP3, and CD44 upon MACC1 
overexpression [68]. A similar kind of study with pancreatic cancer cells showed 
that siRNA-mediated MACC1 knockdown increased the expression of E-cadherin 
[87]. Very recently, Wang et al. showed that MACC1 promotes vasculogenic mim-
icry in gastric cancer by upregulating one of the key EMT switch transcriptional 
regulators TWIST1 and TWIST2. Upon HGF stimulation, they observed increased 
nuclear translocation of MACC1, TWIST1, and TWIST2, while a c-Met inhibitor 
reduced these effects in gastric cancer cells. In parallel, they observed increased 
nuclear expression of MACC1, TWIST1, and TWIST2 in gastric cancer tissue spec-
imens, compared to normal tissue samples [67]. Another study by Hung et al. in 
gastric cancer cell lines showed that posttranscriptional inhibition of MACC1 by 
miR-338-3p repressed the EMT. Secondly, they found that ZEB2, one of the crucial 
transcriptional regulators of the EMT switch, is a target of miR-338-3p. Either ecto-
pic overexpression of miR-338-3p led to increased expression of the epithelial 
marker E-cadherin and decreased mesenchymal markers N-cadherin, fibronectin, 
and vimentin at both mRNA and protein level. In parallel, they observed inverse 
correlations between the expression of miR-338-3p and ZEB2 or MACC1 in gastric 
cancer patient tissue samples. Additionally, they showed a clear inhibition of the 
c-Met/AKT signaling axis, which is known to play a major role in EMT [20]. This 
evidence clearly shows that MACC1 is an EMT inducer in different cancer types.

2.2.3	 �MACC1 as Migration, Invasion, and Metastasis Inducer

An estimated 90% of cancer-related deaths are caused by the direct or indirect effects 
of metastatic dissemination [88]. Metastasis is a disease process that involves migra-
tion, local invasion, intravasation, systemic dissemination, extravasation, and estab-
lishment of secondary tumors at distant sites. Each of these steps is accomplished by 
an intricate interplay between tumor cells and their surrounding microenvironment 
and requires a complex molecular regulation at multiple levels [65]. For the first 
time, we have described MACC1 as migration, invasion, and metastasis inducer in 
CRC by mouse models [1]. SW480 and SW620 are colon cancer cell lines derived 
from the primary and from the lymph node metastasis tumor of the same patient, 
respectively. SW480 cells show less migratory and invasive phenotype compared to 
SW620, which is corroborating with the endogenous expression of MACC1. SW480 
cells that overexpress MACC1 show a high level of cell migration, invasion, and 
colony formation. Similarly, wound healing assays revealed high motility and growth 
activity. In comparison, MACC1-siRNA-silenced SW620 cells lost significantly the 
ability of migration, invasion, and growth activity. Apart from knock-in and knock-
out studies, mutation of SH3 and proline-rich domains in MACC1 completely abro-
gated cell migration and invasion [1]. Similar to our findings, Zhen et al. found that 
siRNA-MACC1-silenced CRC cell lines showed a significant reduction of migra-
tion, invasion, colony formation, and tumor growth [66].
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Apart from our initial report, other research groups also established MACC1 in 
different cancer models as an inducer of migration and invasion. To mention few, 
Meng et al. showed that MACC1 plays a major role in inducing the migration, inva-
sion, and colony formation of nasopharyngeal carcinoma [7]. Similarly, in gallblad-
der cancer, ovarian carcinoma, cervical cancer, osteosarcoma, and gastric cancer cell 
lines, it was shown that either overexpression of MACC1 or siRNA-mediated silenc-
ing significantly mitigated cell migration, invasion, and colony formation [63, 68, 
70, 89, 90]. Very recently, we identified SPON2 as a transcriptional gene of MACC1, 
prognostic indicator of CRC metastasis, and able to induce in vivo metastasis [91].

Intrasplenic transplantation of stable MACC1-expressing SW480 cells showed a 
higher number of metastatic lesions than control cells. In contrast to this, liver 
metastasis inducing SW620 cells showed 35% reduced metastasis when expressing 
short hairpin (sh)RNA that targets MACC1. Similar results were observed with 
cells that express shRNA against c-Met, the transcriptional target of MACC1, when 
compared with SW620 cells that express control shRNA. The role of MACC1 in 
inducing tumor cell metastasis was also shown in mice with another CRC cell line 
LS174T by overexpressing MACC1 [1]. In addition to this, we have performed real-
time imaging to show MACC1 as a tumor progressive and metastasis inducer. We 
have prepared luciferase-IRES-MACC1 stably expressing SW480 and luciferase-
IRES-shRNA-MACC1 stably expressing SW620 cells, along with their respective 
control vectors expressing cells. Intrasplenic transplantation of these cells and sub-
sequent live imaging clearly demonstrated that MACC1-expressing SW480 cells 
showed induced tumor growth and liver metastasis, which is significantly reduced 
when using shRNA-MACC1-expressing SW620 cells [47]. Zhen et al. also showed 
that MACC1 significantly induced the tumor growth in CRC [66]. Similar to our 
findings, Wang et  al. generated MACC1 and shRNA-MACC1 stably expressing 
gastric cancer cell line BGC823 and transplanted in the flank regions of mice legs. 
MACC1-overexpressing cells showed increased tumor growth and distant metasta-
sis to the lungs and liver, whereas shRNA-MACC1-expressing cells showed signifi-
cant reduction in tumor growth and distant metastasis (Fig.  2.3) [67, 68]. Very 
recently, we published the generation of the first transgenic MACC1 mouse models. 
We showed that MACC1 induces tumor progression in transgenis mice and CRC 
patients via increased pluripotency markers Nanog and Oct4 [92].

These pieces of evidence clearly demonstrate that MACC1 has a key role in 
migration, invasion, and distant metastasis.

2.2.4	 �MACC1 as Angiogenesis Inducer

The generation of tumor-associated vasculature is a process referred to as tumor 
angiogenesis, which is essential for tumor growth and progression. Tumor-associated 
vessels promote tumor progression by providing nutrients, oxygen, and favor tumor 
metastasis by facilitating tumor cell entry into the blood circulation. In this process 
vascular endothelial growth factor (VEGF), angiopoietin-1, angiopoietin-2, and their 
cognate receptors (VEGFR-1, VEGFR-2, Tie-2) play a major role in differentiation, 
proliferation, and migration of cells to form new vessels [93]. TWIST1 is known to 
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induce EMT and tumor progression and is also a key regulator of VEGF and VEGFR1 
[94, 95]. Very recent findings suggest that MACC1 plays a role in tumor angiogen-
esis. Wang et al. showed that HGF treatment increased the translocation of MACC1, 
TWIST1, and TWIST2 to the nucleus. Moreover, overexpression of MACC1 leads to 
induction of TWIST1 and TWIST2 expression and upregulates TWIST downstream 
signaling pathway molecules, such as vascular E-cadherin and VEGFR2, and down-
regulates E-cadherin in gastric cancer cells. Therefore, either through activation of 
HGF/c-Met signaling or independent overexpression of MACC1, vasculogenic mim-
icry (tube formation) was induced in 3D cultures of BGC/823 cells. They also found 
in  vivo corroborative results with resected gastric cancer patient specimens that 
induced MACC1 expression positively correlated with increased vasculogenic mim-
icry density in patient tumors. Moreover, the 3-year survival rate was only 8.6% in 
patients who are double positive for MACC1 and vasculogenic mimicry, whereas it 
was 41.7% in negative patients. Nuclear expression of MACC1, TWIST1, and 
TWIST2 was higher in gastric tumor tissues when compared with the matched non-
tumor tissues [67]. In another study by Sun et al., it was shown that MACC1 induces 
the formation of lymphatic vessels (lymphangiogenesis), a process believed to be 
similar to angiogenesis by upregulating VEGF-C and VEGF-D in gastric cells. 
Analogous results were observed with mouse xenografts [96]. These two pieces of 
evidence strongly suggest a role of MACC1 in angiogenesis. However, more studies 
have to be carried out with different cancer types to show its broader functional role 
in angiogenesis and tumor progression.

2.2.5	 �MACC1 Role in Metabolomics

Prognostic assessment of metastasis and intervention in metastatic disease still rep-
resent critical clinical problems. Given the fact that metastatic disease is character-
ized by and dependent on distinct metabolites, metabolic profiles of metastatic vs. 
localized solid tumors are identified in specimens of different tumor types.

Metastatic tumor cells need to process ECM, escape anoikis, and shift between epi-
thelial and mesenchymal phenotype. Although these features have all been individually 
linked to metabolism, a systematic survey of the metabolic changes required for 
MACC1-mediated metastasis is still lacking. Metabolic profiling offers a powerful 
approach to generate a representation of altered metabolite profiles obtained from 
patient tissues or blood. Although a large body of publications report on the identifica-
tion of metabolic profiles in localized vs. metastatic cancer in recent years, the link of 
these metabolic profiles to distinct mechanisms of metastasis is still poorly understood.

Here, we address the role of MACC1  in cancer metabolism. Several studies 
describe MACC1 in the context of glucose metabolism. In gastric cancer, Lin and 
colleagues discovered significantly upregulated MACC1 expression in response to 
glucose deprivation-induced metabolic stress via adenosine monophosphate-
activated protein kinase (AMPK) signaling [71]. In patients, MACC1 expression 
positively correlated with the maximum standardized uptake value of 
18F-deoxyglucose. Further, MACC1 increased 18F-deoxyglucose uptake in gastric 
cancer cells and xenografted mice. Mechanistically, MACC1 enhanced the Warburg 
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effect by upregulating activity and expression of glycolytic enzymes, such as hexo-
kinase, pyruvate dehydrogenase kinase, and lactate dehydrogenase. The authors 
also demonstrated functional consequences of this metabolic shift, such as enhanced 
cell viability and resistance to apoptosis. Furthermore, they showed enhanced vul-
nerability to metabolic stress of those cells silenced for MACC1 or blocked for the 
Warburg effect. Taken together, this study provides evidence for metabolic stress-
induced MACC1 upregulation, thereby promoting gastric cancer growth against 
metabolic stress via the Warburg effect.

The link of MACC1 and its role in glucose metabolism were also reported by Ji 
and colleagues for hepatocellular cancer [97]. They demonstrated higher protein 
expression of both, MACC1 and 6-phosphofructo-2-kinase/fructose 2,6 bisphos-
phatase (PFKFB2) in hepatocellular carcinoma compared to corresponding non-
tumor tissues. Simultaneous high expression of MACC1 and PFKFB2 was 
associated with a high Edmondson classification, advanced TNM stage, and, more 
importantly, with a lower overall survival rate. However, expression of MACC1, but 
not of PFKFB, served as a prognostic factor for postoperative survival.

Very recently, Li and colleagues also reported on MACC1 as a biomarker for 
poor prognosis of hepatocellular cancer via promoting proliferation through 
enhanced glucose metabolism [98]. The authors confirmed upregulated MACC1 
protein expression in hepatocellular cancer cells and demonstrated an association 
with the hexokinase 2 (HK2) protein expression. Knockdown of MACC1 induced 
reduction of glycogen consumption and lactate production, resulting in reduced 
proliferation in the MHCC-97H cells. The authors conclude that MACC1 might 
promote proliferation in part via enhancement of glucose metabolism by HK2.

Besides glucose metabolism, MACC1 was also found to modulate lipogenesis 
[99]. Duan and colleagues demonstrated significant correlation of MACC1 levels 
with major enzymes of lipogenesis including fatty acid synthase (FASN)/ATP 
citrate lyase (ACLY) and acetyl-CoA carboxylase (ACC) in MACC1 genetically 
engineered in vitro models of gastric cancer, BGC/823, and MKN-28. In gastric 
cancer patients, high FASN expression predicted more advanced disease, more fre-
quent postoperative recurrence, more metastases, higher mortality rate, and corre-
lated with MACC1 expression. Thus, MACC1 promotes cancer cell lipogenesis by 
activation of lipogenic enzymes.

In summary, the decisive contribution of MACC1 to tumor initiation, progres-
sion, and metastasis also has to be contemplated in the light of MACC1-induced 
modulation of metabolic pathways, such as glucose and lipid metabolism.

2.3	 �MACC1 in Human Cancers

2.3.1	 �MACC1 as Cancer Inducer

Besides the role of MACC1 as metastasis-inducing gene, there is increasing evi-
dence that MACC1 is also involved in early stages of carcinogenesis. Increased 
MACC1 expression levels are associated with steps which are crucial for the transi-
tion from adenoma to carcinoma. The first description of MACC1 expression as 
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novel prognostic marker for metastasis in CRC showed already increased MACC1 
expression in early stages of primary tumors and metastasis [1]. MACC1 expression 
was increased in all stages of adenocarcinomas, compared to normal colon mucosa, 
liver, or adenoma tissue samples. Also, in early stages, MACC1 was significantly 
increased in primary tumors which later on developed metachronous metastasis, 
compared to primary tumors without metastasis. In a further study it was a stepwise 
increase of MACC1 expression detectable in different neoplastic lesions [100]. 
From adenoma to high-grade dysplasia and intramucosal adenocarcinoma, the 
MACC1 expression was significantly increased. Further, the MACC1 expression 
was elevated during tumor progression and also to early-stage invasive carcinomas. 
The MACC1 and c-Met expression was following different expression patterns. 
c-Met expression was not significantly different among adenoma, high-grade dys-
plasia, intramucosal adenocarcinoma, and T1 tumors, but significantly increased in 
later invasive stages (T2) [100]. These findings suggest that MACC1 might contrib-
ute to CRC carcinogenesis in a c-Met independent manner. Further, MACC1 has 
high potential to be a prognostic marker for early diagnosis and poor prediction. 
Interestingly, when analyzing samples from Afro-American patients, increased 
MACC1 levels in tissues and blood identified colon adenoma patients at high risk 
[101]. MACC1 was shown to be higher expressed also in several other cancer enti-
ties [59]. Xie and colleagues also identified altered MACC1 expression levels in 
different stages of hepatocellular cancer (HCC) [102]. Interestingly, the inverse cor-
relation between MACC1 expression and patient survival is significant in patients 
with early-stage HCC or normal AFP (alpha-fetoprotein) level. In contrast, analysis 
of all patients in all stages did not show any significant correlations of MACC1 and 
survival. MACC1 protein expression is a promising biomarker for early-stage 
diagnosis in CRC and other cancer entities like HCC.

Especially in the context of inflammatory bowel disease (IBD)-associated dyspla-
sia was the MACC1 expression level significantly increased compared to corre-
sponding inflammatory or normal colon tissue [103]. Further increase in MACC1 
expression levels was detected from dysplasia to conventional colitis-associated can-
cer (CAC). MACC1 overexpression was detectable in 67% of conventional CAC but 
not in dysplasia, inflammation, or normal mucosa. MACC1 itself was not differently 
expressed in several differentiation grades of CAC. There was no correlation between 
MACC1 and c-Met expression detectable. MACC1 expression is stepwise increasing 
from IBD-associated colitis to dysplasia. These expression patterns point out the 
c-Met independent relevance of MACC1 during the conventional CAC carcinogen-
esis. MACC1 could be a potential prognostic marker for early detection of CAC and 
might allow for intervention strategies based on MACC1-specific inhibitors.

2.3.2	 �MACC1 as Prognostic Marker

Risk estimation by using genetic factors for early identification of high-risk patients 
is highly demanded but still limited in modern clinical diagnostics. Therefore, there 
is a need for biomarkers that allow for an individual diagnosis and prognosis of 
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cancer patients. One candidate is the MACC1 gene, which we identified as novel 
prognostic biomarker for CRC.  MACC1 expression levels were significantly 
increased in primary tumors compared to normal mucosa. Further, MACC1 was 
shown to be a prognostic marker for metachronous metastasis in CRC patients [1]. 
Apart from this, there are several studies confirming altered MACC1 expression 
levels in CRC to be prognostic for patient survival [57, 61, 66, 100, 104–110].

In 2012, we analyzed 179 UICC stage II CRC patient samples and correlated the 
expression of MACC1, sterile alpha motif (SAM) and SH3 domain containing 1 
(SASH1) or osteopontin, the microsatellite stability (MSI) status, as well as KRAS 
and v-raf murine sarcoma viral oncogene homolog B1 (BRAF) mutation status with 
respect to patient survival [111]. The most common KRAS mutations of exon 2 in 
codon 12 (KRAS G12) or codon 13 (KRAS G13) were not separately compared to 
KRAS wild-type (wt) tumors with regard to patient survival. We confirmed increased 
expression of MACC1 (P < 0.001) as the only independent prognostic marker for 
recurrence prediction. Furthermore, integrative two-step cluster analysis allocated 
patients according to their tumor genetics. Beside the MSI status and BRAF muta-
tion status, mutated KRAS and high MACC1 expression defined the group with the 
highest risk of recurrence.

Recently, we showed in a patient-based study of 99 CRC patients that high 
MACC1 expression (hazard ratio (HR): 5.02, 95% confidence interval (CI): 2.19–
11.53, P  <  0.001) and KRAS G13 mutation (HR: 4.48, 95% CI: 1.01–19.79, 
P = 0.018) were independent prognostic markers for shorter MFS [112]. Patients 
with high MACC1 expression and KRAS G13 mutation exhibited the worst prog-
nosis (HR: 14.48, 95% CI: 3.37–62.18, P < 0.001). Based on their molecular char-
acteristics, we categorized the patients into four clusters by using the SPSS two-step 
cluster function. These clusters reflect the three different described pathways for 
colorectal carcinogenesis: “traditional pathway,” “serrated pathway,” and “alternate 
pathway” [113–115]. The “traditional pathway,” which reflects the adenoma carci-
noma sequence [116, 117], can be further subdivided into low- and high-risk groups 
for metachronous metastases by assessing MACC1 expression.

We also performed a heterogeneity analysis of MACC1 in a retrospective study 
of whole tissue sections from 187 CRCs [118]. MACC1 expression was analyzed at 
different sites within the colorectal adenocarcinomas. MACC1 was significantly 
increased from the tumor center to the invasive front of the tumors and prognostic 
for metastasis and poor survival. In addition, high MACC1 expression was detect-
able in 55% of tumor budding cells. Independent of the distribution within the 
tumor, increased MACC1 expression also correlated with higher pT and pN stages 
and venous and lymphatic invasion. An additional study confirmed the correlation 
of increased MACC1 expression and the invasive behavior of CRC cells and further 
showed MACC1 as a marker for prediction of postoperative liver metastasis [105].

In the meantime, there are patient-based studies performed in nearly all solid 
cancer types showing the increased MACC1 expression levels in patient tumors and 
the prognostic role of MACC1 concerning patient survival. The detailed description 
about the performed studies were described by our group in the review “MACC1 as 
novel target for solid cancers” [59]. In addition to the already described cancer 
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entities like colorectal, gastric, pancreatic, hepatocellular, lung, ovarian, breast, 
nasopharyngeal, kidney, esophageal cancer, and glioblastoma, MACC1 is also iden-
tified as prognostic marker for osteosarcoma [119], cervical cancer [120], gallblad-
der cancer [121] and tongue squamous cell carcinoma [72].

Apart from the previously well-described prognostic marker studies, we would 
like to point out the very recently published patient-based clinical study about the 
prognostic value of MACC1  in intrahepatic cholangiocarcinoma (ICC) and hilar 
cholangiocarcinoma (Klatskin tumors) [122]. The incidence rate of ICC is low, but 
besides the hepatocellular carcinomas the second-most common primary tumor of 
the liver. The treatment possibilities for these tumors are very limited, and the 
response to chemotherapy is very poor. So far, no promising targeted therapy could 
be established. In this patient-based cohort of Klatskin tumors (n = 76) and ICC 
(n = 80), we analyzed the mRNA expression levels of MACC1, c-Met, and HGF of 
tumors compared to normal liver tissue using qRT-PCR. The results of the mRNA 
expression were also validated by IHC. We identified significantly higher MACC1 
expression levels in both tumor entities. Patients with high MACC1 expression in 
the Klatskin tumors had shorter overall survival and disease-free survival (P < 0001 
and P  <  0.001, respectively). Multivariate Cox regression analysis confirmed 
MACC1 as an independent prognostic marker for overall survival of patients with 
Klatskin tumors (HR: 2.777; 95% CI: 1.389–5.555; P < 0.004). MACC1 expression 
levels could be a promising candidate as a biomarker for these tumor entities, which 
are rare. Curative treatment possibilities for these patients are very limited.

Recently, there are several meta-analyses available confirming the prognostic 
value of MACC1 in solid tumors [123], in digestive system neoplasms [124] and in 
hepatocellular carcinomas [125].

The role of MACC1 as prognostic marker is not limited to expression level analy-
sis. There are studies about single nucleotide polymorphism (SNP) in the intronic 
regions [126] or exons [127] of MACC1 in CRC. Lang et al. performed a study with 
CRC patients for six SNPs in the intronic regions of MACC1. MACC1 tagging SNP 
rs1990172 positively correlated with patient survival. Our group identified three 
SNPs in the coding exons of 154 CRC patients [127]. Patients younger than 60 years 
with UICC stage I or II tumors harboring the SNP rs975263 were characterized by 
increased risk for metachronous metastasis. Apart from CRC, MACC1 SNPs were 
also analyzed in 187 hepatocellular carcinoma patients treated with liver transplanta-
tion concerning risk of recurrence. The SNPs rs1990172 and rs975263 showed sig-
nificantly higher risk for relapse after liver transplantation [128]. Further, the SNPs 
rs1990172 and rs975263 were shown to significantly correlate with increased risk for 
progression or death in a retrospective study, including 164 HER-2-positive breast 
cancer patients [129]. The third analyzed SNP rs3735615 showed a significantly bet-
ter event-free survival and overall survival. In silico analysis revealed that this protec-
tive impact could be due to negative functional alteration of the MACC1 protein.

In addition to SNPs, also the impact of MACC1 gene amplification was studied 
in 103 mCRCs patients [61]. MACC1 expression levels and increased copy num-
bers correlated with unfavorable tumor characteristics, like lesion size, multiple 
metastases, and detection of intravascular metastatic cells.
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All these previously described analyses are based on extracted RNA and DNA of 
patient biopsies. Therefore, we tried to establish a more useful detection method for 
clinical diagnostic and monitoring overcoming the limitations of “snapshot” analy-
ses by using tumor tissues with limited availability. We screened CRC patient 
plasma samples to detect circulating mRNA transcripts in CRC patient blood [130]. 
High MACC1 transcript levels in the patient samples correlated with poorer patient 
survival. The highest MACC1 levels were measured in patients with metastases and 
reflect the same pattern as was shown in patient biopsies. This method could allow 
for monitoring the disease by taking blood samples without the need of taking biop-
sies. Therefore, it is not surprising that two other studies also used the detection of 
circulating MACC1 transcripts to demonstrate the prognostic relevance of 
MACC1  in small cell lung cancer [131] and gastric cancer [132]. These studies 
confirmed the previously described reports about the increased MACC1 expression 
and correlation of MACC1 expression levels and survival in small cell lung cancer 
and gastric cancer [68, 133, 134]. Wang and colleagues analyzed the MACC1 
mRNA expression in plasma samples of 272 patients with NSCLC, 61 patients with 
benign lung disease, and 80 healthy humans by qRT-PCR [131]. There is a signifi-
cant increase in a stepwise manner of the MACC1 mRNA levels from healthy vol-
unteers over benign lung disease (P < 0.001) to NSCLC (P < 0.001) detectable. 
High MACC1 expression is an independent prognostic factor for poor overall sur-
vival and disease-free survival. For gastric cancer, several retrospective studies were 
performed, examining increased MACC1 expression in tumor tissue compared to 
normal tissue. High MACC1 expression significantly correlated with peritoneal dis-
semination [133], tumor progression, recurrence, metastasis, and mortality [68]. 
Interestingly, our group published recently the first blood-based prospective study 
about the MACC1 mRNA expression in plasma samples for diagnostic and prog-
nostic purpose in gastric cancer patients [132]. Therefore, we analyzed 76 samples 
of gastric cancer patients and 54 samples from 54 healthy volunteers for the MACC1 
mRNA expression. In all gastric cancer patients, the MACC1 expression was 
increased compared to the tumor-free control samples. High MACC1 transcript lev-
els in the plasma of gastric cancer patients correlated with poorer survival compared 
to gastric cancer patients with low MACC1 transcripts.

This noninvasive blood-based method allows for diagnostic and prognostic anal-
yses of patient plasma samples in clinical routine. Thus, even the success of curative 
therapy might be monitored over longer time with this cheap and quick method. 
Therefore, it is interesting to analyze the relevance of MACC1 not only as a 
promising prognostic marker but also as a predictive marker for therapy response.

2.3.3	 �MACC1 as Predictive Marker

The usefulness of MACC1 as diagnostic and prognostic biomarker has meanwhile 
been demonstrated in a large body of reports for many solid cancer types. However, 
there are also some reports published, demonstrating that MACC1 is of predictive 
value for therapy response. So far, reports on rectal, hepatocellular, and pancreatic 
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cancer, on glioblastoma and tongue squamous cell carcinoma, are available linking 
MACC1 to chemoresistance.

Kawamura and colleagues analyzed the expression of MACC1 and of its tran-
scriptional target c-Met in rectal cancer treated with neoadjuvant chemoradiother-
apy (CRT) followed by surgery [57]. The CRT regimen included four cycles of 
5-fluorouracil (5-FU; 600 mg/m2 for 24 h by continuous intravenous route), and 
tegafur-uracil (UFT; 400 mg/m2 orally for 5 days), concurrent with 20–45 Gy radia-
tion. First, the authors observed a positive correlation of MACC1 and c-Met by 
qRT-PCR as well as by immunohistochemistry in the patient samples. Furthermore, 
high expression of both the genes MACC1 or c-Met was associated with reduced 
relapse-free survival of the patients. The authors conclude that expression of both 
genes may be useful for predicting survival of patients with rectal cancer treated 
with preoperative CRT followed by surgery.

For advanced HCC, Yang and colleagues evaluated MACC1 for outcome predic-
tion after cryoablation therapy, which is a local therapy for HCC [135]. MACC1 
mRNA and nuclear protein expression was significantly increased in tumors of 
these patients compared to normal liver tissue controls. Higher expression of 
MACC1 mRNA and nuclear protein in tumors correlated with shorter post cryoab-
lation median time-to-progression and overall survival, compared to patients with 
low MACC1 expression. Thus, the authors summarize that in addition to the already 
described association of MACC1 with a poor prognosis of HCC, a higher intratu-
moral expression of MACC1 or nuclear translocation is predictive of poor outcomes 
of cryotherapy in these patients.

Besides these evaluations of the predictive value of MACC1  in the context of 
multimodal treatment regimens, several groups tested the impact of MACC1 to pre-
dict therapy response for defined chemotherapies. Wang and colleagues analyzed 
MACC1 protein expression in the serum of patients with pancreatic cancer by using 
a costumer-made MACC1-ELISA [87]. High MACC1 expression correlated with 
the formation of lymph node metastasis and distant metastasis, as well as a later 
TNM stage. Furthermore, they tested pancreatic cancer cell lines for chemosensitiv-
ity against gemcitabine, a cytotoxic nucleoside analogue, which is the current thera-
peutic strategy for advanced pancreatic cancer. They observed in CFPAC-1 pancreatic 
cancer cells that downregulation of MACC1 by RNA interference (RNAi) resulted in 
sensitization toward gemcitabine treatment through the inhibition of the RAS/ERK 
signaling pathway. They conclude that MACC1 is not only associated with metasta-
sis development but also with chemoresistance to gemcitabine.

Duan and colleagues investigated the impact of MACC1  in the context of 
Herceptin resistance in gastric cancer cells [99]. They used the gastric cancer cell 
lines BGC-823 and MKN-28, with ectopic MACC1 overexpression or RNAi-
mediated downregulation of MACC1. They demonstrated that cells with MACC1 
overexpression were more likely resistant to Herceptin. High MACC1 expression 
promoted the axis of FASN/ACC/ACLY expression and FASN activity (P < 0.05). 
In gastric cancer patients, stages I–IV, high FASN expression predicted more 
advanced disease, more frequent postoperative recurrence, more metastases, a 
higher mortality rate, and correlated with MACC1 expression. The proliferation 
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effect of MACC1 acting on GC was attenuated by FASN blockade with different 
schedules. Thus, the authors linked MACC1 to Herceptin resistance via activation 
of the lipogenic enzymes in gastric cancer.

Two further studies evaluated MACC1 in the context of chemoresistance to cis-
platin. Shang and colleagues determined the influence of MACC1 expression on 
cisplatin sensitivity in human U251 glioblastoma cells [136]. Knockdown of 
MACC1 by siRNA did not only reduce MACC1 expression but was also associated 
with an increase in apoptosis rate and an elevation of the growth inhibitory rate in 
these glioblastoma cells, U251 cells. After treatment with cisplatin, the apoptosis 
rate as well as the growth inhibitory rate of MACC1-silenced U251 cells increased. 
The authors summarize the link of MACC1 expression and sensitivity of glioblas-
toma cells to cisplatin chemotherapy.

Another report evaluating MACC1 for chemoresistance toward cisplatin was 
published by Li and colleagues for tongue squamous cell carcinoma [137]. The 
authors found a positive correlation of MACC1 with lymphatic metastasis, extracel-
lular matrix metalloproteinase inducer (EMMPRIN) expression, and poor overall 
patient survival. By downregulation of MACC1 in a tongue squamous cell carci-
noma cell line TSCCA, cisplatin resistance was attenuated, apoptosis was increased, 
migration and invasion were decreased, and secretion of urokinase-type plasmino-
gen activator system (uPA) in the supernatant of the culture medium and uPA 
expression was diminished.

Taken together, these first reports may hint to the use of MACC1 as a predictive 
marker for therapy response in several solid cancer types. However, the employ-
ment of MACC1 for prediction of response to entire treatment regimens or to 
defined drugs requires more experimental and clinical studies to be exploited rou-
tinely in the clinic.

2.3.4	 �MACC1 as Druggable Target

MACC1 is known to regulate survival, proliferation, apoptosis, colony formation, 
migration, invasion, EMT, and distant metastasis either by transcriptional and post-
transcriptional regulation or by means of other carcinogenic signaling axis mole-
cules. Moreover, it is shown to be overexpressed in a multitude of cancers screened 
until today and also its induced gene expression correlated with poor patient prog-
nosis [59]. MACC1 was discovered as an important transcriptional regulator of 
c-Met, which is known to induce cancer and metastasis. In addition, MACC1-based 
knock-in and knockdown studies showed that it mitigates the important carcino-
genic signaling axes, like PI3K/AKT, MAPK, and β-catenin [1, 7, 66]. These pieces 
of evidence suggest that MACC1 might be a potential druggable target.

To support this hypothesis, MACC1 knockdown studies clearly demonstrated that 
downregulation of c-Met, β-catenin, ECM remodeling genes like fibronectin, MMP2, 
MMP9, TWIST1, TWIST2, and mesenchymal phenotype markers vimentin, CD44, 
inhibition of p-AKT, p-ERK1/2 activation, and mitigating the metabolic stress, which 
are crucial pathways involved in carcinogenesis and metastasis [20, 67, 68, 87]. 
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Secondly, posttranscriptional downregulation of MACC1 by miRNAs (miR-143, 
miR-574, miR-200a, miR-218 and miR-338-3p) significantly inhibited tumorigene-
sis, tumor growth, and distant metastasis in different cancer types [16, 19–21, 138].

MACC1-overexpressing gastric cancer cell lines showed drug resistance to 
Herceptin [99]. A siRNA-MACC1-silenced glioblastoma cell line showed an 
increase in apoptosis. After treatment with cisplatin at various concentrations, the 
percentage of apoptosis significantly increased, and the rate of growth was inhibited 
in a dose-dependent manner [136]. Similarly, MACC1-silenced pancreatic cancer 
cells were more sensitive to gemcitabine [87]. Higher MACC1 and c-Met-expressing 
rectal cancer patients showed significantly worse relapse-free survival after neoad-
juvant chemoradiotherapy [57]. The effectiveness of chemotherapy is limited by 
drug resistance due to the differential expression of molecules in different patients. 
With respect to MACC1, very little is known about its role in different treatment 
methods and drug response. However, with all the above-mentioned evidence of 
MACC1’s role in tumorigenesis, metastasis, and drug resistance, it is mandatory to 
develop new MACC1-based targeting therapeutic approaches. To name a few:

	1.	 Specific MACC1 transcriptional inhibitors
	2.	 shRNA-MACC1-/miRNAs-based therapeutic approaches using miRNA mimics
	3.	 Therapeutic targeting of MACC1 domains (e.g., SH3 and proline-rich domain) 

using specific peptides
	4.	 Combinatorial therapeutic approaches involving other cancer-specific markers to 

fight MACC1-induced cancer efficiently and effectively for better treatment 
outcomes

2.4	 �Outlook

The ultimate goal in translational oncology today is the development of personal-
ized tailored interventions for inhibition or even prevention of cancer progression 
and metastasis resulting in improved patient survival. Therefore, a better under-
standing of the biological processes of tumor initiation, progression, and metastasis 
on improved prognosis and prediction, is desperately needed. However, the cur-
rently used molecular markers are not sufficient for an early identification of patients 
at high risk for tumor progression and metastasis.

This chapter summarizes the current knowledge on the prognostic and predictive 
importance for tumorigenesis as well as tumor progression including metastasis 
formation of MACC1, a newly discovered gene by our group in 2009. We were the 
first to identify MACC1 and its role as a tumor stage-independent predictor for CRC 
metastasis linked to metastasis-free survival when determined in the primary tumor 
or in patient blood. Following our initial publication, evidence was provided by 
more than 140 published reports generated by scientists around the globe. They 
confirmed our data on CRC and further solid cancer entities and concluded that 
MACC1 is a remarkable biomarker for disease prognosis and treatment response 
prediction for a variety of solid cancers.
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Furthermore, the capabilities and involvements of MACC1 in cancer biology 
are highlighted comprehensively in this chapter. The impact of MACC1 is dis-
cussed in detail for signaling cascades known to be activated in cancer, which are 
regulating MACC1 or which are regulated by this molecule. Moreover, the contri-
bution of MACC1 for biological processes such as cell proliferation and apoptosis, 
cell motility including migration, EMT, and invasion, as well as for angiogenesis 
is underlined. This knowledge, accumulated within the last 7 years, underlines the 
decisive role of this molecule in fundamental processes leading to cancer when 
deregulated.

Taken together, MACC1 represents a promising therapeutic target for preven-
tion and/or restriction of tumor progression and metastasis, as well as for tumor 
sensitization toward different treatment regimens eventually resulting in better 
response rates of a variety of tumor types. So far, no MACC1-specific inhibitors 
targeting MACC1 on the transcriptional, the translational, or the posttranslational 
levels or designed to intervene in protein-protein interactions of MACC1 with 
potential binding partners are published. However, upon availability of specific 
inhibitors targeting MACC1, their beneficial exploitation have to be demonstrated 
in clinical trials, to reach the ultimate goal of personalized tailored interventions—
improved patient survival.
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Abstract
AXL is a receptor tyrosine kinase activated by growth arrest-specific 6 (GAS6) 
or by ligand-independent homophilic and/or heterophilic interactions that regu-
late cancer cell proliferation, survival, migration, invasion, distant metastasis, the 
epithelial to mesenchymal transition (EMT), angiogenesis, and drug resistance. 
Axl belongs to the Tyro-3, AXL, and Mer (TAM) family of receptor molecules, 
known to be expressed in a number of organs and cell lines with a few exceptions 
such as lymphocytes and granulocytes. However, inappropriate Axl upregulation 
leads to uncontrolled cell growth, and its abundant expression is detected in a 
number of cancers such as colorectal and breast tumors. The transcriptional reg-
ulation of Axl is epigenetically inhibited by CpG hyper-methylation. Furthermore, 
the zinc finger transcriptional factor family members Sp1 and Sp3 are the consti-
tutive regulators of Axl. Under oncogenic conditions, AP-1 family members 
mainly enhance its expression. Moreover, an overexpression of MZF1 induces 
Axl expression and mediates the migratory and invasive behavior of cells. Axl is 
also posttranscriptionally regulated by the small noncoding tumor suppressor 
microRNAs (miRNAs) miR-34 and miR-199. A malfunction of these different 
regulatory mechanisms in controlling Axl expression can induce Axl expression 
in cancer phenotypes. In addition to aspects of its regulation, this chapter will 
cover details of Axl structure, its expression in diverse cancer entities, and its 
signaling axis in the mediation of functions related to cancer phenotypes, 
including cell proliferation, antiapoptotic effects, EMT, cancer metastasis, angio-
genesis, and drug resistance.

3.1	 �Axl Structure, Stimuli, and Expression

3.1.1	 �Discovery and Structure of Axl

Axl (also called UFO, ARK, and Tyro7) is a receptor tyrosine kinase which 
belongs to the TAM subfamily. This group comprises the three receptor tyrosine 
kinases Axl, Mer, and Tyro-3, which share a common structure. Axl was origi-
nally identified as a transforming gene in human leukemia and subsequently 
cloned and named as Axl from the Greek word “anexelekto,” meaning uncon-
trolled [1, 2]. The Axl gene is evolutionarily conserved between vertebrate spe-
cies. The amino acid sequence of Axl revealed it to be a novel type I transmembrane 
protein with an intracellular tyrosine kinase domain. This gene is ubiquitously 
expressed, being detectable in a wide variety of organs and cell lines of epithelial, 
mesenchymal, and hematopoietic origin, as well as non-transformed cells, 
although it is absent in lymphocytes and granulocytes [2]. Axl is located on chro-
mosome 19q13.1-q13.2 and yields two forms of transcripts derived through alter-
native splicing. Variant 1 encodes the full-length isoform (5014 bases), and variant 
2 (4987 bases) lacks exon 10. The protein that results from variant 2 lacks an 
internal 9-amino acid sequence; apart from this, no functional differences between 
these isoforms have yet been reported. The full-length 894-amino acid protein has 
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a mass of 140 kDa and exhibits a roughly equal distribution of amino acids on 
either side of the plasma membrane. The structure of the extracellular domain of 
Axl makes it unique among receptor tyrosine kinases because it consists of a jux-
taposition of two immunoglobulin-like repeats and two fibronectin type III repeats 
[2]. This pattern of structural elements is reminiscent of many cell adhesion mol-
ecules, and Axl has been implicated in cell–cell interactions [3]. Like other recep-
tor tyrosine kinase molecules, the intracellular signaling functions of Axl 
cytoplasmic moieties (tyrosine kinase domain) have been elucidated through the 
cloning of receptor targets (CORT) method. Tyrosine residues at 779, 821, and 
866 are active and function as docking sites for a range of intracellular tyrosine 
molecules including phosphoinositide phospholipase Cγ (PLCγ), growth factor 
receptor-bound protein 2 (GRB2), c-Src, and lymphocyte-specific protein tyro-
sine kinase (Lck) [4].

3.1.2	 �Activation of Axl Signaling

In 1995, an Axl stimulatory factor was purified from a conditioned medium of the 
Wi38 cell line and identified by N-terminal sequencing as growth arrest-specific 
gene 6 (GAS6) [5]. The 678-amino acid Gas6 protein is the latest addition to the 
vitamin K-dependent family of proteins. Gas6 shows a 43% amino acid sequence 
identity with protein S, an abundant serum protein [6]. Gas6 has the same domain 
organization as protein S: an N-terminal region containing 11 c-carboxyglutamic 
acid residues (Gla), a loop region, four EGF-like repeats, and a C-terminal sex 
hormone-binding globulin (SHBG)-like structure that is composed of two globu-
lar laminin G-like (LG) domains [7]. Several studies utilizing either site-specific 
blocking antibodies or partial protein constructs have established the SHBG 
region of both Gas6 and protein S as being the receptor-binding site. More detailed 
molecular studies revealed that the first LG domain in the Gas6 SHBG region is 
necessary for Axl binding [8]. The existence of a minimal Gas6–Axl complex, 
derived from its crystal structure, has provided a detailed view of the regions 
involved in their interactions [9]. In this complex, the two Ig-like domains of an 
Axl monomer are cross-linked by the first LG domain of a Gas6 molecule in a first 
high-affinity interaction. The lateral diffusion of such 1:1 complexes leads to 
dimerization and the formation of a circular 2:2 assembly. Two distinct sites of 
Gas6–Axl contact were revealed, one major and one minor; the minor site is con-
served only within the Axl subfamily. No direct Axl–Axl or Gas6–Gas6 contacts 
were apparent in the complex (Fig. 3.1). In the major contact site, several charged 
residues in both Axl and Gas6 were identified to form part of polar β-sheet sur-
faces which interact with each other. It is interesting that protein S does not pos-
sess a distribution of charged residues similar to that found in Gas6, which may 
explain its inability to bind to Axl. Gas6 not only binds and activates the Axl sig-
naling axis; it behaves the same way toward the other TAM family member recep-
tors, with nanomolar binding affinities (0.4, 2.7, and 29  nM) in the order 
Axl → Tyro-3 → Mer [10].
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Apart from the previously described conventional activation of the Axl signaling 
axis, other experimental models and a hypothetical model were proposed for Axl 
signaling. The first one is a ligand-independent homophilic interaction between two 
Axl monomers under overexpressed conditions in the same cell [11, 12]. Similar 
phenomena may also occur between two neighboring Axl expressing cells. The 
ligand-independent homophilic interactions were well described for Tyro-3, a TAM 
family member [13]. Axl also harbors a similar structure as Tyro-3; one could spec-
ulate that similar interactions might be possible between Axl and Tyro-3 [14]. The 
second way of signaling is new in its kind, which is a heterophilic interaction 
between two receptor signaling cascades. Binding of vascular endothelial growth 
factor A (VEGF-A) activates vascular endothelial growth factor receptor 2 
(VEGFR2), which subsequently activates the T cell-specific adaptor protein (TSAd) 
and Src family kinases (SFKs), which engage Axl at its juxtamembrane domain and 
activates signaling [15] (Fig. 3.2). Yet hypotheses about heterodimeric interactions 
between TAM family members are based purely on structural similarities and have 
yet to be demonstrated experimentally (Fig. 3.1).

The extracellular regions of several transmembrane proteins such as adhesion mol-
ecules and growth factors and cytokine receptors have been found in circulating forms 
in human plasma [16]. These soluble ectodomains are shed from the full-length pro-
tein and thereby may limit the accessibility of the cell-bound receptor to the ligand. 

cell

cell
1

2
3

4

Soluble Axl

VEGFR-2

VEGF-A
Gas6

p

p
Axl

Fig. 3.1  Models for Axl signaling axis activation: (1 and 4) Direct, ligand-independent homo-
philic or heterophilic interaction between two Axl/Tyro-3 monomers in a single cell or between 
neighboring cells. (2) Ligand-induced dimerization of Axl monomers from two 1:1 (ligand–recep-
tor) complexes to one 2:2 (2 ligand–receptor) complex. (3) Activation of VEGFR activates the Axl 
intracellular tyrosine kinase. (4) Hypothetical model for interaction between two Axl monomers 
on neighboring cells
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Therefore they may represent an important posttranslational mechanism for control-
ling ligand efficacy under certain clinical conditions. The soluble Axl ectodomain is 
released as a result of proteolytic cleavage in conditioned media of various cell lines 
[17, 18]. A mouse Axl ectodomain was detected in tumor cell and dendritic cell 
medium and in serum. It has been suggested that proteolytic cleavage through the 
disintegrin-like metalloproteinase ADAM 10 is involved in its generation [19]. 
Furthermore, a significant amount of soluble Axl, but not Tyro-3 or Mer, was found to 
be in complex with Gas6 in mouse serum [19]. These observations indicate the poten-
tial value of investigating the presence of soluble Axl ectodomain in human plasma. 
The detection and quantitation of plasma Axl might reflect an altered regulation of 
Gas6–Axl system components under various clinical conditions and may therefore be 
of diagnostic value. In conclusion, the soluble form of Axl could reduce Axl signal-
ing-mediated cancer phenotypes by depleting the availability of Gas6 (Fig. 3.1).

3.1.3	 �Axl Is Upregulated in Cancer

After the identification of Axl and structural and function determinations establish-
ing it as a receptor tyrosine kinase and transforming gene, a number of screens have 
been carried out to detect its presence in a number of normal and cancer cell lines 
and resected patient tumor specimens. These studies have demonstrated that Axl is 
overexpressed in several cancer entities (Table 3.1). Furthermore, it has been shown 
that Axl is overexpressed in most cancer cell lines such as non-small cell lung can-
cer (NSCLC), breast cancer (BRC), and colorectal cancer (CRC), and its expression 
positively correlates with cell adhesion or invasive potential [18, 36, 37]. Increased 
Axl expression in cancer entities positively correlated with the cancer progression 
and poor prognosis and has also been identified as a potential druggable target in 
patient treatment.

Axl

VEGFR-2

VEGF-A

ERK

TSAd

SFK

Y-774p

p Y-815
PI3K/AKT

Fig. 3.2  Vascular endothelial growth factor (VEGF) signaling axis activates Axl pathway. VEGF-A 
activates several intracellular events that includes VEGFR2. This indeed activates TSAd, further 
SFK, which engages Axl and activates the Axl-mediated PI3K/AKT pathway (without Axl ligand 
binding or homophilic intracations). TSAd T cell-specific adaptor protein, SFK Src family kinase
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3.2	 �Axl-Mediated Hallmarks of Cancer

3.2.1	 �Axl Signaling in Cell Proliferation

Cell proliferation is a normal physiological process which occurs in all types of 
cells and organs. Under normal physiological circumstances, cell proliferation is 
tightly controlled. Changes at cellular, genetic, and/or epigenetic levels lead to a 
reprogramming in which cell proliferation occurs and may result in uncontrolled 
cell division. Janssen et al. were the first to report that Axl is a transforming and 
cell-proliferating gene under induced expression conditions [1]. After this initial 
report, studies in more cancer entities buttressed a functional role for Axl in induc-
ing cell proliferation. Varnum et al. identified Gas6 as a stimulus of an Axl signaling 
axis which mediates mouse fibroblast cell transformation and increased prolifera-
tion [5]. Before the identification of Gas6 as an Axl ligand, a study with interleukin-
3-dependent 32D cells using a chimeric receptor containing the recombinant 
epidermal growth factor (EGF) receptor extracellular and transmembrane domains 
and the Axl kinase domain showed that PI3K is dispensable for Ras/ERK-mediated 

Table 3.1  Axl expression is increased in different human cancers when compared to respective 
healthy specimens

Tumor entity
Sample 
size Method

Correlations with clinical 
parameters References

Colon 17 and 
223

WB, IHC, 
RT-PCR

Potential marker for cancer 
progression and an oncotarget

[20–22]

Gastric 96 IHC Poor prognosis [23]

Breast 569 RT-PCR Lymphovascular invasion [24]

Lung 88 RT-PCR, 
IHC

Worse clinicopathological 
features and prognosis

[25]

Thyroid 27 IHC Cancer progression [26]

Liver 137 IHC Lymph node metastasis [27]

Prostate 96 RT-PCR Cancer progression [28]

Osteosarcoma 62 IHC Poor prognosis [29]

Renal Cell 221 ELISA Cancer progression [30]

Glioma 121 RT-PCR, 
IHC

Poor prognosis [31]

Leukemia

Myeloid 112 RT-PCR, 
WB

Poor prognosis [32]

Chronic 
Lymphocytic

22 WB Unique target molecule for 
treatment

[33]

Ovarian 72 RT-PCR, 
IHC

Poor prognosis [34]

Esophageal 92 IHC Cancer progression [35]

IHC immunohistochemistry, IFC immunofluorescence, RT-PCR real-time polymerase chain reac-
tion, WB Western blot, ELISA enzyme-linked immunosorbent assay, TMA tissue microarrays
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cell proliferation and also that different threshold levels are needed for Ras/ERK 
activation. This study gives a demonstration that different extracellular domains 
dramatically alter the intracellular responses of receptor kinases to different stimuli, 
and this is especially true for Axl [38]. Later studies with different cell types 
revealed that the Ras/ERK pathway contributes to Axl-mediated cell survival [39]. 
In addition to mechanisms involving Gas6 activation, the induction of Axl expres-
sion can stimulate progression through the cell cycle and the division of NIH3T3 
cells through the mitogen-activated protein kinase (MAPK) pathway [40]. 
Depending on the availability of Gas6 ligand and Axl protein in various cell types, 
this means that the MAPK/ERK pathway might be important in Gas6/Axl-mediated 
cell signaling in some contexts [41].

Apart from the MAPK/ERK pathway, many Axl-mediated downstream path-
ways have been linked to PI3K/AKT and the ribosomal protein S6 kinase (S6K)-
mediated signaling. Goruppi et al. used specific PI3K and S6K inhibitors to show 
that these two kinases are essential mediators in Gas6/Axl-mediated cell prolifera-
tion (Fig. 3.3). Studies involved pretreatments of serum-started NIH3T3 cells with 
the specific PI3K inhibitor Wortmannin and S6K inhibitor rapamycin before 

EMT Proliferation, Migration Cell Survival

Axl

TWIST 

PI3-kinase

S6K, Bad, NF-kB
MAP-kinase

Ras

Grb2

AKT

Caspase 3

Angiogenesis

NF-kB

Axl

p
p
p

p
p
p

Gas6

Fig. 3.3  Axl signaling axis: Activation of different intracellular molecules, mediating cell prolif-
eration, survival, migration, invasion, metastasis, EMT, and angiogenesis (red upward arrow: 
Gas6/Axl signaling activates the transcriptional regulation of the gene) (color figure online)
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stimulation with Gas6. Wortmannin treatment leads to a significant inhibition of the 
Gas 6-induced S-phase entry of cells. The previously described Gas6/Axl-mediated 
activation of MAPK was also abolished with this treatment. Moreover, rapamycin 
treatment abrogated Gas6-induced S6K activation, leading to an inhibition of cell 
proliferation. While Axl does not appear to directly bind Src, Gas6 activation none-
theless induced the phosphorylation of Src in serum-starved NIH3T3 cells [42]. 
These studies clearly demonstrated a role for the Gas6/Axl-mediated signaling axis 
as an inducer of cell proliferation through distinct intermediary molecules including 
PI3K, Ras/ERK, and Src.

3.2.2	 �Antiapoptotic Functions of Axl Signaling

Under normal physiological conditions, most cells generally undergo programmed 
cell death events (apoptosis) to control cell growth or remove damaged cells from 
multicellular organisms. Studies with the interleukin-3-dependent 32D cell line first 
demonstrated that Gas6/Axl signaling reduced the induction of apoptosis [38]. Even 
in the absence of a stimulus, the overexpression of Axl alone increased cell prolif-
eration and protected NIH3T3 cells from cell death under serum-starved conditions 
[40]. A treatment of primary chondrocytes that overexpressed Axl with Gas6 
resulted in increased survival in colony formation assays [43]. The binding of PI3K 
led to Axl activation and triggered multiple downstream pathways and increased 
cell survival [42]. Bellosta et al. used fibroblasts from Axl knockout mice in a fur-
ther demonstration of the antiapoptotic activities of Axl. Serum-starved Axl knock-
out cells showed increased levels of apoptosis which could not even be rescued by 
the addition of Gas6. In addition, Axl protected these fibroblast cells from apoptosis 
even after treatment with TNF alpha or an overexpression of c-Myc [39]. These 
initial reports revealed that Gas6/Axl has antiapoptotic signaling functions both 
in vitro and in vivo.

The expression of Ark, the mouse homologue of Axl, was detected in Gn10 GnRH 
cells derived from migrating tumors in olfactory cells, but not in GT1-7 cells derived 
from the post-migratory tumor in the forebrain. Comparatively in these lines, Gn10 
are more resistant to serum-stimulated apoptosis. Gas6/Axl signaling activated the 
PI3K and ERK pathways in Gn10 cells, and the effects were blocked by the ERK-
specific inhibitor PD98059 and PI3K inhibitor Wortmannin [41]. Gas6/Axl signaling 
similarly induced antiapoptotic effects in human umbilical vein endothelial cells and 
human pulmonary artery endothelial cells [44, 45]. Further its shown that Gas6/Axl 
mediated antiapoptotic signaling is mediated through AKT activation [46]. These 
studies reveal a clear and general role for antiapoptotic processes mediated by Gas6/
Axl in different cells under conditions of Axl overexpression.

Nuclear factor kappa B (NF-κB) is known to translocate into the nucleus upon 
activation of the PI3K/AKT cell survival pathway. Under normal conditions, NF-κB 
is found in the cytoplasm as a homodimer or a heterodimer including members of a 
family of structurally related proteins. Five members of the family have been identi-
fied: RelA (p65), RelB, cRel, NF-κB1 (p50/p105), and NF-κB2 (p52/p100). All are 
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inactive in association with inhibitory proteins of the IκB family (IκBα, β, ε, and 
Bcl3) or as precursors of NF-κB1 (p105) and NF-κB2 (p100), whose nuclear local-
ization signals are masked until they are further processed. Upon stimulation, the 
inhibitors IκB and p105 are activated, a process which triggers their proteolytic 
degradation via the ubiquitin-proteasome pathway. This leaves activated forms of 
NF-κB that can translocate to the nucleus and induce the transcriptional regulation 
of antiapoptotic genes like BCl-XL and BCL2 [47, 48]. Demarchi et  al. showed 
NF-κB as one of the key downstream molecules in mediating the Gas6/Axl signal-
ing antiapoptotic property. As described above, Gas6 stimulation increased the 
nuclear translocation of active NF-κB and its binding to BCl-XL promoter and 
induced the BCl-XL expression in serum-starved NIH3T3 cells [49]. These authors 
also observed glycogen synthase kinase 3 (GSK3) activation, which is known to 
induce cell proliferation and antiapoptotic functions [50]. A similar functional role 
of NF-κB was shown under the Gas6/Axl signaling axis in endothelial cells. Gas6 
treatment led to the activation of AKT and NF-κB and increased the expression of 
the antiapoptotic gene BCL2—one mechanism by which Axl-stimulated pathways 
protect cells from apoptosis. The treatment had the supportive effect of decreasing 
the expression of the caspase 3 activation products p12 and p20 [51], which are 
proapoptotic. In vascular smooth muscle cells, Son et  al. showed that Gas6/Axl 
signaling inhibited the function of the proapoptotic molecules BAD and caspase 3 
[52]. An shRNA-mediated Axl knockdown in NSCLC cell lines showed increases 
of apoptosis over controls [53]. In OE33 and OE19 esophageal cancer cells, Axl 
overexpression attenuated cellular and molecular markers of apoptosis induced by 
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). In support of this 
finding, Axl knockdown FLO-1 cells were sensitive to TRAIL-induced apoptosis. 
However, another mechanism seemed to be involved: Axl expression did not alter 
DR4 or DR5 expression, but associations of Axl with DR5 were detected. This 
blocked the recruitment of caspase 8 to the death-inducing signaling complex. This 
confirms that Axl mediates TRAIL-induced apoptosis by mitigating the death-
inducing signaling complex [54].

All of these studies provide clear evidence for the importance of Gas6/Axl sig-
naling or Axl hemophilic activation through an increased activity of downstream 
signaling pathways (PI3K/AKT, MAPK, GSK3, TRAIL) and specific molecules 
(NF-κB, BAD, BCl-XL, BCL2) that are involved in cell survival/antiapoptosis in a 
range of cell types.

3.2.3	 �Axl Signaling Induces Angiogenesis

Angiogenesis is important in sustaining tumor growth and survival. A tumor mass 
stimulates the formation of new blood vessels to permit tumor expansion, local 
invasion, and metastasis and mainly to deliver oxygen, nutrients, and survival and 
growth factors. Several factors are known to be important for angiogenesis, includ-
ing the vascular endothelial growth factor receptor (VEGFR) and corresponding 
receptor-associated signaling that promotes endothelial proliferation and migration. 
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Other angiogenesis regulators include EGF-like domain-containing protein 7 
(EGFL7) and alpha-5 beta-1 (α5β1) integrin, which contribute to the formation of 
new blood vessels. Angiogenesis processes have been further extrapolated through 
studies of interactions between endothelial cell interactions and the extracellular 
matrix [55–58].

A functional role for Axl in vasculature was first demonstrated by O’Donnell 
et  al. [45]. Axl expression was detectable in capillary endothelium, in vascular 
smooth muscle cells of arterioles and veins, and in a subset of synovial cells in the 
synovial tissue of a patient suffering from rheumatoid arthritis (RA), a disease 
whose key features are abnormalities in angiogenesis and synovial cell hyperplasia. 
In vitro studies showed that Gas6/Axl signaling protected human umbilical vein 
endothelial cells (HUVECs) from tumor necrosis factor alpha (TNFα)-mediated 
cytotoxicity [45]. The hint that Axl might be involved in angiogenesis came from 
observing its high expression in vascular cells.

This role was confirmed by Axl gain- or loss-of-function experiments in vitro 
and in  vivo. Axl antisense screening reduced the proliferation of HUVECs and 
their directed migration to vitronectin haptotaxis. Furthermore, in co-culture 
branching morphogenesis/tube formation VGFR-dependent assays, HUVEC/pri-
mary pulmonary artery smooth muscle cells showed a functional role for Axl in 
angiogenesis. Knockdowns of Axl mitigated tube formation, fiber length, and 
branching, which are main functional events in endothelial tube morphogenesis. 
Similar results were pronounced in an SCID mouse angiogenesis model. shRNA-
Axl- and shRNA-VEGFR2-silenced HUVECs were mixed with Matrigel, seeded 
into poly-L-lactic acid scaffolds and subsequently implanted into SCID mice. 
After 14 days, a significant reduction in human Tie2 expression levels was observed 
in both shRNA-Axl and shRNA-VEGFR2 cells, which indicates a role for Axl in 
neovascularization [59]. Similarly, Axl-siRNA-silencing reduced the expression of 
Dickkopf-homologue 3 (DKK3) and Tie2, which play a role in tube formation. 
However, silencing these two genes had no effect on Axl expression in HUVECs. 
Anti-VEGF treatment attenuated the reduction of tube formation introduced by 
siRNA-Axl or siRNA-DKK3 [60]. Implanting cells that stably expressed Axl-
dominant negative constructs in nude mice using the dorsal skinfold chamber 
model demonstrated that Axl-dominant negative-expressing cells reduced the den-
sity and diameter of tumor vessels to a degree comparable to that of Axl wild-type-
expressing cells [12].

Angiogenesis is promoted by high levels of lactate, which are also essential for 
wound healing and tumorigenesis. Lactate activates the PI3K/AKT pathway in pri-
mary human endothelial cells and is essential for their organization into tubes, as 
well as for vessel formation in mouse aortic explants. This activation is mediated by 
the ligand-mediated activation of the three receptor tyrosine kinases Axl, Tie2, and 
VEGF receptor 2 and has been confirmed through pharmacological inhibitions of 
their kinase activity or by suppressing their expression [61]. VEGF-A generally 
activates a series of intracellular events through the activation of VEGFR2 and sub-
sequent downstream molecules such as Src family kinase (SFK) in a T cell-specific 
adaptor protein (TSAd)-dependent manner. It is also known that VEGFR2 activates 
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the PI3K/AKT pathway in endothelial cells. An interesting and novel aspect of 
these findings is that activated SFKs engage Axl via its JM domain and thereby 
promote autophosphorylation at Y773 and Y815  in the absence of any external 
mediated activation of Axl. The activated tyrosine residues within the optimal motif 
bind to the SH2 domains of p85, and this further activates PI3K, which produces 
lipids that are essential for the activation of AKT [15]. This is one of the most 
important aspects of the Axl signaling, responding for other receptor signaling 
through intracellular kinase domain activation, without its receptor or ligand 
(Figs. 3.2 and 3.3). These studies clearly demonstrate that Axl has a signaling func-
tion in angiogenesis and by consequence a role in the angiogenic mechanisms 
related to metastases.

3.2.4	 �Axl Signaling Induces Epithelial–Mesenchymal Transition

Epithelial–mesenchymal transition (EMT) is a process whereby epithelial cells lose 
their cell polarity and cell–cell adhesion and gain migratory and invasive properties 
to become mesenchymal stem cells. As cells undergo EMT, they gain increased 
resistance to apoptosis and alter their production of extracellular matrix (ECM) 
components and ECM-degrading enzymes. The switch that occurs in EMT initia-
tion is also accompanied by changes in a number of key molecules including the 
expression and activity of specific transcription factors and specific cell-surface pro-
teins, a reorganization and expression of cytoskeletal proteins, and changes in 
microRNA expression patterns [62]. Kalluri et  al. provided a summary of many 
genes that function as EMT markers, including key transcriptional regulators such 
as Snail, Slug, and Twist, in a recent review [62].

A role for Axl functions in EMT in pancreatic cancer was first demonstrated 
[63]. This work showed that shRNA-Axl silencing in MIAPaCa-2 cells led to a 
significant reduction in signaling in MAPK/ERK and PI3K/AKT pathways. It also 
revealed a significant downregulation in the major transcriptional factors that initi-
ate the mesenchymal switch: Snail, Slug, and Twist [63]. Interestingly, the overex-
pression of these three factors in immortalized mammary epithelial cells enhances 
Axl expression and autocrine signaling loop with Gas6 ligand (Fig. 3.3). This also 
enhanced the expression of the mesenchymal markers N-cadherin and vimentin and 
reduced the expression of the epithelial markers E-cadherin and β-catenin. In paral-
lel, shRNA-Axl silencing in highly metastatic breast cancer cells MDA-MB-231 
reduced the threshold of mesenchymal-like features and mediated cancer progres-
sion events [64, 65]. Another study showed that EMT induced by Slug and H-Ras is 
mediated through Axl via vimentin in breast cancer cells [66]. Furthermore, Axl 
expression positively correlated with the vimentin expression in EGFR-mutant 
NSCLC tumors in  vivo [67]. This evidence confirms increased Axl expression 
induction by mesenchymal cells and that its expression is induced by the mesenchy-
mal transcriptional factors Slug, Snail, and Twist through vimentin.

Axl is posttranscriptionally downregulated by the tumor suppressor and EMT 
inhibitor miRNA miR-34a [36, 68]. miR-34a is also known to downregulate other 
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EMT-inducing genes including axin-like protein (AXIN2), carbonic anhydrase 9 
(CA9), C-X-C motif chemokine 10 (CXCL10), FOS-like antigen 1 (FOSL1), fucos-
yltransferase 8 (FUT8), growth arrest-specific protein 1 (GAS1), Kruppel-like fac-
tor 6 (KLF6), and podocalyxin-like protein 1 (PODXL) [68]. As discussed above, 
Gas6/Axl signaling activates the AKT and NF-κB signaling cascades, which are 
known to induce the EMT phenotype in a range of cancers.

3.2.5	 �Axl Signaling in Cancer Metastasis

In 2012 the World Health Organization (WHO) registered more than 8.2 million 
cancer-related death cases mainly lung, liver, stomach, colorectal, breast, and esoph-
ageal cancer. More than 90% of these cancer-related deaths are due to cancer metas-
tasis, which is induced by a loss of the normal self-control of signaling cascades [69]. 
Cancer metastasis is a multistep process accompanied by a number of changes in 
morphology and molecular functions. The way cancer cells spread from a primary 
site to different local or distant organs in a patient depends on the tumor type. This 
process begins after gaining self-sustainability at the tumor site through angiogenesis 
and extracellular degradation and a gain in migratory properties, followed by the 
steps of migration, local invasion, intravasation, and transport through the circulatory 
system to different organs, extravasation, and formation as micrometastasis or mac-
rometastasis, which require local angiogenesis for establishment [69, 70].

Axl is capable of inducing all aspects of cancer metastasis events including 
migration, invasion, angiogenesis, and EMT in different cancer entities. An overex-
pression of Axl has been reported using differential display PCR methods in the 
highly metastasizing prostate cancer cell line DU145 [71]. However, for the first 
time, the role of Axl in terms of cancer metastasis, explained through adenovirus 
type V E1A protein (E1A), is known to reverse the transformed phenotype, to inhibit 
metastasis, and to induce apoptosis. Overexpression of E1A inhibited the expres-
sion of Axl and prevented the Gas6/Axl signaling axis which induces signaling cas-
cades required for cell survival, including AKT and NF-κB; it also inactivated or 
downregulated apoptosis-inducing genes such as BAD and Fas-ligand, thus inhibit-
ing cancer progression [72]. Nakano et al. derived low and highly metastatic cell 
lines from highly metastatic cell lines through the dilution plating method [73]. A 
cDNA array analysis by the authors revealed that five genes, including Axl, were 
significantly upregulated in highly metastatic cell lines compared to the lines with 
low metastatic activity. Similarly, suppression subtractive hybridization screening 
of lung cancer cell lines revealed an induction of Axl expression in the highly meta-
static cell line PLA-801D compared to the low metastatic cell line PLA-801C [74]. 
Axl overexpression induced the expression of matrix metalloproteinase 9 (MMP-9) 
and activated the ERK pathway, enhanced the transactivation of NF-κB, and induced 
the translocation of brahma-related gene 1 (Brg-1) to the nucleus. Axl-mediated 
MMP-9 expression and the invasiveness of cancer cells were also significantly 
inhibited by interfering with the pathway: either through a dominant negative over-
expression of ERK, IkB, or Brg-1 or a specific inhibition of ERK and NF-κB [75].
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Axl staining was positive in 54% of pancreatic cancer specimens and signifi-
cantly associated with lymph node metastases. Here, too, a specific inhibition of the 
ERK and P13K/AKT pathway showed a loss of Axl function in in vitro studies. Axl 
silencing decreased the amount of the GTPase proteins Rho and Rac and mirrored 
the migration and invasion of MIAPaCa-2 cells [63]. Even a dominant negative 
inhibition of just the Axl kinase domain activity had similar effects by inhibiting 
tumor cell invasion in fetal rat brain aggregates [12]. Similarly, inhibition of Axl 
expression and/or functions inhibited cell migrations, invasions, and distant metas-
tasis to the lung in an orthotopic breast cancer model [60, 64].

Interfering with other molecules functionally associated with Axl has similar effects 
in multipole cancers. Yes-associated protein 1 (YAP1) plays a major role in tumorigen-
esis and tumor progression in multiple cancers. A shRNA-YAP1-mediated knockdown 
of YAP1 significantly inhibited the expression of Axl, the proliferating cell nuclear 
antigen (PCNA), and MMP-9 and mediated the invasive potential of LAC A549 and 
GAC SGC-7901 cell lines [76]. In clear cell renal cell carcinoma (ccRCC), Rankin 
et  al. demonstrated cross talk between von Hippel–Lindau/hypoxia-inducible tran-
scription factor (HIF) and Gas6/Axl signaling [77]. HIF1 and HIF2 transactivate Axl 
expression by binding the hypoxia-response element in the Axl proximal promoter. In 
parallel, the authors determined that Gas6/Axl signaling uses lateral activation of met 
proto-oncogene (MET) through SRC to maximize cellular invasion abilities [77]. 
Similarly, Axl activates transforming growth factor-β (TGF-β) signaling and the tumor 
progression events it mediates in hepatocellular carcinoma (HCC) [78, 79].

Myeloid zinc finger 1 (MZF1) is a transcription factor known to induce cell pro-
liferation, antiapoptotic properties, and transformation of cells. siRNA-MZF1 
silencing reduced the number of tumors and prolonged the time it took them to form 
[80–82]. The overexpression of MZF1 induced migration and invasion by inducing 
Axl expression in colorectal and cervical cancer cell lines. Furthermore, an in vivo 
chicken embryo metastasis assay showed that the overexpression of MZF1 induced 
tumor growth and the formation of distant metastases in an Axl-dependent manner. 
A positive correlation was found between Axl and MZF1 expression in colorectal 
cancer tumor specimens [22].

Axl is transcriptionally induced by AP-1 family members through the MAPK 
pathway, under oncogenically stimulated conditions [83]. As described above, the 
MAPK/ERK pathways are one of the key downstream pathways activated by differ-
ent oncogenic stimuli-like phorbol esters, which activates the AP-1 family. 
Interestingly, the invasive capacity of a panel of NSCLC, breast cancer, and CRC 
cells correlated positively with Axl mRNA and protein expression [36]. Less inva-
sive cells, on the other hand, exhibited low levels of Axl expression due to epigen-
etic regulation [84]. Additionally, the Axl posttranscriptional regulators miR-34 and 
miR-199 significantly reduced Axl-mediated migration, invasion, and distant 
metastasis in NSCLC, BRC, and CRC cell lines. miR-34 and miR-199 expression 
negatively correlated with Axl expression in NSCLC patient tumor specimens as 
compared with levels in normal specimens [36].

Further evidence that Axl is an important cancer-inducing receptor tyrosine 
kinase comes from loss- or gain-of-function studies of key molecules in the 
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pathway, including Axl and its transcriptional or posttranscriptional regulators. 
Studies based on a range of drugs that specifically inhibited the functions of Axl, or 
are in combination with other relevant molecules such as VEGFR- and EGFR-
specific inhibitors, have supported this finding [85–90].

3.2.6	 �Axl in Cancer Stemness

Cancer stem cells (CSC) can be divided into types that divide or differentiate rap-
idly; others develop into mature cells without any further divisions. Two explana-
tions have been offered. The first (cancer stem cell theory) is a more systematic 
model proposing that cells divide and feed tumor growth with self-renewal ability. 
These cells divide certain number of times and then differentiate as specialized 
mature tumor cells. The second (stochastic) model proposes that each cancer cell 
possesses the same potential to self-renewal and differentiate [91–97]. Till today, a 
number of cancer stem cell markers were reported generally as well as cancer entity 
specific [98].

Ahtiainen et  al. reported Axl CSC functional properties in breast cancer cell 
lines. The authors checked the innate immunity to oncolytic adenovirus Ad5/3-
Delta24 in conventional treatment-resistant, non-cancer-initiating cells (CIC) with 
CD44+/CD24−/low population and normal breast tissue CD44+/CD24−/low stem cells. 
Under these conditions, the authors observed that normal breast tissue cells have 
intact type I INF signaling compared to the breast cancer CIC CD44+/CD24−/low 
population, which showed dysregulated innate immune response due to the dys-
functional virus recognition caused by impaired trafficking of Toll-like receptors 
(TLR) 9 and cofactor MyD88 and the absence of TLR2, having a deleterious impact 
on TLR pattern recognition receptor signaling. Further, they increased inhibitory 
signaling via the suppression of cytokine signaling of Axl/Tyro-3 and Mer. The 
presence of these CIC stem cells has been put forward as an explanation for the 
resistance of relapsed or metastatic cancers to treatments [99]. CD44 and ALDH1 
are known and well characterized CSC markers for many cancer entities. shRNA-
Axl silencing significantly altered the expression of intercellular junction molecules 
increasing cell–cell adhesion with downregulation of Wnt and TGFβR signaling 
and negatively correlated with CD44 and ALDH1 expression in squamous cell car-
cinoma (SCC) cell lines [100]. Specific inhibition of Axl with amuvatinib inhibited 
the breast cancer stem cell self-renewal and restored chemosensitivity for the drug 
[101]. Further studies showed that the overexpression of Axl and CD44+ positively 
correlated with drug resistance against metformin and imatinib [102, 103].

3.3	 �Axl as Regulator of Drug Resistance in Cancer

Resistance to chemo and molecular targeted therapies is a major problem in present 
cancer treatments, which has stimulated research into the mechanisms that cause 
resistance and strategies to overcome them. Drug resistance can be divided into two 
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types. One is intrinsic (an inbuilt system that arises in a cancer mass or cells due to 
the molecules that are expressed or genetic modifications that it has experienced). 
The second is acquired resistance, which is a change in the molecular profiles of 
cells or the tumor mass that has been stimulated by the treatment itself [104]. A 
number of studies have reported that Axl-induced expression increases drug resis-
tance in different cancer entities.

Macleod et  al. developed an ovarian carcinoma cell line that was resistant to 
20-fold dosages of cisplatin (PE01CDDP) by exposing the parental cell line PE01 to 
increasing concentrations of cisplatin. Under these conditions, Axl is overexpressed 
2.9 times in the resistant cell line compared to the original parental cell line PE01 
[105]. Cisplatin is used as a first-line treatment for esophageal adenocarcinoma 
(EAC), known for a high rate of chemotherapy resistance and poor outcome. 
Inducing Axl expression increased the IC50 value twofold and increased cell survival 
threefold. The inhibition of Axl expression reduced the cell survival twofold when 
treated with cisplatin. Cisplatin is known to activate endogenous p73β and increase 
expression of p-c-ABL(Y412) and p-p73β(Y99). In general, this molecular mecha-
nism plays a role in inducing apoptosis, which is blocked by Axl expression [106]. 
Kurokawa et al. reported that acquired resistance to cisplatin is due to the EMT-like 
changes that Axl induces in NSCLC cells [107]. Bladder cancer cell line and patient 
derived xenografts after treatment with PI3K/mTOR (PF-04691502) and MEK 
(PD-0325901)-specific inhibitors reduced tumor growth and decreased the secre-
tion of the vascular endothelial growth factor. However, this increased Axl expres-
sion [108]. Another study based on NSCLC cells confirmed Axl’s role in acquired 
resistance under treatment with drugs like cisplatin [109].

R428 is a selective, small molecule inhibitor of Axl that blocks its catalytic and 
precancerous activities. R428 treatment reduced Axl-induced AKT phosphoryla-
tion, cancer cell invasion, angiogenesis, and the production of pro-inflammatory 
cytokines. It also reduced the expression of the cytokine granulocyte macrophage 
colony-stimulating factor and Snail in a dosage-dependent manner. Interestingly, 
using R428 to inhibit Axl-mediated cellular and molecular functions during cispla-
tin treatments achieved an enhanced suppression of liver metastases [110]. Axl 
knockdowns in RAC cell lines reduced migration, invasion, and in vivo engraft-
ment, accompanied by a downregulation in the activity of the Ral GTPase proteins 
(RalA and RalB). Similar effects were obtained using an A428 inhibitor. Blocking 
Axl functions also abrogated the phosphorylation of ERBB2 (Her-2/neu) at the 
Tyr877 residue, which reveals the cross-functional effects of R428 on different 
receptor signaling axes [35].

Induced EGFR expression has been associated with the development of head and 
neck cancer (HNC) and a poor prognosis for patients. Clinical trials based on the 
EGFR inhibitor erlotinib were not successful in HNC patients. Glies et al. devel-
oped a cell line, which is resistant to erlotinib. Compared to the parental cell line, 
the HN5-erlotinib resistant cell line exhibited an EMT phenotype and affected 
migrations. Surprisingly, Axl exhibited a higher degree of phosphorylation in this 
line [68]. Similarly, cases of NSCLC with activating mutations of EGFR respond to 
EGFR-targeted tyrosine kinase inhibitors such as erlotinib, but the sensitivity is 
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short and these cells acquire resistance to the drug. These resistant cells are charac-
terized by an increased activation of Axl and EMT [67]. Specifically inhibiting Axl 
with R428 induced the cells to become sensitive to erlotinib treatment [68], suggest-
ing that the expression or activation of Axl might be the cause of resistance in the 
patient’s samples. Another study demonstrated that inhibiting Axl activity increased 
the sensitivity of head and neck squamous cell carcinoma to chemotherapy, cetux-
imab, and radiation [111]. Axl is upregulated in metformin resistant prostate cancer 
cell lines and inhibits Axl with R428 sensitized the cells to metformin treatment 
[102]. In support of these findings, it has been shown that Axl expression is increased 
in myeloid leukemia cell lines and also Gas6/Axl signaling for chemotherapy. The 
cells also exhibited increased Bcl-2 and Twist expression [112]. More evidence of 
Axl’s role in cancer stemness comes from the different responses of metastasized 
lesions to small molecule inhibitors. R428 effectively inhibited liver and lung 
metastasic lesions more effectively than when applied to peritoneal metastasis-
derived cells [113].

An overexpression of Axl was also found in HER2-positive and estrogen recep-
tor (ER)-positive lapatinib-resistant breast cancer clones derived from lapatinib-
sensitive BT474 cells by chronic exposure to lapatinib. The authors found that Axl 
overexpression is the cause for this drug resistance; treatment with foretinib (a mul-
tikinase inhibitor of Axl, MET, and VEGFR) restores the sensitivity of these cells to 
lapatinib [114]. Metastatic renal cell carcinoma (RCC) patients show high rates of 
resistance to antiangiogenic therapy. To understand this, Zhou et al. generated RCC 
cell lines with resistance to sunitinib (an antiangiogenic small molecule). Gene pro-
filing assays revealed an upregulation and activation of Axl, MET, and EMT genes. 
Angiogenesis was also enhanced by co-culturing RCC with human umbilical vein 
endothelial cells. Further, the authors stained tissues from the RCC patients that had 
been treated with sunitinib, which revealed that Axl and MET are mediators of suni-
tinib resistance. Pretreatments with specific inhibitors of Axl and MET or a suppres-
sion of these genes inhibited the metastatic behavior of RCC cell lines and rescued 
the acquired resistance to sunitinib in a xenograft model [115]. Similarly, Axl 
knockdown in glioblastoma cell lines led to higher sunitinib sensitivity, reduced 
migration, and increased apoptosis [116]. Many other studies have confirmed the 
importance of Axl expression and its activated signaling in drug resistance. All of 
this evidence clearly demonstrates that Axl pays an important role in drug resistance 
and acquired resistance in different treatment strategies.

�Conclusions

Axl is known to be overexpressed in a number of cancer entities and induces 
cell survival, proliferation, antiapoptosis, colony formation, migration, inva-
sion, EMT, and distant metastasis formation. These hallmarks of cancer can be 
mediated either through the overexpression of Axl or Gas6 stimulation, through 
their different effects on cancer-associated signaling cascades. Moreover, Axl 
overexpression is associated with poor patient survival in several cancer enti-
ties. Drug resistance is a major problem in cancer therapies, and Axl is known 
for inducing drug resistance and cancer stemness. A number of gain- or loss-
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of-function experiments have demonstrated that Axl has potential as a drug-
gable target both in  vitro and in  vivo. The expression status of Axl and 
availability of its ligand Gas6 play major roles in Axl-mediated signaling. As 
discussed above, under normal conditions, the regulation of Axl at transcrip-
tional and posttranscriptional stages is tightly controlled. However, during can-
cer progression, Axl expression is induced in cancer cell lines and tissues 
through a loss of regulation. The inhibition of Axl expression—either through 
inhibitors at the transcriptional level or miRs at the posttranscriptional level—
would control its expression. A second way to inhibit Axl-mediated cancer 
progression and metastasis would be to block Axl signaling either at its Gas6 
binding site and/or through active intracellular motifs and specific inhibitors. 
This would inhibit cross talk signaling between Axl and enhance other signal-
ing cascades such as VEGFR2 receptor tyrosine molecules. Recent advances in 
technology and research into cancer genotypes have thus produced an enor-
mous amount of data on Axl and its effects and are encouraging signs that a 
personalized approach based on Axl might be an effective way to treat patients. 
All of this evidences the importance of Axl as a potential therapeutic target for 
mitigating many of the hallmarks of cancer.
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4Insulin Signaling Linking Metabolism 
and Malignancy

Sonja M. Kessler and Alexandra K. Kiemer

Abstract
Dysregulation of insulin/insulin-like growth factor (IGF) pathways is a major 
feature of both the metabolic syndrome (MetS) and cancer. This chapter explains 
the molecular events linking MetS to carcinogenesis, thereby focusing on the 
insulin/IGF signaling. Specific differences in receptor expression, ligand affinity, 
and substrate activation enabling differential signaling of insulin and IGFs are 
summarized.
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4.1	 �Introduction

Both the metabolic syndrome (MetS) and cancer constitute a growing health prob-
lem worldwide. In the last decades, MetS as a risk factor for cancer has become 
apparent [1]. The MetS is a cluster of risk factors for both cardiovascular disease 
and type 2 diabetes and includes glucose intolerance or insulin resistance together 
with two or more of the following components: raised arterial pressure, raised 
plasma triglyceride and/or low HDL-C, central obesity, and microalbuminuria. 
Jaggers and colleagues demonstrated in a study with more than 30,000 patients that 
the MetS is associated with an increased risk of all-cause cancer mortality in men 
[2]. Also other studies reported that the individual components of the MetS indepen-
dently increase the risk for the development of certain cancer types [3–5]. For 
example, MetS was described to be associated with increased incidences of colorec-
tal and prostate cancer, and with the recurrence of breast cancer [6–8]. A meta-
analysis reported an association of MetS with liver, colorectal, bladder, endometrial, 
pancreatic, and breast cancers [9].

The mechanisms linking MetS and cancer risk are not completely understood. 
MetS may be only concomitant with other cancer risk factors, such as decreased 
physical activity, consumption of high calorie foods, high dietary fat intake, low-
fiber intake, and oxidative stress [9]. Still, adiposity, in particular visceral obesity, 
results in a chronic inflammatory state, in which adipocytes and infiltrating immune 
cells create a pro-tumorigenic environment by producing inflammatory cytokines 
and chemokines [10]. The obesity-driven altered balance between proinflammatory 
and antiinflammatory cytokines influences insulin sensitivity [11]. Increased con-
centrations of inflammatory cytokines suppress insulin signal transduction, which, 
in turn, promotes inflammation [12, 13]. Chronic inflammation is commonly known 
to promote tumorigenesis [14].

Also other symptoms of MetS have been linked to insulin resistance and type 2 
diabetes, i.e., high blood pressure and hypertriglyceridemia [15]. Insulin resistance 
can predict microalbuminuria [16].

This chapter focuses on the link between type 2 diabetes and cancer, thereby omit-
ting other symptoms of MetS. Especially alterations in the insulin metabolism seem 
to increase cancer risk [17–19]. Patients with type 2 diabetes were reported to show 
increased cancer risk, which may be caused by hyperinsulinemia, elevated IGF1, or 
potentially both factors [20]. While normal cells often show little responsiveness 
toward insulin and IGF-dependent growth stimulation, tumor cells highly express 
both insulin and IGF1 receptors [20] (Fig. 4.1). Insulin resistance is characterized by 
a defective classical metabolic signaling. At the same time, altered signaling is 
induced due to increased levels of insulin, IGFs, and other factors as discussed below. 
Low insulin, IGF1, and IGF2 levels appear to protect from tumorigenesis [21].

Noteworthy, insulin induces the generation of reactive oxygen species (ROS) 
[22] (Fig. 4.1). Also hyperglycemia is known to increase oxidative stress [23], lead-
ing to increased DNA damage in diabetic individuals compared to healthy subjects 
[24] (Fig. 4.1). ROS can lead to downregulation of the tumor suppressor phospha-
tase and tensin homolog (PTEN) [25], a process known to promote insulin 
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signaling. ROS generation, in general, is regarded as a hallmark of inflammation 
and can lead to carcinogenesis due to DNA damage [26].

Insulin/insulin-like growth factor (IGF) signaling is mediated by binding of insu-
lin or IGFs to insulin and/or IGF receptors. IGF levels can be regulated by IGF-
binding proteins (IGFBPs), which can inhibit and potentiate IGF actions by ligand 
binding. High circulating insulin levels decrease levels of IGFBP1 and IGFBP2, 
thereby increasing the bioavailability of IGF1 and concomitant changes in the cel-
lular environment facilitating tumor formation (Fig. 4.1). In insulin resistance, non-
classical insulin target tissues which express insulin receptors are exposed to the 
elevated plasma levels of insulin, triglycerides, free fatty acids, and glucose [27] 
(Fig.  4.1). In contrast to classical insulin target tissues, such as skeletal muscle, 
adipose tissue, and liver, these tissues may lack a specific mechanism regulating the 
mitogenic actions of insulin [27]. Additional changes in signaling pathways may be 
induced by the increased availability of energy substrates, such as glucose, triglyc-
erides, and free fatty acids, which also ensure energy substrates for already trans-
formed cells [27]. High insulin levels as found in insulin resistance enhance growth 
hormone (GH) receptor signaling and hepatic IGF1 production [28], both of which 
can contribute to carcinogenesis. Concordantly, in vitro, animal, and human epide-
miological studies demonstrate that despite suppressed classical metabolic insulin 
signaling, high concentrations of insulin and insulin-like growth factors (IGFs) pro-
mote cancer development by acting through the insulin/IGF axis [29] (Fig. 4.1).

blood

insulin
glucose
IGFBPs

IGF1

IGF1

ROS

normal cells
– low receptor expression
– no/little response towards insulin/IGF1

– low IGF2 expression

cancer cells
– high receptor expression
– proliferation upon insulin/IGF1

– high IGF2 expression

DNA
damage

autocrine signaling

Fig. 4.1  Cancer promoting insulin/IGF signaling during insulin resistance. In normal cells of 
insulin target tissues, high glucose and insulin levels lead to glucose uptake and metabolic actions 
such as glucogen synthesis and lipid synthesis. Nonclassical insulin target tissues lack mechanisms 
which regulate mitogenic actions of insulin. In insulin resistance, increased systemic levels of 
insulin and glucose induce hepatic IGF1 production, which can lead to tumorigenesis due to the 
growth and survival-promoting effects of IGF1, especially in nonclassical insulin target organs. 
Elevated insulin and glucose levels can elicit an elevated generation of reactive oxygen species 
(ROS), which induce DNA damage, thereby facilitating tumor initiation

4  Insulin Signaling Linking Metabolism and Malignancy



64

4.2	 �IGF1 in Cancer

IGF1, i.e., circulating IGF1, is produced throughout life mainly in the liver under 
GH stimulation. A small amount of autocrine IGF1 is also produced in peripheral 
tissues and can be controlled by other factors released from surrounding cells. 
Cancer epidemiological studies have focused mainly on circulating total IGF1 and 
its major binding protein, IGFBP3. Circulating IGF1 is associated positively with 
the risk of breast, colorectal, prostate, and lung cancer, whereas total IGFBP3 con-
centrations are negatively associated with cancer risk [30–32]. In acromegaly 
patients, typically showing hypersecretion of GH, elevated levels of total IGF1, and 
hyperinsulinemia, the risk of colorectal cancer was increased [33]. In the healthy 
state, 99% of circulating IGF1 is bound by IGFBPs [34]. It is believed that free 
circulating IGF1 levels better reflect IGF1 bioactivity than total IGF1 levels [35]. 
Free circulating IGF1 has also been correlated to an increased risk of breast cancer, 
but independent of total IGF1 levels. In contrast to total IGF1 levels, free IGF1 was 
not related to tumor development in prostate cancer [36]. In addition to a 
hyperinsulinemia-induced increase in circulating levels of IGF1, prostate cancer 
cells in rodents were suggested to upregulate their intrinsic IGF1 production, thereby 
enabling independence from growth-promoting, circulating IGF1 [37]. In contrast, 
knockout mice with liver-specific IGF1 deficiency had decreased growth and metas-
tasis of transplanted colonic adenocarcinomas and mammary tumors [38–40]. 
Administration of IGF1 abrogated the protective effect of IGF1 deficiency on tumor 
progression and resulted in neovascularization due to vascular endothelial growth 
factor (VEGF) induction [38, 40]. Angiogenesis is further promoted by IGF1-
induced expression of hypoxia-inducible factor 1α (HIF1α) [41, 42]. Moreover, 
IGF1-induced metastatic tumor spread was suggested to be related to the relocation 
of integrins to the edge of migrating cells and the extension of lamellipodia [43, 44].

4.3	 �IGF2 in Cancer

IGF2 is expressed in the embryonic and neonatal state and its expression strongly 
drops after birth. IGF2 was reported to be reexpressed in several cancer types [45–
51], defining IGF2 as an oncofetal protein [52]. Tumors take advantage of the prolif-
erative [53, 54] and antiapoptotic properties of IGF2 by increasing IGF2 expression 
in tumor cells [55]. IGF2 expression was associated with the tumor grade in hepato-
cellular carcinoma [56, 57]. Furthermore, IGF2 expression was observed to correlate 
with tumor grade and lymph node metastasis in breast cancer [58]. In adrenocortical 
carcinoma and osteosarcoma, IGF2 expression was described to correlate with 
microvessel density [59, 60], to influence taxol resistance, and to be linked to a short-
ened disease-free survival [61]. Igf2 transgenic mice are more susceptible to diverse 
malignancies [62]. Mouse models of colon cancer showing overexpression of IGF2 
had a doubled tumor incidence in the presence of the adenomatous polyposis coli 
gene mutation [63]. Also enhanced sensitivity to IGF2 signaling led to elevated 
expression of proliferation-related genes and enhanced tumor development [64].
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4.4	 �Insulin and IGF Signaling and Its Implication 
in Carcinogenesis

The insulin/IGF signaling network impresses through its complexity. In the follow-
ing section, we point out important links between insulin/IGF signaling and 
carcinogenesis.

4.4.1	 �Insulin Receptors, IGF Receptors, and Hybrid Receptors

The three ligands insulin, IGF1, and IGF2 can act via five different receptors, 
namely, insulin receptors (IR) A and B, IGF1 receptor (IGF1R), and two hybrid 
receptors IRA/IGF1R and IRB/IGF1R. Insulin displays highest affinity for the two 
IRs, whereas IGF1 and 2 rather bind to the IGF1R and the hybrid receptors. IRB/
IGF1R is exclusively bound by IGF1 but not by IGF2 (Fig. 4.2). The activation of 
the respective receptor by the different ligands can induce distinct downstream 
effects. Interestingly, binding of IGF2 to IRA results in a different gene expression 
pattern compared to binding of insulin [65], which is of relevance for tumors show-
ing elevated IGF2 expression. However, the exact mechanisms of the different con-
sequences of ligand binding to the insulin/IGF receptors are still unknown.

The different receptors mediate their effects through recruitment, phosphoryla-
tion, and finally activation of insulin receptor substrates (IRS), Src homology 2 
domain containing transforming protein (SHC), and Janus kinase (JAK) 1/2, 

Insulin

IRA

mitogenic metabolic mitogenic mitogenic mitogenic

IRB IRA/IGF1R IRB/IGF1R IGF1R

IGF1 IGF2

Fig. 4.2  Binding affinities of IR and IGF1R receptor ligands. Insulin preferentially binds to insu-
lin receptors IRA and IRB. IGF1 rather activates the hybrid receptors and IGF1R. IGF1R and the 
hybrid receptor variant IRA/IGF1R are also bound by IGF2. IRA, the hybrid receptors, and IGF1R 
tend to a more mitogenic signaling, whereas IRB rather activates metabolic pathways. In cancer 
IRA, IGF1R, and the hybrid receptors are overexpressed, resulting in a mitogenic signaling
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leading to an activation of phosphoinositide 3-kinase (PI3K), protein kinase B 
(PKB/AKT), and mammalian target of rapamycin (mTOR), mitogen-activated pro-
tein kinase/extracellular signal-regulated kinase (MAPK/ERK), or JAK/signal 
transducer and activator of transcription (STAT). Although all five receptors share 
the same signaling pathways, it is known that IRA and IGF1R favor mitogenic 
actions, whereas IRB rather induces metabolic effects (Fig. 4.2) [66–68]. Insulin 
resistance is caused by defects in the metabolic signaling pathways, favoring a mito-
genic and growth-promoting signaling [27]. Concordantly, insulin induces tran-
scription of a set of genes involved in metabolism, whereas insulin-like ligands 
increase expression of mitogenic genes [69]. Thus, differential expression of the 
respective receptors or their ligands in cancer, as well as in development, can impli-
cate distinct consequences, i.e., metabolic and/or mitogenic or growth-related sig-
naling. For example, overexpression of IGF2 in tumor cells also leads to increased 
mitogenic signaling via IRA [70].

IGF2 can also interact with a sixth receptor, IGF2R, which degrades IGF2 pro-
tein and therefore decreases IGF2 bioavailability. Thus, inhibitory IGF2R is often 
mutated or downregulated in cancer [71, 72].

4.4.2	 �Insulin Receptor Substrates

Autophosphorylation of the five signaling receptors mentioned above leads to the 
recruitment of different proteins, mainly IRS1, IRS2, and SHC, resulting in PI3K or 
MAPK pathway activation. Although IRS1 and IRS2 share biological effects, they 
exert tissue-specific roles [73]. PI3K can be activated by both IRS1 and IRS2. 
Besides antiapoptotic signaling, the PI3K/AKT pathway regulates metabolic path-
ways in tumors which promote aerobic glycolysis, a hallmark of cancer [74, 75]. 
Cancer cells depend rather on glycolysis than oxidative phosphorylation for energy 
production, even in high oxygen states, a phenomenon called the “Warburg” effect 
[76]. IRS2 signaling preferentially regulates tumor cell metabolism, i.e., aerobic 
glycolysis by inhibition of GSK-3β [77]. In line with this finding, aerobic glycolysis 
is diminished in IRS2 knockout cells compared to IRS1 knockout cells. Moreover, 
IRS2 may be required for glucose transporter (GLUT) 1 to localize to the cell sur-
face where it can facilitate glucose uptake [78].

MAPK signaling seems to be preferentially induced by IRS1 (Fig.  4.3) [79]. 
Indeed, several studies suggest that IRS1 distinctly mediates the insulin/IGF1-
induced mitogenic effects, whereas IRS2 appears to be more involved in generating 
the metabolic responses of insulin [80–83] and the migration-promoting potential of 
IGF1 (Fig. 4.3) [84]. However, metabolic stress induces specific phosphorylations 
of IRS1, which aggravate insulin resistance [85]. Specific responses were suggested 
to be altered by integrins differentially regulating IRS1 and IRS2 expression 
(Fig. 4.3) [86]. While IRS2 promotes aggressive tumor behavior, IRS1 may nega-
tively regulate tumor progression, although IRS1 and IRS2 may play redundant 
roles in tumor initiation and primary tumor growth [78]. However, IRS1 was 
described to elevate growth and migration in breast cancer cells [87]. Different 
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activation of and by IRS1 and IRS2 may be also due to the structural differences, 
since they share only 14 conserved sites of 21 and 23 phosphorylation sites of IRS1 
and IRS2, respectively [88].

4.4.3	 �PI3K-Related Signaling

The PI3K/AKT pathway is the major signaling network involved in insulin/IGF 
signaling (Fig.  4.4). PI3K plays a central role in cancer promoting cancer cell 
growth, survival, motility, and metabolism [89]. By induction of several activating 
factors, as well as by repression of different inhibitory factors, a constitutively acti-
vated pro-survival signaling is achieved. One of these inhibitory factors is PTEN, 
which usually counters cell growth and cell cycle progression by inhibiting PI3K-
induced PIP3 phosphorylation. PTEN displays one of the most commonly mutated 
tumor suppressor genes in human cancer. Loss of PTEN results in increased signal-
ing of IGF2 through IGF1R and IRA in breast cancer cells [90]. PIP3 activates AKT, 
resulting in activation of the key metabolic regulator mTOR and thereby initiating 
ribosomal protein synthesis and mitosis through 4E–BP1 (Fig. 4.4). Deletion of the 
mTOR target S6K1 in mice was shown to result in hyperinsulinemia and glucose 
intolerance [91]. These mTOR-induced mechanisms all favor tumor growth; thus, 
dysregulated mTOR signaling has been linked to numerous human cancers [92–94]. 
Loss of PTEN leads to constitutively activated mTOR [95]. mTOR regulation is 
controlled not only by PTEN but also by the tumor suppressor gene products tuber-
ous sclerosis (TSC) 1, TSC2, and AMP-activated protein kinase (AMPK). AMPK 
interacts with both TSC2 and mTOR and thus directly and indirectly inhibits the 
activation of mTOR (Fig. 4.4) [96]. In colorectal cancer, frameshift mutations in the 
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AMPK-encoding gene were observed [97]. mTOR itself was also shown to be 
mutated in several types of cancer [98–100].

Antiapoptotic insulin/IGF signaling via AKT is realized by initiating phosphory-
lation of the Bcl-2 family member BAD, followed by Bcl-XL leading to inhibition 
of apoptosis (Fig.  4.4). Moreover, multiple transcription factors, such as cAMP 
response element-binding protein (CREB), nuclear factor (NF)-κB, and p53, which 
are involved in the transcription of genes encoding apoptotic mediators, are regu-
lated by IGFs [101]. Akt hyperactivation in cancer not only contributes to the inhi-
bition of apoptosis but is also coupled with metabolic alterations in cancer cells, 
including aerobic glycolysis [102].

4.4.4	 �MAPK-Related Signaling

Besides PI3K activation, insulin or IGF stimulation has been shown to increase 
interaction with SHC [103]. SHC initiates the MAPK pathway, which represents a 
key promoter of cell proliferation, tumor development, tumor growth [104], as 
well as in the maintenance and progression of several tumors [105, 106]. The 
MAPK pathway involves activation of Ras, which can activate both JNK and 
MEK/ERK pathways (Fig.  4.4). The Ras/Raf cascade is frequently elevated in 
cancer, either growth factor dependently or independently, e.g., due to mutations 
[107, 108].

Noteworthy, ERK signaling is also implicated in metabolic alterations, such as 
insulin resistance. Chronic activation of ERK induces severe insulin resistance by 
inhibiting expressions of both GLUT4 and insulin-signaling proteins [109]. 
Targeting the MEK/ERK cascade normalized hyperglycemia and hyperlipidemia 
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ing pathways are shown. For details see text
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and improved insulin sensitivity, as well as glucose tolerance in diabetic mice [110]. 
Thus, the MAPK pathway displays a second important insulin/IGF-mediated path-
way linking insulin resistance to cancer.

Conclusion

Insulin/IGF signaling is of particular importance in carcinogenesis, especially 
when tumor development is the consequence of chronic metabolic diseases. 
Insulin/IGF signaling mediates its effects through different signaling cascades. 
Not surprisingly, tumor cells activate multiple signaling pathways at once to 
achieve growth, protection against apoptosis, metastasis, metabolic alterations, 
and other features being a characteristic for cancer. Here, the activation of the 
insulin/IGF axis offers the advantage of activating several pathways at once for 
tumor development and progression. As a result from the extensive basic 
research, several therapeutic approaches targeting the insulin/IGF axis in cancer 
are currently under investigation and reviewed in detail elsewhere [111–113].
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Abstract
The mammalian target of rapamycin (mTOR) is a key link between a cell’s nutrients 
and energy sensors and proliferative effector molecules. Essential processes con-
trolled by the activity of mTOR include ribosome biogenesis, protein translation, 
and cell cycle progression. Antagonizing mTOR activity has shown antitumor 
effects in preclinical studies, and first clinical trials with mTOR inhibitors gave 
promising results. Among the broad spectrum of tumor entities that might be sensi-
tive to mTOR targeting, we chose glioblastoma (GBM) and colorectal cancer to 
report the current state of investigation. In these exemplary tumor types, we review 
the potential of mTOR pathway components as biomarkers as well as drug targets.
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5.1	 �mTOR Signaling

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase which 
was identified as the cellular target of rapamycin, a bioactive compound first iso-
lated in the 1970s from soil samples collected on Easter Island [1]. Rapamycin was 
first used in clinics as an immunosuppressive drug predominantly following kidney 
transplantations to counteract graft-versus-host disease and acute transplant rejec-
tion. Furthermore, it was observed that rapamycin could decrease the frequency of 
tumor formation in organ transplant experiments and was hence focused on in onco-
logic research as potential anticancer agent [2–4].

The molecular context of rapamycin was discovered in the early 1990s, with the 
discovery of mTOR.  This elegant genetic study in Saccharomyces cerevisiae 
revealed that FKBP (FK506 binding protein) is a critical component of a rapamycin 
gain-of-function inhibitory complex with TOR1 and TOR2 [5]. TOR proteins are 
evolutionarily conserved from yeast to human, with human, mouse, and rat TOR 
proteins sharing 95% identity at the amino acid level. Soon after the first discovery 
of TOR, also the mammalian homologue (mTOR) could be purified and ever since 
is one of the major pathways investigated in molecular oncology [6].

mTOR is active within the cell in two different complexes. mTOR complex 1 
(mTORC1) is built up by mTOR, regulatory-associated protein of TOR (Raptor), 
DEP domain-containing mTOR-inactivating protein (Deptor), mLST8, and 
PRAS40. mTORC2 is built up by mTOR, rapamycin-insensitive companion of 
mTOR (Rictor), Deptor, Protor, LST8, GbL, and mSIN1 [7].

The mTOR pathway is regulated by a wide variety of cellular signals, including 
mitogenic growth factors, hormones, nutrients, cellular energy levels, and stress con-
ditions. Therefore, it could be shown that mTOR is embedded within the PI3K/AKT 
signal transduction pathway, which is critically involved in the mediation of cell sur-
vival and proliferation. Signaling through the PI3K/AKT pathway is initiated by mito-
genic signals, triggered by growth factors that bind receptors in the cell membrane. 
These receptors include insulin-like growth factor receptor (IGFR), platelet-derived 
growth factor receptor (PDGFR), and the ERBB receptor family. Receptor binding 
activates AKT via PI3K; this process is antagonized by PTEN activity [8]. Akt phos-
phorylates mTOR directly, but may also work indirectly on mTOR through the actions 
of the TSC1/TSC2 (tuberous sclerosis complex). The physical association of the pro-
teins TSC1 (Hamartin) and TSC2 (Tuberin) produces a functional complex that inhib-
its mTOR. This inhibitory effect is understood to act via inactivation of the Ras family 
small GTPase Rheb by TSC2. GTP hydrolysis of Rheb blocks mTOR activation, 
which only occurs by Rheb-GTP [9]. Cell surface signals can, next to PI3K/Akt sig-
naling, also trigger the mitogen-activated protein kinase (MAPK) cascade. This phos-
phorylation cascade of Ras-Raf-MEK and ERK leads to phosphorylation of TSC1/
TSC2 and inhibition of its activity [9]. Activation of mTOR results in phosphorylation 
of several downstream targets. mTORC1 activation by nutrients and availability of 
cellular energy lead to signals inducing ribosome biogenesis and mRNA translation, 
all leading to cell growth and proliferation. Rapamycin-insensitive mTORC2 controls 
the actin cytoskeleton and thereby determines the shape of the cell [8].
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The best-characterized effectors downstream of mTOR are two signaling path-
ways that act in parallel to control mRNA translation. Activated mTOR mediates 
the phosphorylation of the 4E-BP1 and the ribosomal protein S6 kinase (S6K1). 
4E-BP1 represses the activity of the eIF4F complex by blocking its essential, mRNA 
cap-binding component eIF4e. In its unphosphorylated state, 4E-BP1 binds tightly 
to eIF4e. Phosphorylation of 4E-BP1 by mTOR reduces its affinity for eIF4e, and 
the proteins dissociate, releasing eIF4e which is then able to associate with the other 
components of eIF4F and act in translation initiation. Growth factor deprivation or 
inhibition of mTOR results in the dephosphorylation of 4E-BP1, followed by its 
reassociation with eIF4e and a reduction in cap-specific translation [10]. Besides 
4E-BP, S6K1 is the most important downstream effector of mTOR. By phosphory-
lation of mTOR, S6K1 is activated. This leads to a downstream activation of the 
ribosomal S6 protein, essential for 40S ribosomal subunit recruitment [6].

To sum up these anabolic regulations by mTOR, mTORC1 is mainly activated by 
AKT, which itself can be regulated by mTORC2. AKT is activated by PI3K, which 
is antagonized by the tumor suppressor PTEN. Downstream of mTORC1, S6K1, 
and 4E-BP1 both regulate mRNA translation at the levels of translation initiation 
and ribosome biogenesis [4].

5.2	 �Eukaryotic Translation Initiation Factors (eIFs) in Cancer

Major players in translation initiation are the eukaryotic translation initiation factors 
(eIFs), comprising eIF1, eIF1a, eIF2, eIF2b, eIF3, eIF4a, eIF4e, eIF4g, eIF4b, 
eIF4h, eIF5, and eIF5b [11]. Many of these have been described to have an implica-
tion in carcinogenesis and tumor progression. We wanted to highlight this group as 
they are physiologically related to mTOR signaling, and their impact in cancer 
research has dramatically increased over the last few years. Relevant facts for eIFs 
in cancer are summarized below.

eIF1 is differentially expressed throughout the body and has also been described 
in association with genotoxic stress situations, including ionizing radiation and heat 
shock. This connection revealed a dependence of eIF1 on the potent tumor suppres-
sor p53 [12].

Investigations on eIF2 subunits mainly deal with their role in stress response, but 
overexpression or increased activity was also linked to cancer types including vari-
ous lymphoma subtypes, gastrointestinal disease, lung cancer, and melanoma 
[13–17].

eIF3 is the largest and most complex initiation factor with a molecular mass of 
600–700 kDa and 13 described subunits, known as eIF3a-m. The subunits can form 
modules and complexes of varying compositions [18]. The exact contribution of 
individual eIF3 subunits in translation initiation is not completely refined; how-
ever, in carcinogenesis, they are individually described. The largest subunit eIF3a 
interacts with all other eIF3 subunits and eIF4b, which establishes a direct link to 
mTOR signaling. Overexpression of eIF3a was correlated to several human can-
cers, including breast [19], cervix [20], colon [21], lung [22], urinary bladder [23], 
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esophagus [24], and oral squamous cell carcinoma [25]. Beyond its hypothesized 
interaction with mTOR [26], eIF3a was discovered as a negative modulator of the 
extracellular signal-regulated kinase (ERK) pathway, via interaction with SHC and 
Raf-1 [27].

Upregulation of other eIF3 subunits was also identified in tumors, but it is not yet 
known if their differential expression is a cause or consequence of carcinogenesis 
[11]. One eIF3 subunit that has to be dealt with separately is eIF3f, because it is the 
only eIF3 core subunit which was shown to be downregulated in cancer. This was 
shown in patients suffering from melanoma and pancreatic cancer [28, 29]. In 
agreement with that, overexpression of eIF3f led to proliferation inhibition and 
apoptosis induction in vitro [28, 29]. Similar to eIF3a, eIF3f is suggested to interact 
with and eventually regulate mTOR and its downstream cascade [30].

Among eIF4 proteins, there are three subunits of the eIF4F complex, namely, 
eIF4a, eIF4e, and eIF4g, and the independent subunit eIF4b [31]. eIF4b is a 
downstream target of mTOR which, when phosphorylated, binds tighter to eIF3, 
thus increasing translational efficiency [32]. eIF4e functions in protein transla-
tion initiation by its cap-binding activity. eIF4e and especially its phosphory-
lated form were intensively studied in different cancer types and found 
upregulated in breast [33], colon [34], head and neck [35], and ovarian carci-
noma [36] and non-Hodgkin’s lymphoma [17, 36]. eIF4e availability is regu-
lated by the 4e-binding protein 1 (4E-BP1). 4E-BP1 responds to extracellular 
stimuli like increased insulin levels or binding of growth factors to cell surface 
receptors. mTOR phosphorylates 4E-BP1, thereby inactivating it and releasing 
eIF4e, which can consequently interact in the eIF4F complex in order to initiate 
translation [37].

5.3	 �Targeting the mTOR Pathway in Glioblastoma

Glioblastoma multiforme (GBM) is a brain tumor deriving from glial cell origin and 
belongs to the most common malignant brain tumors [38]. Current treatment strate-
gies combine surgical resection, adjuvant radiotherapy, and chemotherapy [39]. 
Nevertheless, the outcome with a median survival of 12 months is still very poor 
[40]. One reason for the poor treatment response is the highly infiltrative nature of 
GBMs, which leads to frequent recurrences [41]. Thus, there exists an immediate 
need for novel treatment strategies in glioma therapy.

In glioblastoma, the PI3K/AKT/mTOR signaling has already been extensively 
studied as many known mutations in GBM patients lead to a constitutive activation 
of this important pathway. Hyperactivation of this signaling cascade can be induced 
by the deletion of the tumor suppressor PTEN, overexpression of EGFR, as well as 
mutations in PI3K [42]. Genetic alterations in the PI3K/AKT/mTOR pathway have 
been detected in 88% of gliomas [43]. As a result, it was demonstrated that deregu-
lation of the AKT/mTOR signaling seems to be one of the key players driving glio-
magenesis [44]. Therefore, it has become an auspicious target for potential novel 
GBM treatments [45, 46].
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The receptor tyrosine kinase (RTK) member EGFR offered itself as promising 
candidate for the downstream inhibition of the whole PI3K/AKT/mTOR pathway. 
Nevertheless, the EGFR inhibitors gefitinib [47] and erlotinib [48] exhibited only a 
reasonable performance during clinical trials.

Besides the regulation of protein translation, mTOR was shown to have diverse 
functions in the brain such as long-term potentiation, memory formation, and syn-
aptic plasticity [49, 50]. In GBM therapy, rapamycin (sirolimus) and rapalogues, 
e.g., everolimus (RAD001) and temsirolimus (CCL-779), have been evaluated in 
clinical trials so far [46]. Although rapamycin has been shown to effectively inhibit 
glioma cell growth [51], clinical trials were not successful [52]. The fact that 
rapamycin predominantly inhibits mTORC1, but not mTORC2, and the presence of 
various feedback loops might explain the failure in clinical trials. Afterward, the 
focus in mTOR-mediated glioma therapy shifted to combination treatments (e.g., 
mTOR/PI3K or EGFR) [53].

PI3K-directed therapy has improved since the first-generation inhibitor 
Wortmannin did not pass the preclinical phase due to clinical toxicity [54]. 
PX-866 revealed only minimal toxicity, reduced GBM proliferation, increased 
apoptosis, and prolonged survival in murine xenograft models [55]. In clinics, 
BKM120 successfully finished phase I and is continuing in phase II [56], 
whereas the PX-866 trail was completed due to a low overall response rate in 
phase II [57].

The protein kinase AKT, a key player in the PI3K/AKT/mTOR pathway, has also 
been targeted as GBM treatment approach. Perifosine inhibits the activation of AKT 
by preventing its phosphorylation and translocation to the plasma membrane [58]. 
In murine animal models, perifosine revealed promising results especially in com-
bination with the mTOR inhibitor temsirolimus [59] and temozolomide [60]. 
Nevertheless, probably also due to several drawbacks (e.g., limited penetrance 
through the blood-brain barrier), the success in a clinical phase II trial of recurrent 
GBMs was only moderate [46].

Due to the rather modest results in targeting only one signaling molecule of 
the mTOR cascade, approaches combining two or even more targets have 
become improved options in glioma therapy [61]. The PI3K/mTOR inhibitor 
PI-103 was one of the first dual inhibitors. PI-103 induced cell cycle arrest in 
glioma cells without revealing neurotoxic properties [62]. However, it never 
endured the preclinical phase due to its weak pharmacological properties. Other 
dual inhibitors, e.g., NVP-BEZ235 and XL-765, have been more successful and 
even completed phase I trials [46]. The EGFR inhibitor BKM120 is also tested 
clinically in combination with radiation or the monoclonal anti-vascular endo-
thelial growth factor (VEGF) antibody bevacizumab [63]. However, combina-
tion therapies of erlotinib and temozolomide failed to improve GBM patient 
prognosis [64, 65].

To conclude, the PI3K/AKT/mTOR survival pathway plays a crucial role during 
gliomagenesis and lends itself therefore to be investigated in more detail as poten-
tial therapeutic approach. Although mTOR signaling belongs to one of the most 
investigated pathways in GBM, further efforts are needed to elucidate the exact 
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mechanism of this complex pathway during gliomagenesis and to use it as potential 
therapeutic target in advance.

5.4	 �mTOR Targeting in Colorectal Cancer

Colorectal cancer (CRCs) is the third most common cause of cancer and the fourth 
most cancer-related death worldwide [44]. Screening strategies and enhancements in 
treatment have resulted in the decrease in the morbidity and mortality associated with 
CRC [66]. Treatment of CRC includes a multidisciplinary approach that comprises 
surgery, radiation, chemotherapy, and targeted therapy [67]. Cancer cells can spread to 
nearby and remote lymph nodes, as well as to other organs, such as the lung and liver. 
The prognosis and survival rate depends on the stage of the disease and tumor location. 
Surgical removal of tumor tissue and nearby lymph nodes is the most common treat-
ment strategy for early stage (stage I and II) CRC. Chemotherapy and/or combinations 
with radiation therapy are the treatment strategy for late stage CRC [68].

Targeted therapy strategies include monoclonal antibodies, for example, bevaci-
zumab (Avastin, an VEGF-A inhibitor) and cetuximab (anti-EGFR), regorafenib 
(multiple RTK inhibitor), and aflibercept (anti-VEGF agent) [69, 70]. It is suggested 
to reconsider the existing examples for the selection of agents in the adjuvant treat-
ment of CRC [71].

Genetic mutations and chromosomal instability can arise either hereditarily or 
sporadically. A large proportion of these aberrations involve oncogenic pathways 
converging on the translational machinery. These pathways are MAPK and PI3K/
AKT/mTOR cascades that include components and regulators strongly associated 
with the CRC carcinogenesis, such as PIK3CA, K-RAS, BRAF, PTEN RTKs, and 
others [72–74]. Mutations of PIK3CA and decreased function of PTEN are also 
often found in CRC, directed to the activation of the PI3K/AKT/mTOR pathway 
[74, 75]. EIF4e is one of the most studied translation factors and is associated in the 
cancer biology in general and in CRC in particular. eIF4e is also involved in regula-
tion by different signaling cascades, including MAPK and PI3K/AKT/mTOR. The 
PI3K/AKT/mTOR pathway controls 4E-BP, a tumor suppressor, which, when phos-
phorylated by an activated mTOR, dissociates from eIF4e and facilitates translation. 
Overexpression and activating phosphorylation of eIF4e, as well as inactivating 
phosphorylation and downregulation of 4E-BPs, are key notes in CRC. The 4E-BPs/
eIF4e axis is a predictive and prognostic biomarker in the therapy of CRC.

�Conclusions

Over the past few years, PI3K/AKT/mTOR signaling has been shown to be a key 
player driving tumorigenesis in various tumor entities [76–78]. Thus, much 
effort was put into targeting this major survival pathway, regrettably with moder-
ate success. The complexity of the PI3K/AKT/mTOR signaling with its various 
feedback loops and cross-talk signaling seems to be one of the major challenges 
in a pathway-directed therapy [79, 80]. Many clinical trials have already been 
started to target the mTOR cascade via multiple inhibitors [53]. Future cancer 
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therapeutic approaches will even turn more into the direction of multiple target-
ing and combination therapy to solve the Sisyphean task of curing cancer.
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6NF-κB and Its Implication in Liver Health 
and Cancer Development

Kira Bettermann

Abstract
Nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) belongs 
to one of the best described and most intensively studied transcription factors in 
biochemistry in the last 30 years. The NF-κB signaling cascade exists in two 
variants, the canonical and noncanonical pathway, and its transcription factors 
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are key regulators of several biochemical processes like immune responses, 
inflammation, survival, and cellular development and growth.

Examination of various transgenic mouse models targeting NF-κB itself or 
signaling members discovered the implication of NF-κB in chronic inflamma-
tory diseases and cancer development in different organs as in the skin, intestine, 
and liver.

In this review the focus lies on the central organ of metabolic and inflamma-
tory processes: the liver. It seems that NF-κB is pivotal for the homeostasis in the 
different hepatic cell types concerning hepatic failure, fibrosis, and HCC pro-
gression. NF-κB has the ability to be a potential target in the attempt to circum-
vent or medicate liver fibrosis and HCC.

6.1	 �Introduction

Nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) is one of 
the best and most intensive studied transcription factors in the field of biomedicine. 
It was discovered and first described 30  years ago by David Baltimore and col-
leagues [1]. Since that time many studies revealed the outstanding meaning of 
NF-κB in the development of inflammatory diseases such as arthritis and psoriasis, 
inflammatory bowel diseases, asthma, and neurodegenerative heart diseases and its 
contribution to cancer development [2–4]. It is expressed in most mammalian cell 
types and tissues and controls the transcription of genes involved in immune 
responses, cell survival, proliferation, and differentiation [5].

Next to in  vitro approaches, examination of several transgenic mouse models 
with different NF-κB targets gave the opportunity to raise our understanding of the 
complex mechanisms behind inflammation-driven diseases in vivo. Moreover, 
the work with conditional murine knockout models in different organs uncovered 
the central role of NF-κB in mediating innate immune responses and cytokine 
expression in order to react on pathological outcomes of inflammation like chroni-
cal skin inflammation (e.g. psoriasis) and hepatocarcinogenesis [6–10]. The severe 
affection of organs or tissues during disbalanced NF-κB activation gains importance 
and constitutes a therapeutic challenge. Further investigations will support the devel-
opment of clinical trials targeting certain molecules of the NF-κB signaling cascade.

6.2	 �Members of the NF-κB/Rel Family

The NF-κB signaling pathway is evolutionarily highly conserved and is, besides 
mammalians, also found in the fruit fly Drosophila melanogaster, cnidarians, porif-
era, viruses, and mollusks [11–14]. Caenorhabditis elegans and yeast are the main 
exceptions [15, 16].

Mammalian NF-κB itself is composed of different types of dimers, appearing 
as homo- or heterodimers. The single compounds of these dimers are p50 
(NFKB1), p52 (NFKB2), c-Rel (REL), p65/RelA (RELA), and RelB (RELB). All 
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five transcription factors are characterized by an N-terminal Rel homology 
domain (RHD-NTD) which is needed to mediate DNA binding, homo- and het-
erodimerization, and nuclear translocation. In the nucleus NF-κB dimers bind at 
κB sites inside enhancer/promoter regions of target genes where they control 
transcription by recruiting coactivators and corepressors [17–19]. Furthermore, 
only p65, RelB, and c-Rel comprise a C-terminal transactivation domain (TAD) 
which is required for gene transcription. The other two members, p50 and p52, 
lacking TAD and are processed from the precursor proteins p105 (p50) and p100 
(p52) (Fig. 6.1). Both are not directly involved in gene transcription except in 
combination with p65, RelB, c-Rel, or other proteins which are able to recruit 
coactivators. After successfully entering into the nucleus, it binds at the 
following consensus sequence 5′-GGGRNYYYCC-3′ (R, purine; Y, pyrimi-
dine; N, any nucleotide) of DNA κB sites [19]. The TAD and RHD act in each 
case autonomously and underlay posttranscriptional modifications which might 
have an influence on NF-κB activation at the level of transcription and/or DNA 
binding [20].

The most abundant combination of NF-κB dimers are p50/p65 and p50/50, 
whereas, in contrast, the homodimer p50/p50 can act as a transcriptional repressor 
[21, 22].

6.3	 �The Negative Controllers of NF-κB: IκBs

NF-κB dimers are located in the cytoplasm, and translocation from the cytoplasm 
through the nucleus is regulated by another group of proteins named nuclear factor 
of kappa light polypeptide gene enhancer in B-cells inhibitor (IκBs) [15]. These 
proteins are tightly associated with the NF-κB dimers, preventing NF-κB activation 
by hindering NF-κB translocation through the nuclear membrane. The IκB family 
includes six members: IκBα (NFKBIA), IκBβ (NFKBIB), IκBε (NFKBIE), IκBγ 
(NFKB1), IκBζ (NFKBIZ), and Bcl-3 (BCL3) and the NF-κB precursors p100 and 
p105. All of them share several ankyrin repeat domains (ARD), which are necessary 
to interact with the RHD of NF-κB [23]. Crystal structure analysis of the IκBα/
NF-κB (p50/p65) heterodimer and IκBβ/NF-κB (p50/p50) homodimer allowed a 
closer look through the binding conditions of each complex and revealed a binding 
ratio of 1:1. Inside the IκBα/NF-κB complex, the ankyrin repeat six and the 
C-terminal PEST sequence of IκBα are associated with the p65 RHD-NTD, imped-
ing binding to the DNA κB site (Fig. 6.1). Additionally, p65 undergoes such a con-
formational change, which strongly supports the linkage to IκBα, holding NF-κB in 
its inactive state [24–26].

Every IκB member has its own favorite NF-κB dimer. IκBα/β/ε binds to NF-κB 
dimers, which contain a minimum of one p65 or c-Rel subunit. p100 and p102 are 
connected to all NF-κB subunits. IκBζ and Bcl-3 have a preference for p50 and p52 
homodimers [27, 28].

Here, IκBα is investigated at best and is a central regulatory factor in the canonical 
NF-κB signaling pathway as described in the next chapter.
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Fig. 6.1  Schematic diagram of the domain structures of each individual NF-κB, IκB, and IKK 
complex protein family members. All three family groups have a typical domain structure as the 
Rel homology domain (RHD) for the NF-κB family members, the ankyrin repeat domains (ARD) 
for the IκB family members, and the leucine-zipper (LZ) motif for the IKK complex members. On 
the basis of their function, p100 and p105 are also associated with the NF-κB and IκB family. CC 
coiled coil, DD death domain, GRR glycine-rich region, HLH helix-loop-helix, NBD NEMO-
binding domain, PEST proline-, glutamic acid-, serine-, and threonine-rich region, TAD transacti-
vation domain. Adapted from Oeckinghaus et al.: The NF-κB Family of Transcription Factors and 
its Regulation, Cold Spring Harb Perspect Biol. 2009, 1(4): 1–14
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6.4	 �The Canonical NF-κB Pathway

Various cellular stress stimuli and certain endogenous and exogenous ligands lead 
to NF-κB activation. The stimulus decides if the canonical or noncanonical NF-κB 
pathway is activated. Both cascades lead to NF-κB nuclear translocation but are 
regulated by different checkpoints within the cascade. In the last few years, exten-
sive studies have been performed to characterize both variants of NF-κB activation 
and to identify important key players. It was shown that the canonical pathway is 
primarily activated during physiological stress conditions like inflammation, expo-
sure to bacterial products like lipopolysaccharide (LPS), and oxidative stress [29, 30]. 
The canonical NF-κB signaling cascade is generally activated by the following 
receptors: tumor necrosis factor receptor (TNFR), interleukin 1 receptor (IL-1R), 
Toll-like receptor (TLR), B-cell receptor (BCR), and T-cell receptor (TCR) [31]. 
Receptor ligation leads to the recruitment of certain adapter proteins to TNF 
receptor-associated factor (TRAF) and receptor-interacting protein kinase 1 
(RIPK1). RIPK1 is connected to the TGFβ-activated kinase 1 (TAK1)-binding pro-
tein (TAB2-TAB3-TAK1) complex and the NF-κB essential modulator (NEMO) 
via ubiquitin chains, bringing TAK1 into close vicinity to NEMO (IKKγ), the regu-
latory subunit of the IκB kinase (IKK) complex. This complex is composed of two 
more members, the catalytic subunits IKKα (IKK1) and IKKβ (IKK2), and repre-
sents the crucial step in NF-κB nuclear translocation by controlling proteasomal 
degradation of IκBα. More precisely, phosphorylation of TAK1 at Thr178 and 
Thr184 permits a direct phosphorylation of IKKβ inside its activation loop at Ser177 
and Ser181 leading straightly to IκBα phosphorylation at Ser32 and Ser36. 
Phosphorylation of IκBα follows activation of the IKK complex, the second essen-
tial regulatory step in NF-κB activation, because IκBα undergoes K48-linked polyu-
biquitination by the SCFβTrCP ubiquitin ligase complex, which induces its fast 
degradation by the 26S proteasome. Finally, IκBα degradation exposes the nuclear 
localization site (NLS) of NF-κB, which is needed for nuclear access, DNA binding, 
and transcription of target genes (Fig. 6.2) [32–37].

6.5	 �The Noncanonical or Alternative NF-κB Pathway

Next to the extensively studied canonical pathway, an alternative NF-κB activation 
exists. The so-called noncanonical NF-κB pathway activates NF-κB not by degrada-
tion of IκBα/β/ε and p105, but via processing the inactive p100/RelB NF-κB het-
erodimer through the active p52/RelB heterodimer [38, 39]. This pathway seems to 
be crucial in lymphoid organogenesis, B-cell maturation and survival, dendritic cell 
activation, and osteoclastogenesis. The major ligands which initiate these variants 
of NF-κB activation are the lymphotoxin β receptor (LTβR), B-cell-activating factor 
belonging to the TNF family receptor (BAFF-R), CD40, and receptor activator of 
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NF-κB (RANK). Moreover, uncontrolled stimulation of the noncanonical NF-κB 
signaling cascade leads to severe diseases such as B-cell lymphomas, ulcerative 
colitis, and rheumatoid arthritis [40].

Processing of p100 depends on the NF-κB-inducing kinase (NIK), IKKα 
homodimers, and βTrCP, a subunit of the SCFβTrCP ubiquitin ligase. NIK mediates 
phosphorylation of p100 at Ser866 and Ser870 in its NIK-responsive domain (NRD) 
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Fig. 6.2  The canonical and noncanonical NF-κB signaling cascade. After activation of the respec-
tive receptors, which are able to induce the canonical NF-κB pathway, the TAB-TAK1 complex 
and NEMO, the regulatory subunit of the IKK complex, get ubiquitinated by RIPK1. These ubiq-
uitin chains bring both complexes into closer vicinity to each other, whereby TAK1 phosphorylates 
IKKβ, one of the catalytic subunits of the IKK complex. The activated IKK complex phosphory-
lates two serine residues of the NF-κB inhibitor IκBα, thereby initiating its proteasomal degrada-
tion. After IκBα degradation, NF-κB translocates through the nucleus to induce gene expression. 
The noncanonical NF-κB signaling cascade is controlled at the upper part by NIK. NIK mediates 
phosphorylation leading to the activation of the homodimer IKKα, another catalytic subunit of the 
IKK complex. IKKα cleaves the inactive precursor p100 into the active NF-κB subunit p52. In 
combination with RelB, it forms a heterodimeric NF-κB molecule which enters the nucleus to 
induce target gene expression. BCR B-cell receptor, BAFF-R B-cell-activating factor receptor, 
FADD Fas-associated death domain, IκBα inhibitor of NF-κB, IKKα/β IκB kinase α/β, LT-βR 
lymphotoxin-β receptor, NEMO NF-κB essential modulator, NIK NF-κB-inducing kinase, RANK 
receptor activator of NF-κB, RIPK1 receptor-interacting protein 1, TAB2/3 TGFβ-activated kinase 
1 (TAK1)-binding protein, TAK1 TGFβ-activated kinase 1, TCR T-cell receptor, TLR Toll-like 
receptor, TRADD TNF receptor-associated death domain, TRAF2/3 TNF receptor-associated fac-
tor 2/3, TNFR tumor necrosis factor receptor. Adapted from Luedde et al.: The role of NF-κB in 
hepatic disease models, Translational Research in Chronic Liver Disease, Falk Workshop, Shaker 
Verlag Aachen 2009: 57–89
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and IKKα activation. Activated IKKα phosphorylates p100 at Ser99, Ser108, 
Ser115, Ser123, and Ser872 which is needed for the recruitment of βTrCP.  The 
SCFβTrCP ubiquitin ligase complex facilitates ubiquitination of p100 and thereby its 
26S proteasomal degradation to p52. Interestingly, canonical and noncanonical 
pathways exhibit some similarities regarding regulatory mechanisms as shown by 
equivalent phosphorylation sites of p100 and IκBα or ubiquitin-mediated 26S pro-
teasomal degradation of NF-κB inhibitors (Fig.  6.2) [41–43]. In contrast to the 
canonical pathway, the noncanonical cascade is characterized by a slow and persis-
tent signaling and protein synthesis [44, 45].

Next to ubiquitin, SUMOylation is another regulatory mechanism to shape 
NF-κB signaling in both pathways. SUMOylation induces posttranslational modifi-
cations like ubiquitination and phosphorylation and influences protein-protein inter-
action and gene transcription [46]. It was shown in different studies that the interplay 
of SUMO, SUMO proteases, and NF-κB signaling members like NEMO, IκBα, or 
p100 represent another important level of signal transduction [47, 48].

6.6	 �NF-κB-Associated Human Diseases and  
Genetic Mouse Models

Due to the immense effort taken in examining NF-κB and its biological function, 
the crucial role of NF-κB in cellular homeostasis was uncovered. Several human 
diseases like psoriasis, colitis ulcerosa, Crohn’s disease, rheumatoid arthritis, or 
cancer development are a result of dysregulated NF-κB activation [2–4].

For a better understanding of the mechanisms behind NF-κB dysregulation 
in vivo, numerous mouse models were developed and examined. These comprise 
constitutive, tissue-specific conditional knockouts using the cre/loxP technology, 
gene knock-ins, and reporter mice of single or more IKK subunits or in combination 
with other members of the NF-κB signaling cascade [6–8, 49–53].

Caused by the tremendous information on the different genetic mouse models 
and their implication in broadening our understanding of NF-κB-associated human 
diseases, the next paragraph will focus particularly on one organ which has been 
extensively studied over the last few years and is a prime example for the impor-
tance of NF-κB homeostasis: the liver.

6.7	 �NF-κB and Its Critical Role for Liver Homeostasis

The liver is the biggest organ in the human body with a weight of 1.2–1.8 kg and 
makes approximately 2–3% of the whole body weight. The liver is of great impor-
tance because it is responsible for different metabolic processes like synthesis of 
vitally essential proteins (e.g. albumin, blood coagulation factors, hormones), utili-
zation of food residues (e.g. conversion of glucose to amylum), detoxification of 
intermediate catabolic metabolites (e.g. from medicine), and bile production. 
Additionally, it is a storage organ for important macromolecules such as hormones 
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or amylum. Besides the wide metabolic functions, the liver has the capability of 
reacting immunologically as well [54]. During all these biochemical and immuno-
logical processes, the different cell types forming the liver are faced with degrada-
tion products which might be harmful, such as oxygen radicals, or are attacked by 
bacterial components like lipopolysaccharides (LPS) or viruses, such as hepatitis 
viruses. NF-κB activation protects the cells against apoptosis and supports pro-
inflammatory responses. Hepatocytes are the dominant hepatic cell type and stress 
factors, such as cytokines like TNFα or IL-1, and initiate the NF-κB signaling cas-
cade to protect them against cell death [31].

Despite the bad reputation of inflammatory processes, it plays in the liver a cen-
tral role for wound healing induced by injury processes, such as alcohol abuse or 
medication intake, which bear a high risk for liver fibrosis and cirrhosis progression 
and, finally, hepatocellular carcinoma (HCC) development. However, also viral 
infections such as hepatitis B virus (HBV) and HCV are potent inducers of liver 
fibrosis and HCC development. During fibrosis, the liver tissue undergoes a peren-
nial process of inflammation, apoptotic and necroptotic events, and compensatory 
renewal. These chronical processes cause severe side effects, such as the production 
of highly reactive molecules like reactive oxygen species (ROS), chromosomal 
aberrations, and possibly malignant alterations of proliferating hepatocytes. Other 
diseases and reasons which can also trigger HCC formation are nonalcoholic steato-
hepatitis (NASH), obesity, diabetes, aflatoxin-contaminated nutrients, exposure to 
toxic compounds like vinyl chloride, and genetic predisposition such as hemochro-
matosis [55, 56].

6.8	 �A Deeper View on TNF and NF-κB

Only two possibilities remain if a cell is faced with strong stress: survival or death. 
TNFα and IL-1 are classical stress inducers and belong to the TNF superfamily. 
Next to these prominent members, Fas (Apo-1) and TRAIL are also well known and 
are currently intensively studied proteins. These signaling cascades simultaneously 
induce expression of pro-survival and proapoptotic proteins and, according to the 
stimulation strength, determine if the cell dies or survives [57–59].

The balance between life and death is absolutely essential to keep the liver in a 
healthy status. Apoptosis and necroptosis are different ways of cellular death but are 
strictly coordinated processes with common molecular characteristics, but with dif-
ferent cellular fragmentation processes into several small pieces [60].

TNFα acts on different biological processes facilitated by TNF-R1 and TNF-R2. 
Soluble TNFα initiates TNF-R1 signaling, whereas activation of TNF-R2 signaling 
needs binding of membrane-bound TNFα [61]. Activation of the TNF-R1 by TNFα 
leads to its trimerization and initiates recruitment of different adaptor proteins build-
ing the membrane-bound TNFR-complex I.  The complex I comprises TRADD, 
RIPK1, cIAP1/2, and TRAF2/5. All seven TRAF family members have a C-terminal 
coiled coil domain which supports protein-protein interaction. Only TRAF2-7 exhib-
its an N-terminal RING domain which transfers K63-linked ubiquitin to target 
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proteins, acting as E3 ligases. Nevertheless, it is not clarified till now if TRAF proteins 
mainly act as E3 ligases or as adaptors [20, 62]. It was shown that TRAFs are involved 
in both, canonical and noncanonical NF-κB pathway, and those TRAFs are also 
needed for activation of other signaling cascades, therefore acting as a distributor 
platform for several pathways. RIPK1 is, differently to the TRAFs, exclusively 
engaged in the canonical NF-κB pathway. RIPK1 and TRAF2/5 seem to interact with 
each other by TRAF2/5-mediated K63-linked polyubiquitination of RIPK1 (Lys377) 
[63]. Alternatively, it is also discussed that cIAP1/2 is responsible for RIPK1 polyu-
biquitination and that TRAF2 only recruits them to the receptor complex. Despite 
intensive research the exact function of TRAF2/5 and cIAP1/2 concerning RIPK1 
ubiquitination could not have been solved satisfactorily to date [64]. Besides K63-
linked ubiquitination, RIPK1 undergoes a second, linear Met1-linked ubiquitination 
simultaneously. This is mediated by the linear ubiquitin chain assembly complex 
(LUBAC), another E3 ligase complex [65, 66]. RIPK1 is linked with the linear chain 
to NEMO and with the K63-linked chain to the TAB2/3-TAK1 complex and brings 
the IKK complex and TAK1 in closer vicinity to each other, leading to the phosphory-
lation of IKKβ and finally NF-κB activation as described above.

6.9	 �NF-κB and Its Function in Hepatogenesis

A deeper understanding of NF-κB importance and its components was achieved by 
using genetically modified mouse models. These models include a setup of diverse 
genetic approaches such as constitutive knockout models, dominant-negative 
expression or overexpression of single or double IKK subunits or IκB proteins, tis-
sue-specific conditional knockouts by using cre/loxP recombination, reporter sys-
tems, and gene knock-ins [50].

Knockout mice deficient in Rela (p65) die in the uterus between embryonic days 
15 (E15) and E16 because of hepatocyte apoptosis. The primary cause of this event 
is the failure of a TNFα-mediated IκBα induction and granulocyte/macrophage 
colony-stimulating factor (GM-CSF) as shown in murine embryonic fibroblasts 
(MEFs), revealing that RelA has a protective function against TNFα [67, 68]. These 
findings were approved by generating a double knockout of Tnf and Rela, which led 
to a normal embryonic development and a full rescue from lethality [69]. However, 
another study reported similar results, but these double knockout mice died 10 days 
after birth from acute hepatitis and neutrophil infiltration [70]. Both studies indicate 
that RelA and TNF-R1 are not essential for liver development in mice, but seem to 
sensitize these animals to infections leading to death within a very short time frame. 
Further investigations of other NF-κB subunits showed that the genetic loss of both 
c-Rel (Rel) and Rela causes liver failure as well [71]. Moreover, genetic ablation of 
both transcription factors triggers impaired maturation of B cells, T cells, and mac-
rophages, denoting important roles in controlling genes relevant for immune 
responses. Genetic manipulation of murine livers by using adenoviral technique 
allowed transcription of an IκB superrepressor (Ad5IkappaB) which abolished 
NF-κB linkage to the respective DNA binding sites. After partial hepatectomy the 
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adenoviral infected livers displayed increased apoptosis rates of hepatocytes, prov-
ing the importance of NF-κB [72]. For the remaining NF-κB subunits RelB, NF-κB1, 
and NF-κB2, they were shown to play important roles in the differentiation and 
proper function of hemopoietic cells [73].

Next to the studies on NF-κB subunits, some studies carried out to define the 
functional impact of the single IKK members. Constitutive deletion of Ikkβ (Ikk2−/−) 
in mice leads to embryonic lethality at day E12.5 as a cause of enhanced liver dam-
age. Cell culture experiments of primarily isolated MEFs from these animals 
revealed impaired NF-κB activation in response to TNFα and IL-1. These results 
revealed a central function for IKKβ in controlling liver development and NF-κB 
activity, whereas loss of IKKβ cannot be fully compensated by IKKα (IKK1) [74–
76]. Ablation of the catalytic subunit Nemo (Ikkγ−/−) has a similar phenotypical 
effect as the embryos die between day E12.5 and E13.0 from massive apoptotic liver 
failure, and experiments with isolated Ikkγ−/− MEFs also showed disturbed NF-κB 
activity after treatment with TNFα, IL-1, LPS, and Poly(I:C), leading to high sus-
ceptibility to apoptosis [77]. As stated above, IKKα does not seem to have an impact 
on liver development and NF-κB induction triggered by pro-inflammatory sub-
stances. Ikkα−/− mice die perinatally and develop severe skeletal and skin-related 
defects during embryogenesis [78, 79].

6.10	 �NF-κB and Its Pivotal Role for Liver Integrity

Generation of tissue-specific knockouts by using the cre/loxP recombination system 
gives the opportunity of a much more detailed view on NF-κB in particular with 
regard to protection against cytokine-induced hepatitis. Another great advantage of 
the cre/loxP technology is the time-dependent loss of target genes determined by 
activation of the respective promoter during later embryonic developmental stages 
or postnatally, circumventing embryonic lethality effects. This was demonstrated by 
a conditional cre-driven hepatocyte knockout of Rela/p65. These mice are viable, 
and isolated primary hepatocytes treated with TNFα were highly sensitive to apop-
tosis with concurrently enhanced c-Jun N-terminal kinase (JNK) expression and 
degradation of the anti-apoptotic protein cellular FLICE inhibitory protein long 
(c-FLIPL) [80]. Investigation of hepatocyte-specific Ikkβ deletion in adult mice 
revealed an unexpected slight sensitivity in response to TNFα or LPS administration 
contrary to the murine embryonical state [52, 80, 81]. However, treatment with 
concanavalin A (ConA) promotes severe liver failure in adult Ikkβ-deficient ani-
mals, which is mainly supported by increased activation of JNK, a key mediator of 
ConA-induced liver failure. Next to JNK activation, ConA is also a potent activator 
of T cells, indicating that the anti-apoptotic function of IKKβ is the prevention of T 
cell-mediated cell death associated with decreased JNK activity [81].

Metabolic diseases represent another potential risk factor in mediating inflam-
matory processes like type 2 diabetes and obesity. Liver-specific Ikkβ ablation abol-
ished insulin sensitivity, while these animals showed insulin resistance in muscle 
and fat induced by a high-fat diet and upon aging [82].
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Double knockout of Ikkα and Ikkβ (IKKα/βLPC-KO) in liver parenchymal cells 
(hepatocytes and cholangiocytes) supported increased susceptibility of hepato-
cytes to LPS in vivo, which was not detected in the single knockout conditions, 
claiming for a more redundant function for both IKKs in canonical NF-κB activa-
tion. Of note, simultaneous deficiency of IKKα and IKKβ or the combined ablation 
of Ikkα and Nemo, but not Nemo alone, led to spontaneous development of cholan-
gitis with disturbed portal bile ducts accompanied by severe jaundice, revealing the 
importance of both catalytic NF-κB subunits in controlling liver immunology and 
bile duct integrity [83]. Additional pivotal discoveries concerning the physiologi-
cal impact of the IKK complex were achieved by examining adult mouse livers 
lacking the regulatory subunit NEMO.  These livers are highly sensitive against 
TNF- and LPS-mediated inflammation and subsequently cell death in  vivo and 
in vitro [8, 52].

Further studies regarding genetic ablation of other NF-κB signaling members 
alone or in combination with different IKKs revealed a great impact on cellular 
homeostasis as well. Hepatocyte-specific deletion of the mitogen-activated kinase 
kinase kinase (MAP3K) TGF-β-activated kinase 1 (TAK1LPC-KO; TAK1Δhep) leads 
to a comparable phenotype as seen for IKKα/βLPC-KO with considerable cholangi-
tis, early HCC development, and lethal jaundice at younger age [6, 51]. Deletion 
of death receptor-associated adaptor proteins like Fas-associated protein with 
death domain (Fadd) or Tnfr1 in combination with Nemo (NEMO/FADDLPC-KO) or 
Tak1 (TAK1/TNFR1∆hep) showed strongly reduced signs of inflammation, fibrosis, 
and cell death, raising evidence for a pro-apoptotic trigger driving these pheno-
types [8, 51]. A look more downstream of the death receptor pathways, regarding 
casapse-8, highlighted a rescue of Caspase8/NEMO∆hep mice from steatosis and 
HCC development, but these animals developed a severe spontaneous phenotype 
of liver necrosis, cholestasis, and biliary lesions, most likely caused by a FasR-
induced RIPK1-RIPK3-mediated necroptosis [84]. As stated above, the hepato-
protective function of NF-κB is also influenced by a sustained reduced expression 
level of JNK upon TNFα administration [85–87]. JNK belongs to the MAPK fam-
ily and is activated via TRAF2, RIPK1, and MKK4/7. JNK is a major mediator of 
cell death, triggered not only by pro-inflammatory cytokines such as TNFα and 
IL-1β but also by cellular stressors such as UV radiation, osmotic, oxidative, 
hypoxic, and genotoxic events [88, 89]. The connective bridge between NF-κB 
and JNK is TAK1, which is able to phosphorylate IKKβ and MKK4/7, depending 
on stimulus strength. Next to JNK, TAK1 is also able to phosphorylate MKK3/6, 
which are activators of p38, another MAPK involved in cell proliferation, differ-
entiation, and cell death [90, 91]. Studies with p38α/IKK2LPC-KO mice showed 
increased hepatocyte sensitivity against TNFα and LPS administration in  vivo, 
which was not the case for the single knockout conditions. Moreover, significantly 
increased JNK expression levels could be detected, but were not strong enough to 
induce liver failure [92]. The results revealed impressively that the NF-κB signal-
ing cascade is not an isolated pathway and is embedded in a broad network of 
stress-related signaling pathways which are tightly regulated in protecting the 
liver against harmful events.
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6.11	 �NF-κB and Its Implication for HCC Development

Chronic inflammatory liver diseases belong to the main preconditions for genera-
tion and progression of liver cirrhosis and subsequently HCC development, affect-
ing 80–90% of patients with liver cirrhosis [55]. The formation of cancer is 
generally characterized by a disbalance between cell death and survival/prolifera-
tion [93]. In most HCCs, NF-κB is constantly active, which drives a continuous 
burst of pro-inflammatory and anti-apoptotic signals [94, 95]. In the last two 
decades, murine genetic studies had a great impact on the understanding of molec-
ular mechanisms driving HCC development [6–9, 96]. It has been shown that 
tumor formation is a process in which different liver cell types are involved and 
where NF-κB activation is time-dependent altered, particularly at early and late 
stages of cancer development.

One of the first studies in this direction was done on Multidrug resistance protein 
2 (Mdr2−/−) mice (human homologue MDR3), lacking a permeability (P)-glycoprotein 
which is located in the bile canalicular membrane of hepatocytes with a function as 
a phospholipid export pump. Disruption of the functionality of the pump causes a 
spontaneous phenotype described by cholangitis with a dysfunctional biliary deliv-
ery, ending in HCC development at 4–6  months of age [96]. In this phenotype, 
enhanced NF-κB activity leads to a higher TNFα expression, and impairment of 
NF-κB activity with a hepatocyte-specific inducible IκB superrepressor transgene 
negatively affected tumor progression and hepatocyte cell death at later stages of 
tumor development, whereas NF-κB blockage at the initial stage of tumor formation 
has no inhibitory effect [97]. Besides this tumor-promoting effect of NF-κB, other 
studies argue for a tumor-suppressive function. Hepatocyte-specific knockout of 
Nemo promotes hepatitis in these animals at 2 months of age and spontaneous HCC 
development 12 months after birth, triggered by cytokines and a constant low intrin-
sic dosage of LPS coming from the commensal gut bacteria [8]. Further studies with 
different combined hepatocyte-specific knockouts of Nemo and Tnfr1, Trail-r, or 
Fas or quadruple knockout showed no rescue or improvement of this phenotype. 
Still the combination of NEMO/FADDLPC-KO caused a much milder progress of liver 
failure and inflammation and abolished HCC development. Examination of liver 
sections from 1-year-old NEMOLPC-KO/Tnf−/− mice with developed liver tumors 
revealed that TNF is not important for the development of spontaneous cell death, 
hepatitis, and HCC in NEMOLPC-KO livers. Neither depletion of natural killer cells 
nor an intercrossing with Rag-1 ablated mice (NEMOLPC-KO/Rag1−/−) prevented liver 
damage [49]. All these results demonstrated that the spontaneously developed 
hepatocyte-specific NEMO phenotype is neither the result of death receptor-
mediated signaling cascades nor an immune response triggered once, and additional 
studies are needed to identify the mechanism behind. Interestingly, double knockout 
of Nemo and Tak1 in hepatocytes rescued the massive phenotype detected in the 
Tak1 single knockout condition (as stated above), claiming for a NF-κB-independent 
tumor formation in the TAK1LPC-KO livers [6, 8]. Generation of knock-in mice 
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endogenously expressing catalytically inactive RIPK1 D138N (Ripk1D138N/D138N) 
are alive after birth unlike mice conditionally lacking Ripk1. Moreover, these mice 
are protected against TNFα treatment and poly (I:C)-induced necroptosis in vitro 
and TNFα administration in vivo, indicating that the kinase activity of RIPK1 is not 
a prerequisite for cell survival but is crucial for TNFα-induced necroptosis [53]. 
Moreover, this result is supported by the finding that hepatocyte death and HCC 
development in NEMOLPC-KO mice is triggered by RIPK1’s kinase activity, indepen-
dent of NF-κB activity and RIPK1’s scaffolding function. A complete NF-κB block-
age induced by hepatocyte-specific single or combined knockout of Rela, c-rel, or 
Relb did not affect the liver, whereas constitutively active IKKβ prevented hepato-
carcinogenesis in NEMOLPC-KO animals. These results revealed a NEMO protective 
function against HCC development. Hepatocyte-specific ablation of RIPK1 acti-
vated a TRADD-related apoptosis and HCC development, showing two different 
functions of RIPK1 [98].

Hepatocarcinogenesis chemically induced by a single injection of diethylnitrosa-
mine (DEN) in 15-day-old IKKβΔhep mice causes in 2-month-old mice massive liver 
tumor development which is not seen in untreated IKKβΔhep livers [9, 81]. Compared 
to the untreated mice, DEN treatment supports enhanced ROS production correlat-
ing with increased JNK expression levels, hepatocyte death, and compensatory 
hepatocyte proliferation, which is similar to the results of the ConA-treated IKKβΔhep 
mice [81]. Moreover, experiments with IKKβ−/− fibroblasts showed that antioxi-
dants like manganese superoxide dismutase (MnSOD) or MAPK phosphatases are 
needed to avoid ROS-mediated sustained JNK activity [99]. Besides ROS, nitric 
oxide (NO•) is another kind of agent radically synthesized by inducible nitric oxide 
synthase (iNOS), which is able to induce chronic inflammation and might influence 
tumor formation by controlling cell proliferation, angiogenesis, survival, medical 
resistance, and DNA repair [100–102]. Examination of iNos knockout mice showed 
significantly reduced NF-κB activities, and a higher concentration of iNOS is related 
to tumor proliferation, genomic instability microvascularization, and worse diagno-
sis for HCC patients. Treatment with iNOS inhibitors, like aminoguanidine, has a 
negative effect on HCC progression and NF-κB activity and a positive influence on 
apoptosis in vivo and in vitro. Moreover, interruption of the NF-κB cascade with 
sulfasalazine or siRNA led to decreased iNOS expression in different HCC cell 
lines [103].

Next to the components of the canonical NF-κB pathway, HCC development 
could also be triggered via the LTβR, one of the activators of the noncanonical 
NF-κB pathway. Enhanced levels of LTα, LTβ, and LTβR were detected in human 
HBV-/HCV-infected livers and in HCC. Examination of the transgenic mouse mod-
els of LTα and LTβ showed that hepatocyte-specific overexpression promotes fibro-
sis and HCC development. Ablation of IKKβ, specifically in hepatocytes, rescued 
mice from HCC development [7].

These results indicate a carcinogenesis promoting function of NF-κB, which is 
strongly supported by pro-inflammatory mediators.
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6.12	 �NF-κBs Contribution on Liver Fibrosis and Cirrhosis

Liver fibrosis is a disease that develops as a consequence of recurrent “out-of-control” 
wound healing processes. Persistent removal of damaged and/or inflamed tissue with 
compensatory renewal leads over time to composition of fibrillar collagen in the 
affected areas, ending up in scarring liver tissue and loss of metabolic functional 
areas. Hepatic stellate cells (HSCs) are mainly involved in this process, whereas after 
certain stimuli this cell population is activated and undergoes a transformation to 
hepatic myofibroblasts which are built by decomposition of extracellular matrix pro-
teins the collagen scars in the tissue. HBV and HCV infections, autoimmune hepati-
tis, alcohol abuse, NASH, and cholestasis trigger liver fibrosis and finally cirrhosis. 
For a long period, it was assumed that activated HSCs/hepatic myofibroblasts are the 
main source of liver fibrosis, but it seems to be a multifaceted process in which dif-
ferent signaling pathways and other liver cell types such as hepatocytes and Kupffer 
cells might be of importance [104]. Examination of intercrossed mice with a consti-
tutively active human IKKβ (CAIKK2) allele in postnatal livers, controlled by a tet-
racycline promoter system, revealed modest liver injury, infiltration of immune cells, 
enhanced hepatocyte proliferation, and spontaneous liver fibrosis progression. 
Deeper analysis detected significantly enhanced levels of chemokines and certain 
chemokine receptors, while interruption of CAIKK2 expression led to declined 
expression levels in hepatocytes. Moreover, disruption of CAIKK2 expression for 
few weeks also reduced HSC activation but without significant improvement of 
fibrosis reduction. Only macrophage removal with liposomal clodronate positively 
affected liver fibrosis development caused by a reduced NF-κB activation. This indi-
cates that next to transformed HSCs, recruitment of pro-inflammatory immune cells 
such as macrophages, mediated by prolonged hepatocellular NF-κB activation, are 
involved in promoting liver fibrosis [105]. Previous studies detected in activated 
HSCs enhanced levels of NF-κB, correlating not only with increased expression of 
pro-inflammatory and adhesion molecules, but also with upregulation of anti-
apoptotic proteins like TRAF1/2, cIAP1/2, Bcl-XL, and GADD45β [106]. Moreover, 
it seems that the CD95/Fas pathway is responsible for HSC death, whereas TGF-β 
and TNFα induce pro-survival signaling. Disruption of NF-κB activity by overex-
pression of an IκB superrepressor led to decreased expression levels of anti-apoptotic 
proteins like Bcl-XL and enhanced proapoptotic proteins as caspase-3 during TGF-β 
and TNFα stimulation [107, 108]. Another study revealed a constitutive phosphory-
lation of p65 at Ser536 mediated by IKKβ and the autocrine renin-angiotensin sys-
tem in human hepatic myofibroblasts. IKKβ-mediated phosphorylation of p65 allows 
nuclear translocation, whereas angiotensin II promotes myofibroblast survival in an 
autocrine and paracrine way [109]. Besides increased NF-κB activation, enhanced 
p-JNK levels could be detected in human- and murine-activated HSCs, indicating 
that JNK has an important function in liver fibrosis progression [110].

In addition to the death receptor family, two members of the Toll-like receptor 
(TLR) family, TLR4 and TLR9, were uncovered to be involved in mediating NF-κB 
activation during liver fibrosis progression as their activation could be a conse-
quence of gut bacterial components [111, 112].
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6.13	 �NF-κB in HVB/HCV Infections

Approximately 3% of the total world population have been infected with HCV, 
whereas more than 170 million people are suffering from chronic hepatitis, cir-
rhosis, and HCC. The annual rate of HCC development is strongly increased in 
cirrhotic livers [113]. The HCV core, the envelop protein E2, and HCV subge-
nomic replicons have been shown to enhance p38 and extracellular signal-regu-
lated kinase (ERK) phosphorylation and initiate NF-κB [114, 115]. Moreover, it 
seems that oxidative stress (ROS) and TGF-β1 are important mediators of fibro-
genesis in HCV infection. Silencing of p38, JNK, ERK1/2, and NF-κB (p65) in 
hepatocytes in vitro revealed their implication in enhanced TGF-β1 expression 
[116]. Experiments using different inhibitors for ROS (diphenyliodonium 
[DPI]), JNK (SP600125), IRE1 (Irestatin 9389), and NF-κB (6-amino-4-(4-
phenoxyphenylethylamino [AQ]), have blocked significantly HCV-induced 
NF-κB and TGF-β1-mediated SMAD signaling. Silencing of JNK and IRE1 
using siRNA inhibited efficiently ER stress, ROS, NF-κB, and TGF-β1 activity 
[117]. Moreover, it was shown in vitro that the hepatitis B virus X (HBx) pro-
tein, in addition to HCV infection, maintains enhanced NF-κB and AP-1 activa-
tion which might indicate a supportive role of HBx in HCC development [118]. 
Patients suffering from HBV have a much higher potential to develop HCC 
confirmed by studies which detected in nearly all examined HCCs of HBV 
patients chromosomally integrated viral DNA.  Next to the HBx protein, the 
HBV surface antigen PreS2 is able to activate NF-κB and AP-1 via PKC-
mediated induction of the c-Raf-1/MAPK signaling pathway, which further 
leads to increased hepatocyte proliferation, indicating a tumor-promoting func-
tion for PreS2 [119].

Stimulation of HCV core protein infected HeLa and HuH-7 cells with TNFα or 
LTα1/β2 mediates increased or sustained IκBβ degradation, whereas degradation 
of IκBα was only detected in LTα1/β2-stimulated HeLa cells. Besides cytokine 
treatment, higher levels of NF-κB activity were also detected in untreated HeLa 
and HuH-7 cells only harboring the HCV core protein. This finding shows that the 
HCV core protein is able to positively alter NF-κB initiation and, in combination 
with cytokine treatment, markedly increased this effect, which might have a direct 
influence on a stable and continuous NF-κB activation in HCV-infected cells 
[120].

After viral infection, the immune system reacts with the production of different 
NF-κB-related cytokines, especially IFNs to defend the infection [121–123]. NF-κB 
and IFN regulatory factor-3 (IRF-3) initiate alone or together the antiviral Janus 
kinases/signal transducer and activator (JAK-STAT) signaling cascade [124]. 
Despite the protective host defense response to eliminate viral infection accompa-
nied by removing and restoring damaged tissue, continuous NF-κB activation also 
has negative side effects, such as activation of quiescent HSCs or proliferation of 
hepatocytes with oncogenic mutations, leading to liver fibrogenesis and HCC devel-
opment. Therefore, therapeutics are needed which keep virus-induced oxidative 
stress or mediators of fibrosis at a minimum [125, 126].
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6.14	 �NF-κB and Its Meaning for Obesity

Overweight and metabolic diseases have strongly increased all over the world, rang-
ing from childhood to adult stage. The WHO estimated for 2015 that around 2.3 
billion adults would be overweighted and approximately 700 million people would 
be obese [127]. Obesity is a gate opener not only for several diseases, such as insu-
lin resistance, type 2 diabetes, cardiovascular disease, and atherosclerosis, but also 
for dementia, airway disease, and cancer [128, 129]. Genetic examination of murine 
and human adipose tissue, as well as murine hepatic tissue, uncovered strongly 
increased activation of an inflammatory and immune response gene network trig-
gered by a multifaceted genetic loci and environmental issues [130–132]. However, 
the molecular mechanism of how obesity influences macrophage response is not yet 
fully understood. Currently, different theories are trying to explain how macro-
phages and obesity are connected to each other, e.g. by TLR4 induction through a 
high content of saturated fats, by inflammation of the central nervous system, or by 
the commensal gut microbiota [133–136].

Adipocytes are the cellular components of the adipose tissue and next to lipid 
storage they are also able to generate and release pro-inflammatory cytokines and 
adipokines which attract monocytes and T cells to infiltrate the adipose tissue, 
where monocytes differentiate to M1 macrophages. It is discussed that one major 
source triggering this process is metabolic stress caused by overnutrition, which 
leads to high levels of non-metabolized free fatty acids and ER stress inducing 
inflammatory responses. However, also removal of apoptotic adipocytes is another 
potent inducer of macrophage recruitment [128]. Besides macrophage recruitment, 
activation of TLRs is considered to initiate NF-κB-mediated generation of pro-
inflammatory molecules. The NF-κB target IKKε was detected to be needed for 
high-fat diet (HFD)-induced obesity. Depletion of IKKε revealed a positive influ-
ence on high-fat diet fed mice, because these animals were protected from insulin 
resistance and hepatic steatosis, and they did not show any sign of chronic inflam-
mation in liver or adipose tissue or induction of inflammatory pathways [137]. 
Similar results were obtained by HFD-treated mice with IKKβ deficiency in hepa-
tocytes (IkbkbΔhep) or in myeloid (IkbkbΔmye) cells. These animals showed liver-
specific insulin sensitivity, but revealed insulin resistance in muscle and adipose 
tissue, which was also examined in obese or aged mice. The IkbkbΔmye mice had 
preserved total insulin sensitivity with protection against insulin resistance [82]. 
Constitutively expressed IKKβ in hepatocytes caused increased NF-κB activity 
comparable to values detected in HFD-treated or obese mice. These animals also 
developed type 2 diabetes (T2D) with characteristic features such as hyperglyce-
mia, severe hepatic insulin resistance and mild systemic insulin resistance, also 
affecting muscle tissue. Liver-specific expression of the IκBα superrepressor res-
cued this phenotype [138]. These results indicate a potential NF-κB function in 
obesity-related inflammation and T2D locally in the liver and myeloid cells, which 
seem to be crucial for improving systemic insulin resistance. Sustained excessive 
food intake also leads to NF-κB initiation via different pro-inflammatory pathways 
as in adipocytes and macrophages; TLR4 was discovered to be activated by free 
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fatty acids. Ablation of TLR4 protected these mice from insulin resistance in muscle 
tissue, disturbed glucose metabolism, and inflammatory signaling in liver and adi-
pose tissue [139]. Additional studies showed that loss of function mutation in TLR4 
also hindered the development of insulin resistance in adipocytes and in diet-initi-
ated obesity [135, 140, 141]. Next to TLR4, TLR2 seems to have a comparable role 
in mediating NF-κB activation during HFD-induced obesity and the formation of 
insulin resistance [142, 143]. Metabolic stress signals attract monocytes to remove 
apoptotic pancreatic β-cells, thereby secreting TNFα, IL-6, and IL-1 to support 
β-cell dying. Increased TNFα levels in blood and peripheral tissues were detected in 
insulin-resistant rodents as well, and HFD promotes enhanced secretion of TNFα, 
IL-6, and IL-1  in hepatocytes and adipocytes. Inactivation of TNFα in different 
genetic rodent models mediated a significant peripheral glucose uptake during insu-
lin secretion. Moreover, hepatocyte deficiency of IL-6 receptor (IL-6RαL-KO) 
impaired obesity-related insulin resistance and glucose tolerance. Depletion of 
IL-6Rα induced a massive inflammatory response indicated by enhanced levels of 
TNFα, IL-6, and IL-10 and IκBα phosphorylation. Glucose tolerance in these ani-
mals was reinstated by TNFα neutralization or Kupffer cell deficiency [144–146]. 
All these results imply a critical role for NF-κB in obesity-mediated insulin resis-
tance and T2D progression and that a controlled release of inflammatory inducers is 
necessary for a healthy hepatic metabolism.

6.15	 �NF-κB and Its Function in Hepatic Ischemia/ 
Reperfusion (I/R) Injury

During and after liver transplantation or hepatic resection, ischemia/reperfusion 
(I/R) is a main reason for liver failure caused by hypoxia or anoxia if oxygen supply 
and tissue pH are reinstated after clamping of the hepatic blood flow. The 
pathobiochemical mechanisms behind I/R are versatile and affect all liver cell types 
[147, 148].

Several studies were done to clarify if I/R induces apoptosis or necroptosis [149–
154]. During I/R, hepatocytes express damage-associated molecular patterns 
(DAMPs)/pathogen-associated molecular patterns (PAMPs) on their surface, and 
macrophages, Kupffer cells, and dendritic cells bind these DAMPs/PAMPS by 
TLRs, thereby initiating the immune system. Adaptive and innate immune cells are 
recruited to the affected tissue sections where they secrete additional inflammatory 
mediators as TNFα, IL-1, IL-12, and INFγ which fuel these processes [148, 155]. 
Hepatic adenoviral overexpression of an IκB superrepressor in rats impeded NF-κB 
activation by decreased TNFα expression, preventing negative effects of hepatic I/R 
[156]. Furthermore, it was shown that heat shock preconditioning of rat livers sig-
nificantly impaired I/R-induced NF-κB activation and expression of several inflam-
matory mediators [157]. Conditional ablation of Ikkβ in murine hepatocytes led to 
impaired liver necrosis and inflammation during I/R compared to the wild-type con-
dition. Also administration of the chemical IKKβ inhibitor AS602868 failed to 
induce I/R-mediated liver failure without induction of pro-apoptotic side effects, 
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making this inhibitor potentially useful for therapy [52]. A20 is another critical 
NF-κB target gene activated during inflammatory processes in hepatocytes and is 
involved in blocking apoptosis, but is also part of a negative feedback loop to con-
trol NF-κB activation [158–160]. Murine hepatic recombinant adenoviral overex-
pression of A20 revealed a significantly increased survival rate after I/R in these 
animals, indicated by considerably reduced bilirubin and transaminase levels, 
reduced hemorrhagic necrosis and steatosis, and enhanced hepatocyte proliferation. 
Moreover, A20 induced the release of peroxisome proliferator-activated receptor 
alpha (PPARα), an important controller of lipid homeostasis and oxidative damage, 
which prevented oxidative induced necrosis [161].

These results revealed that interference of IKKβ activation by pharmacological 
treatment is a putative instrument to protect livers from I/R injury. A20, another 
crucial NF-κB target, seems to be an additional promising candidate which might 
have the capacity as a therapeutic target which efficiently blocks I/R [86, 161]. In 
contrast, mice given recombinant receptor activator of NF-κB ligand (RANKL) 
before or during hepatic I/R showed enhanced NF-κB activation accompanied by 
less liver damage [162].

6.16	 �NF-κB as Therapeutic Target

Liver diseases are characterized by multifaceted biochemical processes, whereas 
the balance between apoptotic and survival signaling pathways is of great impor-
tance for liver homeostasis. Impaired homeostasis leads to chronic inflammation 
and compensatory proliferation ending up in liver cirrhosis and HCC development. 
Tremendous work was done in these fields, and particularly the use of genetic modi-
fied mouse models showed that NF-κB is one of the most important key players in 
preserving liver integrity. However, the function of NF-κB in the development of 
liver diseases is not black and white nor is it equal for all liver cell types. This makes 
it extremely challenging to design cell type and disease-specific drugs which only 
affect the cells of interest and not interfering with NF-κB activity or other signaling 
cascades in healthy cells.

Several biological and chemical compounds have been tested to modify NF-κB 
activity as steroids, selective estrogen receptor modulators, antioxidants, protea-
some inhibitors, and IKK inhibitors [126].

The administration of hormones is critical to assess because of the increased risk 
of negative side effect induction in the liver or other organs or their prospective 
impact on the respective gender [126, 163]. Phytochemicals from tea or other plants 
have a great antioxidant potential which seems to have a significant positive influ-
ence on liver health, but further investigations are needed for refining substance 
purification and antioxidant composition [164–167]. The development of chemical 
compounds, such as proteasome inhibitors like Bortezomib, mediates reduced 
NF-κB activation. Treatment of human hepatoma cells with MG132, another prote-
ase inhibitor, resulted in apoptosis induction but affected the β-catenin pathway. 
Currently, the use of proteasome inhibitors as a therapeutic target needs more 
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scientific research because of the diversity of bad side effects induced next to 
decreased NF-κB activation [168–171]. Regarding specific NF-κB blockage, the 
IKK complex member IKKβ seems to be a putative target. It has been shown that 
aspirin and sulfasalazine are able to impair the catalytic activity of the IKK com-
plex. Furthermore, the development of a new class of chemical compounds, referred 
to as “small molecules,” is able to impede NF-κB activation by binding to the ATP-
binding pocket of IKKβ, thereby inducing conformational changes. Despite the 
higher binding specificity of small molecules for their targets and effectiveness 
compared to other compounds, a potential risk remains for the development of side 
effects, such as induction of inflammatory responses [126, 172, 173].

In addition to biological and chemical compounds, therapeutics on the DNA/
RNA level have also been developed. Different studies were done with small inter-
fering RNAs (siRNAs), microRNAs (miRNAs), and antisense oligodeoxynucleo-
tides (ODNs), placing emphasis on liver fibrosis. Several studies have obtained 
promising results, but more genetic and clinical trial studies are needed to gain a 
better mechanistic understanding and to improve application effectiveness of small 
RNA and DNA products to enhance therapeutic success in the treatment of liver 
diseases [174].

In summary, further scientific and clinical studies are needed to develop effective 
therapeutics that are fine-tuned for the control of hepatic NF-κB activation to pre-
vent progression of liver diseases, but without inducing harmful side effects.
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Abstract
Glial tumors represent the most common primary central nervous system tumors. 
They are classified as astrocytomas, oligodendrogliomas, and oligoastrocyto-
mas. They may occur as benign tumors (WHO grade II) or anaplastic tumors 
(WHO grade III). The most malignant astrocytoma is called glioblastoma and 
represents WHO grade IV.

With the recent publication of the revised fourth edition of the WHO classifica-
tion of CNS tumors, the molecular characterization of the tumors becomes man-
datory. Elementary investigations include the determination of the mutation status 
of IDH1/2 and co-deletion of 1p/19q. Additional parameters include mutations in 
the ATRX gene and the TERT promoter. A variety of genetic alterations have been 
described. Specific focus was laid on epigenetic changes, i.e., altered methylation 
patterns. Studies related to gene or microRNA (miR) expression in brain tumors 
are still scarce. Brain tumors pose a challenging task for the clinician and require 
further broad-minded molecular investigations at various levels.

7.1	 �Introduction

Glial tumors are the most frequently encountered brain tumors. They are tumors of 
neuroepithelial tissue. Based on the cell of origin, they are classified as astroglial, 
oligodendroglial, and oligo-astroglial tumors. Other neuroepithelial tumors include 
ependymal and choroid plexus tumors. Neuronal and mixed neuronal-glial tumors, 
tumors of the pineal region, and embryonal tumors also belong to the group of 
tumors of neuroepithelial tissue.

For each tumor entity, predicting the biological behavior by means of histological 
grading was introduced by the WHO. Thus, (a) grade I tumors have low proliferative 
potential and the possibility of cure following surgery; (b) grade II tumors are infiltra-
tive in nature and, despite low level of proliferation, often recur. They tend to progress 
to higher grades; (c) grade III tumors are lesions with histological evidence of malig-
nancy, including nuclear atypia and brisk mitotic activity; and (d) grade IV tumors are 
cytologically malignant, mitotically active, necrosis-prone neoplasms associated with 
rapid pre- and postoperative disease evolution and fatal outcome.

According to the Central Brain Tumor Registry of the United States (CBTRUS), 
the distribution (in %) of primary brain and CNS tumors by histology and by 
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histology subtypes is shown in Table 7.1. The overall distribution is based on an 
analysis of 356,858 tumors, and the distribution of the histological tumor subtypes 
is based on an analysis of 97,910 tumors [1–3].

7.2	 �Morphology

7.2.1	 �Glioblastoma (GBM) (WHO Grade IV)

Glioblastoma or glioblastoma multiforme (GBM) is a highly malignant neuroecto-
dermal tumor composed of densely packed, anaplastic, and highly dedifferentiated 
tumor cells making the histogenetic typing difficult.

Macroscopically, GBM are tumors of large size which can involve several lobes. 
GBMs can spread to the contralateral hemisphere through the corpus callosum dis-
playing a symmetrical tumor growth into both hemispheres, i.e., butterfly glioma. 
The tumor is usually not sharply demarcated, presenting with a broad and diffuse 
zone of infiltration. The cut surface characteristically shows a varicolored appear-
ance ranging from gray, brown, white, and yellow to dark red. GBMs have a firm 
consistency. Necroses are present.

At the microscopic level, a high diversity of cell forms is encountered in glio-
blastoma which encompass anaplastic cells displaying astrocytic features; neoplas-
tic oligodendroglia; high density of small, poorly differentiated cells; marked 
polymorphism of tumor cells including multinucleated giant cells; areas showing 
cells with astrocytic, oligodendroglial, and rarely ependymal differentiation; atypi-
cal mitoses; vascular endothelial cell proliferation; typical tumor necroses, i.e., pali-
sading with cells arranged side by side in rows and their processes directed toward 
a central area of necrosis; and large areas of necroses. Based on the predominant 
features, the following types can be recognized: small cell GBM, classical type, 
GBM with oligodendroglioma component, and GBM with PNET-like islands.

7.2.2	 �Astrocytoma (WHO Grade II)

Astrocytoma is a diffusely infiltrating tumor that typically affects young adults and 
is characterized by a high degree of cellular differentiation and slow growth; the 

Table 7.1  Distribution of glial tumor types

Tumor

Distribution (in %) of primary 
brain and CNS tumors

Distribution (in %) of primary brain and 
CNS gliomas

Overall Malignant Tumor subtype (WHO grade)

Astrocytoma 5.7 17.4 Pilocytic astrocytoma (I) 5.2

Diffuse astrocytoma (II) 8.6

Anaplastic astrocytoma (III) 6.1

Glioblastoma 15.1 45.6 Glioblastoma (IV) 55.1

Oligodendroglioma 1.6 4.9 Oligodendroglioma (II) 5.7

Oligoastrocytoma 9.0 2.7 Oligoastrocytoma (II and III) 3.2
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tumor occurs throughout the CNS but is preferentially located supratentorially and 
has an intrinsic tendency for malignant progression to anaplastic astrocytoma and, 
ultimately, glioblastoma.

Macroscopically, the borders of the gray or yellow-whitish tumor are blurred. 
Areas of the tumor tissue might be firm or softened or granular or cystic.

At the microscopic level, astrocytoma is characterized by well-differentiated 
neoplastic astrocytes in a loosely structured tumor matrix. The neoplastic astrocytes 
have round to oval nuclei with intermediate-sized masses of chromatin, a distinct 
nucleolus, and no stainable cytoplasm. There is an absence of mitotic activity, 
necroses, and microvascular proliferation.

7.2.3	 �Anaplastic Astrocytoma (AA) (WHO Grade III)

Anaplastic astrocytoma is a diffusely infiltrating, malignant astrocytoma that pri-
marily affects adults, preferentially located in the cerebral hemispheres, which is 
histologically characterized by nuclear atypia, increased cellularity, and significant 
proliferative activity. The tumor may arise from diffuse astrocytoma WHO grade II 
or de novo, i.e., without evidence of a less malignant precursor lesion, and has an 
inherent tendency to undergo progression.

Macroscopically, AA infiltrates the surrounding brain, accompanied by tissue 
destruction. It has areas of granularity, opacity, and soft consistency.

At the microscopic level, anaplastic astrocytoma is characterized by an increased 
cellularity as compared to astrocytoma WHO grade II and distinct nuclear atypia 
characterized by increased nuclear size, shape, chromatin coarsening, dispersion, 
and nucleolar prominence. Mitoses might be present as well as multinucleated tumor 
cells and abnormal mitoses. Microvascular proliferation and necroses are absent.

7.2.4	 �Pilocytic Astrocytoma (PA) (WHO Grade I)

Pilocytic astrocytoma is a relatively circumscribed, slowly growing, often cystic 
astrocytoma occurring in children and young adults, histologically characterized by 
a biphasic pattern with varying proportions of compacted bipolar cells associated 
with Rosenthal fibers and loose-texture multipolar cells associated with microcysts 
and eosinophilic granular bodies/hyaline droplets.

Macroscopically, pilocytic astrocytoma is a soft, gray discrete mass with intratu-
moral and paratumoral cyst formation. Calcifications and hemosiderin deposits 
might be encountered.

At the microscopic level, PA is characterized by low to moderate cellularity. 
Heterogeneity of histologic features consists of a biphasic growth pattern of tumor 
cells with loosely textured multipolar cells (protoplasmic astrocytes), microcysts, 
and granular bodies/hyaline droplets.

Rosenthal fibers are intracytoplasmic corkscrew-shaped, eosinophilic, and hya-
line glial fibrillary acidic protein (GFAP)-positive masses (fibers) which are present 
in tumor cells. Eosinophilic granular bodies (EGB) are eosinophilic, PAS-positive 
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globular aggregates within astrocytic processes. PAs are highly vascularized tumors. 
Regressive changes include hyalinized, ectatic vessels (DD cavernous angioma), 
previous hemorrhage (hemosiderin), calcification, and lymphocytic infiltrates.

7.2.5	 �Oligodendroglioma (WHO Grade II)

Oligodendroglioma is a diffusely infiltrating, well-differentiated glioma of adults, 
typically located in the cerebral hemispheres, composed of neoplastic cells morpho-
logically resembling oligodendroglia and often harboring deletions of chromosomal 
arms 1p and 19q.

Macroscopically, it is a well-defined mass of soft to gelatinous consistency (mucoid 
degeneration) and grayish-pink color. Calcifications are frequently encountered.

At the microscopic level, oligodendroglioma consists of monomorphic tumor 
cells with round nuclei, perinuclear halo only seen on paraffin sections (honeycomb 
appearance), and moderate cellularity.

7.2.6	 �Anaplastic Oligodendroglioma (WHO Grade III)

Anaplastic oligodendroglioma is an oligodendroglioma with focal or diffuse histo-
logical features of malignancy and a less favorable prognosis.

Macroscopically, anaplastic oligodendroglioma presents as a well-defined mass 
of soft to gelatinous consistency (mucoid degeneration) and grayish-pink color. 
Calcifications are frequent.

At the microscopic level, anaplastic oligodendroglioma is characterized by dif-
fusely infiltrating tumor cells reminiscent of oligodendrocytes with round hyper-
chromatic nuclei, perinuclear halo, and scant cellular processes. Tumor cells 
display marked cellular and nuclear pleomorphism. Multinucleated giant cells 
might be present. The dense network of branching capillaries (chicken-wire pat-
tern) is still preserved. Necroses, when present, are not indicative of shorter 
survival.

7.2.7	 �Oligoastrocytoma (WHO Grade II)

Oligoastrocytoma is a diffusely infiltrating glioma composed of a conspicuous mix-
ture of two distinct neoplastic cell types morphologically resembling the tumor cells 
in oligodendrogliomas and diffuse astrocytoma of WHO grade II.

Macroscopically, the tumors have blurred borders, enlarge and distort the invaded 
structures, and are of gray or yellow-whitish color. Areas of the tumor tissue might 
be firm or softened or granular or cystic.

At the microscopic level, oligoastrocytoma is a tumor of moderate cellularity 
characterized by the presence of neoplastic glial cells with astrocytic or oligoden-
droglial phenotypes. Microcalcifications and microcysts might be present. The 
tumor lacks necroses and microvascular proliferation.
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7.2.8	 �Anaplastic Oligoastrocytoma (WHO Grade III)

Anaplastic oligoastrocytoma is an oligoastrocytoma with histological features of 
malignancy, such as increased cellularity, nuclear atypia, pleomorphism, and 
increased mitotic activity.

Macroscopically, the tumor infiltrates the surrounding brain with tissue destruc-
tion. The tumor shows areas of granularity, opacity, and soft consistency.

At the microscopic level, anaplastic oligoastrocytoma is characterized by increased 
cellularity as compared to oligoastrocytoma WHO grade II; distinct nuclear atypia with 
increased variations of nuclear size, shape, chromatin coarsening, and dispersion; 
nucleolar prominence; cellular pleomorphism; and high mitotic activity. Tumors with 
necroses should be classified as “glioblastoma with oligodendroglial component.”

In the revised version of the fourth WHO classification of CNS tumors [4], the 
above-described tumor entities are labeled as follows:

•	 Diffuse astrocytoma, IDH mutant
•	 Diffuse astrocytoma, IDH wild type
•	 Diffuse astrocytoma, NOS (not otherwise specified)
•	 Anaplastic astrocytoma, IDH mutant
•	 Anaplastic astrocytoma, IDH wild type
•	 Anaplastic astrocytoma, NOS
•	 Glioblastoma, IDH wild type
•	 Oligodendroglioma, IDH mutant and 1p/19q-co-deleted
•	 Oligodendroglioma, NOS
•	 Anaplastic oligodendroglioma, IDH-mutant and 1p/19q-co-deleted
•	 Anaplastic oligodendroglioma, NOS
•	 Oligoastrocytoma, NOS
•	 Anaplastic oligoastrocytoma, NOS

The NOS (not otherwise specified) category includes both tumors that have not 
been tested for the genetic parameter(s) and tumors that have been tested but did not 
show the diagnostic genetic alterations.

7.3	 �Genetics

In addition to “classical” histopathology, molecular genetic markers have found 
their way into diagnostic schemes designed for glioma classification and prognosis. 
Of particular interest are marke rs which allow an unambiguous distinction of tumor 
subtypes. Ideally, the requirements for such markers are their significant prevalence 
in some tumor subtypes and their low frequency, or even virtual absence, in others. 
In routine diagnostics, comprehensive genetic testing includes the synopsis of all 
analyzed markers to obtain a reliable classification of the investigated tumor(s).

Some molecular markers that have emerged as powerful tools in recent years are 
IDH1/IDH2 mutations, ATRX mutations, TERT promoter mutations, and a chromo-
somal aberration typically found in oligodendrogliomas, the 1p/19q co-deletion 
[reviewed in [5]].
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7.3.1	 �IDH Mutations

Important genetic traits in glial tumors are recurrent point mutations in the IDH1 
and IDH2 genes. IDH1 is located on chromosome 2q33.3 and encodes the NADP+-
dependent cytosolic enzyme isocitrate dehydrogenase 1 (IDH1) [6]. The IDH2 gene 
at chromosome locus 15q26.1 encodes the NADP+-dependent mitochondrial 
enzyme isocitrate dehydrogenase 2 (IDH2).

A frequently observed aberration is a missense IDH1 point mutation, resulting in 
the transition of arginine to histidine at amino acid position 132 (R132H) which is 
located in the enzyme’s substrate binding site. Wild-type IDH1 is involved in cyto-
solic NADPH production, but to date, the role of the mutated gene in gliomagenesis 
is not yet fully understood. It is important to note that the IDH1 mutation is found 
at a high frequency in secondary GBM (~80%) but only rarely in primary 
GBM. Moreover, the IDH1-R132H mutation was also observed in up to 80% of 
grade II and grade III astrocytomas. The detection of mutated IDH1 (R132H) is 
therefore routinely used as a specific diagnostic marker in these tumors, and it sup-
ports discrimination between primary and secondary GBM.

At a much lower frequency, functional mutations are also reported in the IDH2 
gene; here, the major target is codon 172 which corresponds to an arginine residue 
in the wild-type enzyme. R172 represents the site analogous to R132  in IDH1. 
Noteworthy, IDH1 and IDH2 mutations appear to occur mutually exclusive in gli-
oma patients.

7.3.2	 �ATRX Mutations

The ATRX gene (α-thalassemia/mental retardation syndrome X-linked) is located at 
Xq21.1 on the long arm of the X chromosome. ATRX is expressed exclusively in 
the nucleus where it plays an important role in telomere stabilization and chromatin 
remodeling. Inactivating mutations in the ATRX gene result in loss of functional 
protein which in turn triggers a mechanism known as the ALT (alternative lengthen-
ing of telomeres) phenotype. ATRX mutations are frequently found in astrocytomas 
WHO grades II and III as well as in oligoastrocytomas, and with a lower incidence 
in secondary glioblastomas and oligodendrogliomas [7].

7.3.3	 �TERT Promoter Mutations

The TERT gene (telomerase reverse transcriptase) encodes a subunit of the telomer-
ase complex which is crucial for maintaining telomere length and stability. In divid-
ing cells, telomeres become shorter with each division cycle which eventually leads 
to cellular senescence. In proliferating cells, e.g., during developmental or regenera-
tive processes, telomerase activity counteracts telomere shortening, thus maintain-
ing the cells’ replicative potential, a feature that is also characteristic for tumor 
tissue. Mutations in the TERT promoter resulting in increased expression of the 
gene have been described in a variety of cancer cells. High mutation frequencies 
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were observed in adult primary glioblastomas (83%) and oligodendrogliomas 
(78%); lower frequencies were seen in oligoastrocytomas (25%) and astrocytomas 
WHO grades II and III (~10%) [8].

7.3.4	 �1p/19q Co-deletion

The most commonly detected genomic aberration in oligodendrogliomas is a het-
erozygous loss (LOH) of the short arm of chromosome 1 associated with LOH of 
the long arm of chromosome 19 (1p/19q co-deletion). This genetic anomaly is 
observed in the vast majority of oligodendrogliomas, with incidences of up to 90% 
reported for grade II and somewhat lower for grade III tumors (50–70%). Moreover, 
the 1p/19q co-deletion apparently occurs mutually exclusive of the TP53 mutations 
and chromosome 17p losses which are more common in astrocytic tumors.

Table 7.2 illustrates the mutual relationship of the presence of IDH mutations, ATRX 
mutations, and TERT promoter mutations in astrocytic tumors; “+” indicates high prev-
alence of the mutations; “−” refers to very low frequencies/absence of the mutations.

7.3.5	 �Glioblastoma (WHO Grade IV)

Genome-wide analyses revealed that basically three major signaling cascades are 
affected by genetic aberrations in GBM: (a) the TP53 (tumor protein 53) pathway; 
(b) the RTK (receptor tyrosine kinase)/RAS/PI3K (phosphoinositide 3-kinase) 
pathway, both involved in the regulation of cellular growth, apoptosis, and prolifera-
tion; and (c) the RB1 (retinoblastoma) pathway, controlling the G1 to S phase tran-
sition in the cell cycle.

Genes which are mutated in GBM are involved in the regulation of cell signaling, 
cell proliferation and survival, cell cycle, apoptosis, and NADPH production.

7.3.5.1	 �Pathway-Related Genes
The compilation outlined below (Table 7.3) contains a selection of pathway-related 
genes which are commonly altered in GBM, with respect to their properties, chro-
mosomal location, and nature of pathogenic changes.

Table 7.2  Synopsis of important genetic markers in astrocytic tumors

Genetic marker

Primary 
GBM WHO 
grade IV

Secondary 
GBM WHO 
grade IV

Anaplastic 
astrocytoma WHO 
grade III

Diffuse 
astrocytoma WHO 
grade II

IDH1 mutation − + + +

ATRX mutation − + + +

TERT promoter 
mutation

+ − − −
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7.3.5.2	 �IDH1 Mutations
In addition to the pathway-related gene alterations, point mutations in the IDH1 
gene are a prominent feature in GBM. As described above, the IDH1-R132H muta-
tion is detected predominantly in secondary GBM (~80%) but only rarely in pri-
mary GBM.  Analysis of the IDH1 mutation is therefore routinely used as a 
supporting parameter to differentiate between GBM subtypes (Table 7.2).

7.3.5.3	 �TERT Promoter Mutations
Unlike the IDH1 mutation, TERT promoter mutations are found in the vast majority 
of adult primary glioblastomas (~80%) (Table 7.2). On the contrary, very low muta-
tion frequencies were observed in secondary GBM [9].

7.3.5.4	 �ATRX Mutations
ATRX mutations were frequently detected in secondary glioblastomas (57%) and 
rarely in primary glioblastomas (4%) [10], an observation which provides an addi-
tional tool for the characterization of GBM subtypes (Table 7.2).

7.3.5.5	 �Mutations Affecting Oncogenes/Tumor Suppressor Genes
Somatic mutations frequently found to cause activation of oncogenes and/or inacti-
vation of tumor suppressor genes are listed in Table 7.4 (mutation frequencies com-
piled from [11, 12]).

7.3.5.6	 �Chromosomal Aberrations
Apart from somatic mutations, genomic instability resulting in somatic copy number 
alterations (SCNAs) is a major determining factor in GBM. The most important chro-
mosomal abnormalities are depicted in Table 7.5 (LOH = loss of heterozygosity).

7.3.5.7	 �Summary of Genetic Characteristics of Primary 
and Secondary Glioblastomas

The differentiation between primary and secondary GBM is reflected by distinct 
pathogenetic patterns in the two tumor subtypes. Major differences that are 
consistently observed mainly involve key regulatory genes such as EGFR, PTEN, 

Table 7.4  Somatic mutations in oncogenes/tumor suppressor genes

Gene name
Gene 
symbol

Somatic mutations 
(% GBM samples)

Tumor protein p53 TP53 31–42

Phosphatase and tensin homolog PTEN 24–37

Neurofibromin 1 NF1 15–21

Epidermal growth factor receptor EGFR 14–18

Retinoblastoma 1 RB1 8–13

Phosphoinositide-3-kinase, regulatory subunit 1 (alpha) PIK3R1 7–10

Phosphoinositide-3-kinase, catalytic, alpha polypeptide PIK3CA 7–10
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TP53, and, as described earlier, IDH1, ATRX, and TERT promoter mutations. In the 
following, the most significant differences are summarized.

Primary GBM is characterized by:

	(a)	 Amplification of the EGFR oncogene accompanied by LOH on chromosome 
10q where the tumor suppressor gene PTEN is located.

	(b)	 Complete loss of chromosome 10.
	(c)	 Mutated PTEN in about one third of primary GBMs (not seen in secondary 

glioblastoma).
	(d)	 TP53 mutations found at a significantly lower rate in primary than in secondary 

GBM.
	(e)	 A preferred correlation pattern of EGFR amplification and mutations in PTEN 

and TP53, i.e., EGFR amplification and PTEN mutations are associated with 
low TP53 mutation frequencies.

	(f)	 Absence of IDH1 mutations.
	(g)	 A high frequency of TERT promoter mutations (~80%).

Secondary GBM is characterized by:

	(a)	 A high frequency of TP53 mutations, often occurring together with LOH in 
chromosome 17p.

	(b)	 The occurrence of high TP53 mutation rates which is largely complemented by 
a lack of EGFR amplification, probably indicating a mutually exclusive 
relationship.

	(c)	 A chromosomal aberration associated predominantly with secondary GBM is 
LOH in chromosome 19q (54%), in contrast to primary GBM (6%).

Table 7.5  Chromosomal aberrations in GBM

Chromosomal abnormality Genes affected

Oncogenes
Tumor suppressor 
genes

Amplification of chromosome region 3q26 PIK3CA

Amplification of chromosome region 4q12 PDGFRA

Gain of chromosome 7 EGFR

Amplification of chromosome region 7p11 EGFR

Loss of chromosome 9p regions CDKN2A, CDKN2B

Loss of chromosome 10 PTEN

LOH in chromosome region 10q PTEN

Amplification of chromosome region 12q14-15 MDM2, CDK4

LOH in chromosome region 13q RB1

LOH in chromosome region 17p TP53

Loss of chromosome region 17q11.2 NF1
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	(d)	 A high frequency of IDH1 mutations (~80%).
	(e)	 ATRX mutations (57%).

A graphical representation of molecular alterations occurring in primary GBM 
as compared to secondary GBM is illustrated as follows:

Precursor cell – Stem cell - Astrocytes

Astrocytoma WHO grade II

Anaplastic Astrocytoma WHO grade
III

•   gains on chromosome 7

•   LOH 17p (TP53 locus)

•   PDGFR overexpression

•   TP53 mutation (59%)

•   IDH1 mutation (80%)

•   gains on chromosome 7

•   LOH 17p (TP53 locus)

•   LOH 9p (CDKN2A/CDKN2B locus)

•   TP53 mutation (53%)

•   IDH1 mutation (80%)

Secondary GBM WHO grade IV

•   EGFR amplification (8%)

•   LOH 10q (63%)

•   LOH 17p (TP53 locus)

•   LOH 19q (54%)

•   PTEN mutation (4%)

•   TP53 mutation (65%)

•   IDH1 mutation (80%)

•   ATRX mutation (57%)

Primary GBM WHO grade IV

•   EGFR amplification (40%)

•   LOH 10q (70%)

•   loss of chromosome 10

•   LOH 19q (6%)

•   PTEN mutation (30%)

•   TP53 mutation (28%)

•   IDH1 mutation (<10%)

•  TERT  promoter mutations (80%)
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7.3.5.8	 �Novel Molecular Classification of GBM into  
Four Distinct Subtypes

Based entirely on genomic and gene expression profiling, a new classification model 
was recently proposed for glioblastoma. This scheme suggests to replace the cur-
rently accepted primary and secondary GBM subtypes with four redefined sub-
groups: proneural, neural, classical, and mesenchymal [13]. The essential intention 
of this approach was to relate the specific molecular signature of each tumor sub-
group to the progenitor cell type from which it may have developed, thus providing 
a basis for better and more specific therapeutic strategies.

Each of the four subtypes was shown to display characteristic features:

	(a)	 Proneural subtype: amplification of platelet-derived growth factor receptor, 
alpha polypeptide (PDGFRA) and high levels of PDGFRA expression, frequent 
IDH1 and TP53 mutations, and TP53 LOH, all features which are reminiscent 
of secondary GBM.

	(b)	 Neural subtype: an expression pattern of neuronal markers very similar to that 
in normal tissue was observed, indicating that this subtype is not defined by a 
specific pathogenetic signature.

	(c)	 Classical subtype: chromosome 7 amplification (EGFR) with corresponding 
enhanced EGFR expression, chromosome 10 loss (PTEN), and loss of chromo-
some 9p regions (CDKN2A); no abnormalities were detected in PDGFRA, 
IDH1, TP53, and NF1.

	(d)	 Mesenchymal subtype: loss of the NF1 locus on chromosome 17q11.2, correlat-
ing with low NF1 expression levels.

7.3.6	 �Anaplastic Astrocytoma (WHO Grade III)

Anaplastic astrocytomas frequently evolve from diffuse astrocytomas (WHO grade 
II) and eventually progress further to secondary glioblastomas (WHO grade IV). 
Accordingly, the genetic background of anaplastic astrocytomas includes features 
that are also found in astrocytic tumors of both WHO grades II and IV.

Genetic aberrations observed in anaplastic astrocytoma WHO grade III include 
gains of chromosome 7; losses of chromosome 17p; mutations in the tumor sup-
pressor gene TP53 (tumor protein 53); the IDH1 point mutation (IDH1-R132H) in 
up to 80% of cases; LOH on chromosomes 6, 10q, 11p, 19q, and 22q; deletions of 
the chromosome 9p21 region carrying the tumor suppressor genes CDKN2A (cyclin-
dependent kinase inhibitor 2A) and CDKN2B (cyclin-dependent kinase inhibitor 
2B); and mutations in the RB1 gene (retinoblastoma 1) (~25% of cases).

7.3.7	 �Diffuse Astrocytoma (WHO Grade II)

In line with the pronounced tendency of astrocytoma WHO grade II tumors to prog-
ress to higher grade gliomas (anaplastic astrocytoma, grade III, and secondary 
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glioblastoma, grade IV), some of the genetic traits associated with these malignant 
tumors are already laid out in diffuse astrocytoma. In particular, gains of chromo-
some 7 and losses of chromosome 17p which occur at high frequencies should be 
noted.

Genes affected in astrocytomas WHO grade II include:

	(a)	 TP53 (tumor suppressor gene, on chromosome 17p13.1, encoding tumor pro-
tein 53):

In more than 60% of diffuse astrocytomas, monoallelic deletion (loss of het-
erozygosity, LOH) of the chromosome 17p region harboring TP53 has been 
described; moreover, in the majority of cases, mutations in the remaining TP53 
allele ultimately result in a total lack of the functional gene product.

	(b)	 PDGFRA (oncogenic; encoding platelet-derived growth factor receptor, 
α-peptide):

In WHO grade II astrocytomas, upregulation of PDGFRA expression can be 
observed, although supporting evidence is based on relatively low sample sizes. 
In addition, elevated PDGFRA levels are more frequently correlated with higher 
grade gliomas. Taken together, it therefore remains uncertain to which extent 
PDGFRA overexpression contributes to tumorigenesis in diffuse astrocytoma.

	(c)	 IDH1/2 (isocitrate dehydrogenase 1, isocitrate dehydrogenase 2):
The IDH1-R132H mutation was found in up to 80% of grade II gliomas and, 

at a much lower frequency, functional mutations in the IDH2 gene affecting 
codon 172 (R172).

7.3.8	 �Pilocytic Astrocytoma (WHO Grade I)

Patients suffering from neurofibromatosis type 1 (NF1), a hereditary tumor syn-
drome, frequently develop pilocytic astrocytoma. About one third of pilocytic astro-
cytomas are observed in NF1 patients, whereas the sporadic types of this tumor are 
NF1 independent.

NF1-associated pilocytic astrocytoma: Neurofibromin, encoded by the NF1 
gene on chromosome 17q11.2, functions as a tumor suppressor by inhibiting onco-
genic Ras (=Rat sarcoma) signaling. In neurofibromatosis type 1 and in NF1-
associated pilocytic astrocytoma, NF1 gene deletions and mutations result in loss of 
functional neurofibromin.

NF1-independent pilocytic astrocytoma: In sporadic pilocytic astrocytoma, typi-
cal genetic aberrations (>60%) are duplications at chromosome region 7q34, affect-
ing the BRAF gene (v-raf murine sarcoma viral oncogene homolog B). These 
duplications create in-frame fusions of BRAF with the upstream KIAA1549 gene. 
The resulting aberrant fusion proteins contain the BRAF kinase domain and were 
shown to exhibit constitutive BRAF kinase activity which in turn activates the onco-
genic MAPK (mitogen-activated protein kinase) signaling pathway.

Oncogenic BRAF activation not only occurs via gene duplication but may also 
be the result of mutations occurring around codon 600: (a) a T > A mutation at 
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nucleotide position 1799, creating the replacement of the wild-type valine 600 by a 
glutamate residue in the protein (referred to as the BRAFV600E mutation), and (b) two 
different 3bp insertions, both resulting in an additional threonine residue at amino 
acid position 599. These activating mutations occur at a much lower frequency than 
the KIAA1549/BRAF fusions (~9%).

Similar to the BRAF fusions, albeit less common, are fusions on chromosome 
3p25 between the SRGAP3 (SLIT-ROBO Rho GTPase-activating protein 3) gene 
and the RAF1 (v-raf-1 murine leukemia viral oncogene homolog 1) gene. RAF1 is 
a positive regulator of the oncogenic MAPK signaling pathway; in SRGAP3/RAF1 
fusions, the auto-inhibitory region of RAF1 is lost, leading to a constitutive activa-
tion of the MAPK pathway.

Somatic mitochondrial mutations, mostly single nucleotide exchanges, were 
recently reported in pilocytic astrocytoma. Some of the mutations resided in coding 
regions, causing amino acid alterations. The affected gene products were identified 
as proteins involved in electron transport/oxidative phosphorylation [14].

7.3.9	 �Oligodendroglioma (WHO Grade II) and Anaplastic 
Oligodendroglioma (WHO Grade III)

As described above, about 90% of WHO grade II and 50–70% of WHO grade III 
oligodendrogliomas exhibit the heterozygous 1p/19q co-deletion. Thus, this chro-
mosomal aberration represents a genetic hallmark in oligodendrogliomas.

Mutations in the IDH1 and IDH2 genes are another characteristic feature in oli-
godendrogliomas. The IDH1-R132H mutation is most frequently observed (>70%). 
In IDH2, the homologous site (R172) was found to be mutated, however, in only a 
small fraction of the tumors [6]. In oligodendrogliomas, IDH1/2 mutations appear 
to be strongly associated with TERT promoter mutations and the 1p/19q 
co-deletion.

Novel genetic anomalies have recently been described in oligodendrogliomas 
and encompass point mutations in the CIC (capicua transcriptional repressor) gene, 
located at chromosome 19q13.2; its gene product acts as a transcriptional repressor 
downstream of the receptor tyrosine kinase (RTK) pathway. Interestingly, CIC 
mutations occur in the majority (~70%) of oligodendrogliomas exhibiting the 
1p/19q co-deletion plus IDH mutations and point mutations in the FUBP1 (far 
upstream element binding protein 1) gene on chromosome 1p31.1; FUBP1 is a tran-
scriptional regulator of the c-Myc oncogene. Most of the FUBP1 mutations (>70%) 
are found in oligodendrogliomas that also carry CIC mutations.

7.3.10	 �Oligoastrocytoma (WHO Grade II)

Similar to oligodendrogliomas, albeit at a lower frequency, heterozygous chromo-
some 1p/19q co-deletions have been described in oligoastrocytomas (30–50% of 
the cases). Notably, 19q deletion without 1p loss is often observed in these tumors.
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Several genetic aberrations which are reminiscent of astrocytic tumors can be 
detected in about 30% of cases, e.g., (a) mutations in the tumor suppressor gene 
TP53, (b) LOH of chromosome 17p, (c) anomalies of chromosome 10, and (d) 
amplification of the EGFR (epidermal growth factor receptor) gene.

7.3.11	 �Genetic Markers

Taken together, the determination of the following genetic markers is requested/
useful:

•	 Astrocytomas and/or glioblastomas:
Mutation status of IDH1 and IDH2 (mutated versus wild type), allelic loss of 
chromosomes 1p and 19q (co-deletion), loss-of-function mutations in the TP53 
and ATRX genes. Additional genes include EGFR, PTEN, PDGFRA, MET, 
PI3K, chromatin-related genes (H3F3A, HIST1H3B/C), and TERT promoter 
mutations.

•	 Oligodendrogliomas and/or oligoastrocytomas:
Mutation status of IDH1 and IDH2 (mutated versus wild type), allelic loss of 
chromosomes 1p and 19q (co-deletion), and mutations in the CIC and FUBP1 
genes as well as in the TERT promoter region.

7.4	 �Epigenetics

7.4.1	 �DNA Methylation

7.4.1.1	 �Glioblastoma (WHO Grade IV)
DNA hypermethylation of promoter regions is a frequently observed mechanism in 
glioblastomas by which tumor suppressor genes (such as TP53, PTEN, or CDKN2A) 
are silenced.

In recent years, the MGMT gene, encoding the DNA repair enzyme O6-
methylguanine-DNA methyltransferase, has received particular attention. Guanine 
alkylated at its O6 position represents a mutagenic DNA lesion that is normally 
repaired by the MGMT enzymatic activity. It transfers the methyl group from the 
nucleobase to an active cysteinyl residue in its own sequence. Thus, by removing 
methyl groups from mutagenic O6-methylguanine residues, the enzyme contributes 
to genome integrity.

In glioblastoma chemotherapy, alkylating drugs like the widely used temozolo-
mide (TMZ) are employed to introduce DNA damage in tumor cells with the inten-
tion to trigger apoptosis and cell death. Active MGMT counteracts this mechanism, 
thus conferring resistance to the treatment. However, hypermethylation of the 
MGMT promoter, abolishing the transcription of the gene, was demonstrated in a 
high percentage of GBMs, i.e., in up to 75% of secondary and approximately 35% 
of primary glioblastomas. It is obvious that patients with glioblastoma lacking 
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MGMT expression show better responsiveness to TMZ chemotherapy which also 
has been implicated with improved prognosis.

7.4.1.2	 �Diffuse Astrocytoma (WHO Grade II)
So far, the best studied epigenetic feature associated with grade II astrocytomas is 
promoter hypermethylation of two tumor suppressor genes, ARF and MGMT:

The ARF gene codes for the tumor suppressor protein p14ARF which acts as a sup-
porting factor in the TP53 pathway.

The MGMT gene encodes the DNA repair enzyme O6-methylguanine-DNA 
methyltransferase.

Promoter hypermethylation results in reduced expression of the tumor suppressor 
genes and, as a result, in diminished protein function.

7.4.1.3	 �Oligodendroglioma (WHO Grade II)
Several genes were shown to be affected by promoter hypermethylation, resulting in 
reduced expression levels: (a) the MGMT gene, encoding the DNA repair enzyme O6-
methylguanine-DNA methyltransferase, (b) CDKN2A (cyclin-dependent kinase inhib-
itor 2A) and CDKN2B (cyclin-dependent kinase inhibitor 2B), (c) RB1 (retinoblastoma 
1), (d) DAPK1 (death-associated protein kinase 1), and ESR1 (estrogen receptor 1).

7.4.2	 �MicroRNAs

7.4.2.1	 �Glioblastoma (WHO Grade IV)
In GBM, most of the microRNAs (miRNAs) surveyed were shown to be overex-
pressed, and some have been functionally studied, e.g., miR-10b, miR-17, miR-21, 
miR-93, miR-221, and miR-222. The smaller cluster of downregulated miRNAs 
includes, among others, miR-7, miR-34a, miR-128, and miR-137. For a detailed 
update on miRNAs and their specific targets in glioblastoma, the reader is referred to 
a systematic review [15].

7.4.2.2	 �Pilocytic Astrocytoma (WHO Grade I)
To date, epigenomic investigations in pilocytic astrocytoma are still sparse. One 
study on microRNA (miR) expression [16] revealed overexpression of miR-29a, 
miR-34a, miR-138, miR-299–5p, and miR-432 and underexpression of miR-93, 
miR-106b, miR-129, miR-135a, and miR-135b.

7.5	 �Gene Expression

7.5.1	 �Glioblastoma (WHO Grade IV)

Microarray-based analyses of differentially expressed genes have lately been used 
to characterize GBM subtypes correlating with patients’ response to treatment and 
prognosis of survival. Recently, an intensified search for a “consensus” expression 
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profile from several independent GBM data sets produced a limited number of sta-
tistically robust marker panels [17–19]. Each proposed panel contains only a hand-
ful of marker genes which were validated for their potential to support classification 
of GBM subtypes for predicting clinical outcome.

In summary, the marker genes included in the panels described above are POLD2, 
CYCS, MYC, AKR1C3, YME1L1, ANXA7, and PDCD4 [17]; EDNRB, CHAF1B, 
PDLIM4, and HJURP [19]; and AQP1, CHI3L1, EMP3, GPNMB, IGFBP2, 
LGALS3, OLIG2, PDPN, and RTN1 [18]. Genes associated with a better prognosis 
of survival were EDNRB, OLIG2, and RTN1. Genes associated with worse progno-
sis include CHAF1B, PDLIM4, HJURP, AQP1, CHI3L1, EMP3, GPNMB, IGFBP2, 
LGALS3, and PDPN.

7.5.2	 �Diffuse Astrocytoma (WHO Grade II)

Several genes differentially expressed in astrocytomas grade II, as compared to con-
trols, were identified in recent years. Upregulated expression was described for 
CD9; CSPG2, also known as VCAN (versican); NTF3 (neurotrophin 3); EGFR (epi-
dermal growth factor receptor); PDGFRA (platelet-derived growth factor receptor, 
alpha polypeptide); and TIMP3 (TIMP metallopeptidase inhibitor 3). Downregulated 
expression was noted for TYRO3 (TYRO3 protein tyrosine kinase).

7.5.3	 �Oligodendroglioma (WHO Grade II)

Commonly observed in oligodendrogliomas are elevated expression levels of 
PDGFA (platelet-derived growth factor, alpha polypeptide), PDGFB (platelet-
derived growth factor, beta polypeptide), PDGFRA (platelet-derived growth factor 
receptor, alpha polypeptide), and PDGFRB (platelet-derived growth factor receptor, 
beta polypeptide).

7.6	 �Pathogenesis

The pathogenesis of glial tumors is not well understood. Most of the tumors might 
arise de novo, i.e., astrocytomas (WHO grade II), anaplastic astrocytoma (WHO 
grade III), glioblastoma (WHO grade IV), pilocytic astrocytoma (WHO grade I), 
oligodendroglioma (WHO grade II), anaplastic oligodendroglioma (WHO grade 
III), oligoastrocytoma (WHO grade II), and anaplastic oligoastrocytoma (WHO 
grade III).

Malignant progression from WHO grade II to WHO grade III occurs in anaplas-
tic astrocytoma, oligodendroglioma, and oligoastrocytoma.

Pilocytic astrocytoma (WHO grade I) derived from piloid cells, i.e., cells similar 
to those found around chronic lesions of the hypothalamus, cerebellum, spinal cord, 
or glial stromal cells of the pineal gland. Oligodendroglioma (WHO grade II) arises 
from oligodendrocytes or other glial precursor cells.
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Glioblastoma (WHO grade IV) arises via de novo genesis of highly anaplastic 
tumor cells (primary glioblastoma) or from anaplastic areas which develop rapidly 
within astrocytomas, oligodendrogliomas, or ependymomas and overgrow the pri-
mary less anaplastic areas (secondary glioblastoma). This pathogenic mechanism 
becomes obvious when the clinical history is of long duration with several surgical 
interventions. With progression of the disease, the grade of anaplasia of the tumors 
removed is also progressing.

7.7	 �Further Reading

For more detailed information on the different tumor entities, the following articles are 
suggested: astrocytoma [20, 21], anaplastic astrocytoma [22, 23], glioblastoma [11–13, 
24–28], pilocytic astrocytoma [29, 30], oligodendroglioma [20, 31–33], anaplastic oli-
godendroglioma WHO grade III [20, 31–33], and oligoastrocytoma [20, 32].
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Abstract
Besides glial brain tumors, non-glial tumors, i.e., meningiomas and schwanno-
mas, constitute the most frequent tumors encountered in daily routine. Both 
tumor types are in their majority benign tumors which are cured by total surgical 
resection. Their malignant forms are rare. The molecular alterations in both 
tumor categories involve various pathways.
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8.1	 �Introduction

Non-glial tumors are quite frequent and include meningiomas and peripheral nerve 
sheath tumors. Both tumor types are in their majority benign tumors which are 
cured by total surgical resection. Their malignant forms are rare.

Meningiomas arise from meningothelial cells. Three WHO grades are distin-
guished (I–III) for meningioma (I), atypical meningioma (II), and anaplastic menin-
gioma (III). The molecular alterations involve various pathways. Meningiomas 
affect middle-aged and elderly patients. Female patients outweigh males by a factor 
of 2:1 to reach 3.5:1 in patients aged 40–49 years. Overall, meningiomas represent 
36.4% of brain tumors.

Schwannomas represent tumors of peripheral nervous system including cranial 
nerves. Nerve sheath tumors make up approximately 8.1% of all tumors affecting 
the brain and its coverings.

8.2	 �Meningioma

8.2.1	 �Morphology

Meningiomas are usually benign tumors arising from meningeal or arachnoithe-
lial cells. They occur frequently and make up 40–45% of tumors seen in the 
daily clinical practice. According to their biologic behavior, three groups of 
meningiomas are distinguished: meningioma (with various histological sub-
types) (WHO grade I, 85% of meningiomas), atypical meningioma (WHO grade 
II, 12% of meningiomas), and anaplastic meningioma (WHO grade III, 3% of 
meningiomas).

Each WHO grade meningioma has various histological subtypes as follows: 
WHO grade I, meningothelial, transitional, fibroblastic, angiomatous, metaplastic, 
psammomatous, secretory, microcystic, and lymphoplasmacyte rich; WHO grade 
II, clear cell and chordoid; WHO grade III, rhabdoid and papillary.

Meningiomas occur most frequently in middle-aged and elderly patients (sixth 
to seventh decade). The male-to-female ratio is 1:2. Meningiomas are found in 
intracranial locations (over the cerebral convexities, parasagittal in connection 
with the falx and venous sinuses, sphenoid ridges, para-/suprasellar region, and 
olfactory grooves) as well as intraspinally in the orbita and near the optic nerve and 
rarely intraventricularly, epidurally, or in other organs (e.g., lung, pleura, liver, 
bone).

8.2.1.1	 �Meningioma
Meningiomas are meningothelial (arachnoidal) cell neoplasms, typically attached 
to the inner surface of the dura mater. Macroscopically they are rubber or firm, well 
demarcated, nodular, or lobulated.

Meningothelial meningioma tumor cells are of uniform size with oval nuclei, 
delicate chromatin, and resemblance of arachnoid cap cells. Tumor cells form 
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syncytia with undiscernible cell processes. Tumor cells form lobules, separated by 
thin collagenous septae.

Fibrous (fibroblastic) meningiomas are made up of spindle cells forming paral-
lel, storiform, and interlacing bundles in a collagen-rich matrix. The tumor cells 
form wide fascicles with varying amounts of intercellular collagen.

Transitional meningioma is characterized by a coexistence of meningothelial 
and fibrous patterns and lobular or fascicular arrangements, and whorl and psam-
moma body formation is possible.

Psammomatous meningiomas contain more psammoma bodies than tumor cell 
mass. Psammoma bodies are irregular calcified masses which may become 
confluent.

8.2.1.2	 �Atypical Meningioma
Atypical meningiomas are characterized by increased mitotic activity (four or more 
mitoses per 10 high-power (40×) fields). Three or more of the following histological 
features are present: increased cellularity, small cells with a high nuclear-to-
cytoplasmic ratio, prominent nucleoli, uninterrupted patternless or sheet-like 
growth, and foci of “spontaneous” or “geographic” necrosis.

8.2.1.3	 �Anaplastic Meningioma
Anaplastic meningiomas are characterized by histological features of frank malig-
nancy with malignant cytology resembling carcinoma, melanoma, or high-grade 
sarcoma and marked elevated mitotic index (20 or more mitoses per 10 high-power 
(40×) fields).

8.2.2	 �Pathogenesis

Radiation (low, moderate, and high dose) might lead to atypical or aggressive mul-
tifocal highly proliferative meningiomas; sex hormones (overrepresentation of 
women) and hormonal medications are considered as potential pathogenetic causes 
for tumor formation.

8.2.3	 �Genetics

In contrast to glioblastoma, where comprehensive information on the underlying 
molecular pathology is available, studies on genetic mechanisms involved in menin-
gioma development and progression have been intensified only more recently. 
Below, some current major findings in this field are summarized.

8.2.3.1	 �Signaling Pathways
Several signaling pathways were shown to malfunction in meningioma; among 
those, the hedgehog (Hh) and the Wnt (“wingless”) pathways appear to be most 
frequently affected.
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Hh (Hedgehog) Pathway
The primary physiological role of the Hh signaling cascade is its regulatory function 
in embryonic development and differentiation. Defects in this pathway are often 
associated with tumorigenesis. In meningioma, several affected Hh pathway-related 
genes were identified (Table 8.1):

Wnt (Wingless) Pathway
Aberrant functions of this pathway in meningioma are related to the downregula-
tion of (1) APC (adenomatous polyposis coli), tumor suppressor, chromosome 
region 5q21-q22, and LOH in benign meningioma; (2) BCR (breakpoint cluster 
region), putative tumor suppressor and chromosome 22q11.23; (3) CDH1 (cad-
herin 1), encoding E-cadherin, tumor suppressor, and chromosome 16q22.1; and 
(4) SFRP1 (secreted frizzled-related protein 1), tumor suppressor and chromosome 
8p11.21.

Additional signaling cascades that were found to be affected in meningioma [1] 
include the RB (retinoblastoma)/TP53 (tumor protein 53) pathways, the PI3K 
(phosphatidylinositol 3-kinase)/Akt pathway, the MAPK (mitogen-activated pro-
tein kinase) pathway, and the Notch signaling pathway.

8.2.3.2	 �Chromosomal Aberrations and Mutations
The best studied chromosomal abnormality in meningioma is loss of heterozygosity 
(LOH) of chromosome region 22q12.2 where the tumor suppressor gene NF2 (neuro-
fibromin 2), encoding the merlin (schwannomin) protein, is located. Additional 
somatic mutations in the second NF2 allele lead to complete loss of functional merlin, 
thus triggering tumorigenesis. NF2 somatic mutations in meningiomas were reported 
at frequencies of 30–60% in WHO grade I and 70–80% in WHO grades II/III.

Table 8.1  Hedgehog pathway-related genes affected in meningioma

Gene Function Chromosome location

SMO (smoothened) Oncogenic properties Chromosome 7q32.3

GLI1, GLI2 (GLI family zinc 
finger proteins)

Oncogenic properties Chromosome regions 12q13.2–
12q13.3 and 12q14, respectively

GLIS2 (GLI-similar zinc 
finger 2)

Oncogenic properties Chromosome 16p13.3

FOXM1 (forkhead box 
protein M1)

Oncogenic properties Chromosome 12p13

IGF2 (insulin-like growth 
factor 2)

Oncogenic properties Chromosome 11p15.5

SPP1 (secreted 
phosphoprotein 1)

Encoding osteopontin, 
oncogenic properties

Chromosome 4q22.1

PTCH1 (patched) Tumor suppressor Chromosome 9q22.3
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Loss of chromosome 1p is found more often in higher grade than in benign 
meningiomas, suggesting an association with tumor progression and recurrence. 
Possible tumor suppressor candidate genes are, e.g., CDKN2C (cyclin-dependent 
kinase inhibitor 2C) at 1p32 encoding protein p18INK4C or ALPL (alkaline phos-
phatase, liver/bone/kidney) at 1p36.12.

Losses of chromosome 9p regions are found predominantly in the more aggres-
sive tumors, with the highest incidence in grade III meningiomas. At region 9p21, 
two tumor suppressor genes are lost: CDKN2A (cyclin-dependent kinase inhibitor 
2A) encoding proteins p16INK4A and p14ARF and CDKN2B (cyclin-dependent 
kinase inhibitor 2B) encoding p16INK4B.

Loss of chromosome 14q regions is associated more frequently with increasing 
tumor grade. Genes that are affected include the tumor suppressors MEG3 (mater-
nally expressed gene 3) at 14q32 or NDRG2 (N-Myc downstream-regulated gene 2) 
at 14q11.2.

Amplification of chromosome 17q23 encompassing the oncogene RPS6K (ribo-
somal protein S6 kinase) was identified in some malignant meningiomas.

Another genetic aberration is LOH at chromosome 18p11.32 which was reported 
at frequencies between 20% and 70%. This locus contains the DAL-1 (differentially 
expressed in adenocarcinoma of the lung-1) gene, encoding tumor suppressor pro-
tein 4.1B, which in turn interacts with the tumor suppressor in lung cancer-1 protein 
(TSLC1).

A germline missense mutation was reported in the tumor suppressor gene 
SMARCB1 (SWI/SNF-related matrix-associated actin-dependent regulator of chro-
matin subfamily B member 1) in members of a single family suffering from schwan-
nomas and multiple meningiomas. Additional losses of the SMARCB1 wild-type 
allele were demonstrated in these patients, frequently accompanied by somatic NF2 
mutations and loss of the NF2 wild-type allele [2].

A short overview of the described chromosomal aberrations in meningioma is 
summarized in Table 8.2.

Table 8.2  Chromosomal aberrations in meningioma

Chromosomal abnormality Genes affected

Oncogenes Tumor suppressor genes

LOH in chromosome regions 1p32/1p36 CDKN2C/ALPL

LOH in chromosome region 9p CDKN2A, CDKN2B

LOH in chromosome regions 14q11/14q32 NDRG2/MEG3

Amplification of chromosome 17q23 RPS6K

LOH in chromosome region 18p11.32 DAL-1

LOH in chromosome regions 
22q12.2/22q12.3

NF2/TIMP-3
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8.2.4	 �Epigenetics

8.2.4.1	 �DNA Methylation
Promoter hypermethylation as a means of inhibiting gene expression in meningi-
oma has been reported for several tumor suppressor genes, e.g.:

	1.	 TIMP-3 (tissue inhibitor of metalloproteinase-3), located on chromosome 
22q12.3, TIMP-3 hypermethylation is almost exclusively accompanied by LOH 
at 22q12.3.

	2.	 MEG3 (maternally expressed gene 3), chromosome 14q32. Methylation is asso-
ciated more frequently with LOH at 14q32 in higher grade meningiomas.

	3.	 NDRG2 (N-Myc downstream-regulated gene 2), chromosome 14q11.2. In 
meningiomas WHO grade III, downregulated expression is consistently 
observed.

	4.	 HOX (homeobox) genes of the HOXA cluster: HOXA7, HOXA9, and HOXA10. 
Hypermethylation appears to be associated with higher grades of meningioma 
and recurrence [3, 4].

8.2.4.2	 �MicroRNAs
Several studies focused on dysregulated microRNA (miRNA) expression in 
meningiomas:

	1.	 Downregulated miR-200a was reported in a limited number of benign meningio-
mas and was identified as a tumor suppressor molecule [5].

	2.	 miR-335 overexpression was demonstrated in meningiomas of all grades, with 
the highest levels found in grade III tumors. The miR-335 molecule exhibits 
oncogenic properties by decreasing expression of the tumor suppressor protein 
Rb-1 (retinoblastoma 1) [6].

	3.	 In a more recent study [7], a signature of 14 differentially expressed miRNAs 
was proposed to discriminate meningeal from normal tissue. Some of those, 
miR-96-5p, miR-190a (both upregulated), miR-29c-3p, and miR-219-5p (both 
downregulated), were associated with tumor progression and higher recurrence 
rates.

8.2.5	 �Gene Expression

Genes involved in the Hh and Wnt pathways are closely associated with meningi-
oma development and/or progression which is illustrated by distinct expression pat-
terns [8, 9].

For the hedgehog pathway, elevated mRNA levels were determined for pathway-
activating genes such as SMO, FOXM1, SPP1, IGF2, and the GLI family genes, 
whereas DHH (desert hedgehog), PTH1R (parathyroid hormone 1 receptor), and the 
tumor suppressor PTCH1 appear to be downregulated, the latter, however, only in 
low-grade meningiomas.
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Wnt pathway-related genes frequently underexpressed include, e.g., CDH1 in 
atypical and malignant meningioma and BCR in all grades of meningioma; SFRP1 
was found to be downregulated in recurrent vs. primary meningiomas and, thus, is 
considered a putative marker for recurrent meningiomas.

Downregulation of the DLC1 gene (deleted in liver cancer 1) was observed in 
benign meningiomas and interpreted as a potential tumor suppressor.

Loss of expression was reported for TSLC1, a tumor suppressor interacting with 
protein 4.1B; this phenomenon was more pronounced in higher grade meningiomas 
where it correlated with increased proliferation rates and poorer prognosis.

A comprehensive microarray-based study identified differentially expressed 
genes (DEGs) in original and recurrent meningiomas. Most DEGs were located on 
chromosomes 1p, 6q, and 14q, and the majority were found to be underexpressed in 
recurrent meningiomas. On the other hand, genes of the histone cluster 1, located on 
chromosome 6p, were overexpressed in recurrent meningiomas [10].

In microcystic meningiomas, a tissue inhibitor of metalloproteinases, TIMP-1 
(TIMP metallopeptidase inhibitor 1) interacting with matrix metalloproteinase 9 
(MMP-9), was shown to be underexpressed, as compared to a control group. In 
contrast, high levels of MMP-9 were detected in the tumor tissues; therefore, it was 
speculated that increased MMP-9/TIMP-1 ratios might be involved in the pathogen-
esis of microcystic meningioma [11].

Expression of STAT3 (signal transducer and activator of transcription 3), an 
oncogene, was found to be upregulated in grade II meningiomas, with concomitant 
induction of VEGF (vascular endothelial growth factor) expression.

Several oncogenes, upregulated in some meningiomas, include c-sis (encodes the 
platelet-derived growth factor beta polypeptide, PDGFB), the transcription factors c-myc 
and c-fos, bcl-2 (bcl-2 protein, a regulator of apoptosis), or TP73 (tumor protein p73).

hTERT mRNA, encoding the telomerase catalytic subunit of human telomerase 
reverse transcriptase, is more frequently detected in grade II and III than in benign 
meningiomas which correlates well with the high levels of telomerase activity found 
in the aggressive tumors.

8.3	 �Tumors of the Peripheral Nervous System

Tumors affecting the peripheral nervous system can be classified into schwannoma, 
neurofibroma, perineurioma, malignant peripheral nerve sheath tumor (MPNST), 
miscellaneous benign tumors, non-neurogenic tumors, hemopoietic neoplasms, 
hyperplastic lesions, hamartoma, and choristoma.

Tumors of the peripheral nervous system present with radicular pain, signs of 
nerve root or spinal cord compression, and signs of eighth cranial nerve affection. 
They can be an incidental finding and present as a mass in painless neurofibromas 
and as multiple masses as hallmark of neurofibromatosis 1 (NF1) associated with 
pigmented cutaneous macules (café-au-lait spots) and freckling and progressively 
enlarging mass with or without neurologic symptoms in cases of malignant periph-
eral nerve sheath tumor.
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8.3.1	 �Morphology

8.3.1.1	 �Schwannoma
Schwannomas are benign nerve sheath tumors that are typically encapsulated and 
composed entirely of well-differentiated Schwann cells. They are mainly found in 
the cerebellopontine angle and at the spinal nerve root.

The following types of schwannoma are histologically distinguished: (1) con-
ventional schwannoma, (2) cellular schwannoma, (3) plexiform schwannoma, and 
(4) melanotic schwannoma.

Conventional schwannoma is composed of neoplastic Schwann cells with mod-
erate quantities of eosinophilic cytoplasm, without discernible cell borders. Antoni 
A pattern consists of areas of compact elongated cells with nuclear palisading 
(Verocay bodies), while Antoni B pattern consists of areas of less cellularity, loose 
textured cells with indistinct processes, and variable lipidization. Thick-walled and 
hyalinized vessels are usually encountered.

8.3.1.2	 �Neurofibroma
Neurofibroma is a well-demarcated intraneural or diffusely infiltrative extraneural 
tumor consisting of a mixture of cell types, including Schwann cells, perineurial-
like cells, and fibroblasts. They occur frequently as sporadic solitary nodules and 
less frequently as solitary, multiple, or numerous lesions in NF1.

Neurofibroma is composed of Schwann cells with ovoid to thin curved to elon-
gated nuclei and scant cytoplasm and of fibroblasts in a matrix of collagen fibers. 
Numerous atypical nuclei (atypical neurofibroma) and significantly increased cel-
lularity (cellular neurofibroma) might be encountered.

8.3.1.3	 �Malignant Peripheral Nerve Sheath Tumor (MPNST)
MPNST is a malignant tumor arising from a peripheral nerve; 50% of malignant 
peripheral nerve sheath tumors are associated with neurofibromatosis type 1. 
50–70% arise from neurofibroma.

The following histological types are distinguished: (a) epithelioid MPNST, (b) 
MPNST with divergent mesenchymal and/or epithelial differentiation, (c) glandular 
MPNST, and (d) melanotic MPNST.

The common histological features of MPNST include herringbone or interwoven-
fasciculated pattern of cell growth; tightly packed spindle cells with variable quanti-
ties of cytoplasm; elongated, waved nuclei; alternating loose and dense cellular 
areas or diffuse growth pattern; and mitotic activity with >4 mitotic figures per high 
field.

8.3.2	 �Pathogenesis

The pathogenesis of schwannomas is unknown.
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8.3.3	 �Genetics

8.3.3.1	 �Schwannoma
The NF2 gene encodes the merlin protein (for more details, see Sect. 8.3.4.2). 
Alterations of the NF2 gene include inactivating mutations in 60%, small frameshift 
mutations resulting in truncated protein products, loss of the remaining wild-type 
allele on chromosome 22q, and loss of merlin expression. Other genetic changes 
include loss of chromosome 1p, gains of 9q34 and 17q, and loss of the PRKAR1A 
(protein kinase cAMP-dependent type I regulatory subunit alpha) region on 17q.

8.3.3.2	 �MPNST
Inactivation of both NF1 alleles occurs frequently in MPNSTs of NF1 patients. It 
has been observed that MPNSTs predominantly arise from plexiform neurofibro-
mas and are associated with the NF1−/− genotype. Some of the major molecular 
biology findings in MPNSTs include 50% of MPNSTs manifest in patients with 
NF1. Complex numerical and structural karyotypic abnormalities include near-
triploid or hypodiploid chromosome numbers, chromosomal losses, and recombina-
tions involving almost all chromosomes. Chromosome 17 shows abnormalities in 
NF1 and TP53 (tumor protein 53) loci. Losses of chromosomes 13, 17, 18, and 22 
and gains of chromosomes 2 and 14, as well as TP53 mutations and altered protein 
expression, are reported. Inactivation of the p53- and Rb (retinoblastoma) regula-
tory pathways are reported in 75% of cases.

CDKN2A (cyclin-dependent kinase inhibitor 2A) on chromosome 9p21 shows 
homozygous deletions in the gene encoding the tumor suppressors p16INK4A and 
p14ARF in 50% of the cases and inactivates the neighboring gene CDKN2B (cyclin-
dependent kinase inhibitor 2B; encoding the tumor suppressor p15INK4B).

MicroRNAs (microRNAs) regulating expression of oncogenes or tumor suppres-
sor genes have been shown to participate in the malignant transformation of benign 
neurofibromas to MPNSTs, a process which is reflected in altered microRNA 
expression levels in the MPNST cells. Table 8.3 shows a selection of several miR’s 
including some associated protein-coding genes [compiled from [12]].

8.3.4	 �Neurofibromatoses

The neurofibromatoses comprise a group of hereditary tumor syndromes including 
the three genetically distinct diseases neurofibromatosis type 1 (NF1), neurofibro-
matosis type 2 (NF2), and schwannomatosis. Since specific tumor suppressor genes 
are identified to correlate with each of these syndromes, their molecular pathology 
is now well established:

The NF1 (neurofibromin 1) gene, located at chromosome 17q11.2, is affected in 
NF1 patients; NF1 encodes the tumor suppressor neurofibromin which acts as a 
negative regulator of the Ras (Rat sarcoma) protein.
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The NF2 (neurofibromin 2) gene, encoding the tumor suppressor “merlin” (moesin-
ezrin-radixin-like protein), also termed schwannomin, is involved in NF2 and 
schwannomatosis; NF2 is located at chromosome 22q12.2.

The SMARCB1 (SWI-/SNF-related, matrix-associated, actin-dependent regulator of 
chromatin, subfamily b, member 1) gene is associated with schwannomatosis; 
SMARCB1 is located at chromosome 22q11.23.

8.3.4.1	 �Neurofibromatosis Type 1
Neurofibromatosis type I (NF1) is an autosomal dominant disorder characterized by 
neurofibromas, multiple café-au-lait spots, axillary and inguinal freckling, optic 
gliomas, osseous lesions, and iris hamartomas (Lisch nodules), caused by mutations 
of the NF1 gene on chromosome 17q11.2. The encoded protein is neurofibromin, a 
tumor suppressor gene, which plays a role in cell proliferation and differentiation.

The diagnostic criteria include the presence of two or more of the following 
signs [13]:

	1.	 Six or more café-au-lait macules (1.5 cm or larger in postpubertal individuals, 
0.5 cm or larger in prepubertal individuals)

	2.	 Two or more neurofibromas of any type
	3.	 One or more plexiform neurofibromas
	4.	 Freckling of armpits or groin
	5.	 Pilocytic astrocytoma of optic pathway (“optic glioma”)
	6.	 Two or more Lisch nodules (iris hamartomas)
	7.	 Dysplasia/absence of the sphenoid bone or dysplasia/thinning of long bone 

cortex
	8.	 First-degree relative with NF1

Tumors associated with NF1 include neurofibromas, gliomas, sarcomas, and 
neuroendocrine/neuroectodermal and hematopoietic tumors.

Table 8.3  MicroRNA expression in MPNST

Activity

miR expression Associated expression

Upregulated (↑)
Downregulated (↓)

Upregulated (↑)
Downregulated (↓)

miR-10b Oncogenic ↑ ↓ Neurofibromin; ↑ TWIST1

miR-21 Oncogenic ↑ ↓ PDCD4

miR-29c Tumor suppressor ↓ ↓ COL1A1, COL21A1, 
COL5A2; ↓ TDG

miR-34a Tumor suppressor ↓ ↓ Tp53

miR-204 Tumor suppressor ↓ ↑ HMGA2

miR-214 Oncogenic ↑ ↓ PTEN; ↑ TWIST1

COL1A1 collagen, type I, alpha 1; COL5A2 collagen, type V, alpha 2; COL21A1 collagen, type 
XXI, alpha 1; HMGA2 high mobility group AT-hook 2; PDCD4 programmed cell death 4 (neo-
plastic transformation inhibitor); PTEN phosphatase and tensin homologue; TDG thymine-DNA 
glycosylase; TWIST1 twist basic helix-loop-helix transcription factor 1

S. Weis and P. Strasser



147

Genetics
The molecular genetic events observed in NF1 occur according to the “two-hit” 
model: (1) germline mutations inactivate the NF1 gene on one allele (NF1+/−), 
resulting in decreased cellular levels of functional neurofibromin; (2) in a subse-
quent step (“second-hit”), somatic NF1 gene alterations in the other allele occur 
(loss of heterozygosity, LOH), leading to the complete absence of active neurofibro-
min protein (NF1−/− cells).

Reduced or abolished activity of neurofibromin triggers deregulation and ulti-
mately constitutive activation of the Ras signaling pathway, thereby also affecting 
members of downstream signaling cascades driving cell proliferation, such as MAPK 
(mitogen-activated protein kinase), PI3K (phosphatidylinositol 3-kinase), PKB (pro-
tein kinase B, also known as Akt), and mTOR (mammalian target of rapamycin).

8.3.4.2	 �Neurofibromatosis Type 2
NF2 is an autosomal dominant disorder characterized by neoplastic and dysplastic 
lesions that primarily affect the nervous system; bilateral vestibular schwannomas 
are the hallmark, with other manifestations including schwannomas of other cranial 
nerves, spinal and cutaneous schwannomas, intracranial and spinal meningiomas, 
gliomas, meningioangiomatosis, glial hamartomas, ocular abnormalities, and neu-
ropathies, caused by mutations of the NF2 gene on chromosome 22q12. The 
encoded protein is merlin (schwannomin).

Definite NF2 is characterized by bilateral schwannomas or first-degree relative with 
NF2 and either unilateral vestibular schwannoma at <30 years or any two of the 
following: meningioma, schwannoma, glioma, and posterior subcapsular lens 
opacity.

Probable NF2 is characterized by unilateral vestibular schwannoma at <30 years 
and at least one of the following, meningioma, schwannoma, glioma, and poste-
rior lens opacity; or two or more meningiomas and either unilateral vestibular 
schwannoma at <30 years; or one of the following, schwannoma, glioma, and 
posterior lens opacity.

A clinical study on 150 NF2 patients is available in the literature [14].

Genetics
The genetic background underlying neurofibromatosis type 2 (NF2) is linked to 
changes in the NF2 (neurofibromin 2) gene which encodes merlin (schwannomin; 
see below). The aberrations observed in NF2 include missense mutations, frame 
shifts resulting in truncated gene products, small base insertions/deletions, and large 
deletions. The genetic mechanism driving the development of NF2 involves an ini-
tial monoallelic inactivating germline mutation in the NF2 gene, followed by an 
inactivating somatic NF2 mutation in the second allele (“two-hit” model). Together, 
both events lead to a complete loss of functional merlin protein.

Although NF2 and schwannomatosis are recognized as two clinically distinct 
syndromes, it appears that aberrations in the NF2 gene are involved in both diseases. 
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However, inactivating germline NF2 mutations, typically found in NF2, are lacking 
in schwannomatosis where only somatic mutations in tumor tissues have been 
observed.

Merlin is an ERM (ezrin/radixin/moesin) protein acting as a tumor suppressor. It 
functions as a multi-suppressor from cell membrane to nucleus, a linker between 
extracellular cues and intracellular signaling pathways that regulate cell motility, 
proliferation, and survival. Additional roles of merlin include regulation of receptor 
distribution and signaling at the cell cortex, coordination of receptor signaling and 
intercellular contact, and promotion of Schwann cell elongation and myelin seg-
ment length.

Merlin exerts its growth-suppressive activity through a folded conformation that 
is tightly controlled via phosphorylation by numerous protein kinases including 
PAK, PKA, and Akt. It inhibits cell proliferation by modulating the growth activi-
ties of its binding partners, including the cell surface glycoprotein CD44, membrane-
cytoskeleton linker protein ezrin and PIKE (PI 3-kinase enhancer) GTPase, etc.

Merlin is involved in the regulation of several cellular processes, depending on 
its subcellular location [15–18]:

1. Nucleus: Merlin is able to translocate to the nucleus where it inhibits the pro-
proliferative E3 ubiquitin ligase CRL4/DCAF1, thereby suppressing oncogenic 
gene expression.

2. Cell membrane: Active merlin inhibits the activities of RTKs (receptor tyrosine 
kinases) and integrins, thus participating in the regulation of downstream intra-
cellular signal cascades, PI3K/Akt (phosphoinositide 3 kinase/Akt, or protein 
kinase B) pathway, Raf/ERK/MAPK (rat fibrosarcoma/extracellular signal-
regulated kinase/mitogen-activated protein kinase) pathway, and Rac/PAK (rac 
GTPase/p21-activated kinase) pathway.

Merlin is a key regulator of the Hippo pathway which governs organ size and cell 
number by controlling the proliferation/apoptosis ratio. The proliferation-repressive 
activity of merlin is also partially regulated by S518 phosphorylation. Mutations 
inactivating merlin function result in increased cellular proliferation and survival. 
Merlin is degraded through multistep phosphorylation by oncogenic kinases.

8.3.5	 �Schwannomatosis

Schwannomatosis is a usually sporadic and sometimes autosomal dominant disor-
der characterized by multiple spinal, cutaneous, and cranial nerve schwannomas, 
without vestibular schwannomas or other manifestations of NF1 or NF2, associated 
with inactivation of the NF2 gene in tumors, but not in the germline.

Definite schwannomatosis is characterized by two or more (pathologically proven) 
schwannomas and lack of vestibular schwannomas on MRI study at >30 years 
and no known constitutional NF2 mutation, or one (pathologically proven) 
schwannoma and first-degree relative with schwannomatosis.
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Probable schwannomatosis is characterized by two or more schwannomas at age 
<30  years and no evidence of vestibular schwannomas on MRI scan and no 
known constitutional NF2 mutation, or two or more schwannomas at age 
<45 years and no symptoms of cranial nerve VII dysfunction and no known con-
stitutional NF2 mutation, or radiographic evidence of one schwannoma and first-
degree relative with schwannomatosis.

8.3.5.1	 �Genetic and Molecular Biology Findings
Mutations in the NF2 gene are frequently detected in schwannomatosis-associated 
schwannoma tissue but are absent in the germline and in non-tumor tissue.

As the major predisposing factor in schwannomatosis, however, the tumor sup-
pressor gene SMARCB1 (SWI-/SNF-related, matrix-associated, actin-dependent 
regulator of chromatin, subfamily b, member 1) has been identified. Germline muta-
tions of the SMARCB1 gene were reported in 45% of familial cases and 7% of 
sporadic cases. The mutations include an exon 1 mutation (c.41C>A) and 3′ untrans-
lated region mutation (c.*82C>T).

Mutant SMARCB1 proteins retain the ability to suppress cyclin D1 activity. 
Further causative genes might be found. The gene is located on chromosome 22q11.2, 
which is in proximity to the NF2 gene (22q12.2). In fact, germline SMARCB1 muta-
tions associated with somatic NF2 mutations were frequently described in patients 
developing schwannomas. This observation led to the proposition of a “four-hit” 
mechanism which is thought to trigger tumorigenesis: (1) the presence of a germline 
SMARCB1 mutation on one of the two alleles, (2) and (3) deletion of the chromo-
some 22 region spanning the second (wild-type) SMARCB1 allele and one of the 
NF2 alleles, and (4) mutation of the second (wild-type) NF2 allele.

The physiological function of the SMARCB1 gene product is its involvement in 
the regulation of gene expression by participating in chromatin remodeling. To date, 
however, it is unclear by which mechanism(s) the mutated and/or missing proteins 
promote tumorigenesis.

8.4	 �Further Reading

For more detailed information on the different tumor entities, see [12, 15–21].
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Abstract

Melanocytes are derived from the neural crest and enter the eye during embryogen-
esis. Uveal melanoma of the eye is a rare but deadly disease. About 50% of patients 
will eventually develop metastatic disease with an inevitable fatal end. Predisposing 
factors are race, skin and hair color, and familial tumor predisposition syndromes.

Although clinically uveal melanoma phenotype gives the impression of one 
disease, genetically uveal melanoma can be classified into at least two subgroups 
which can be distinguished by DNA-based and mRNA-based technologies. 
While patients with disomy 3 and gene expression profile class 1 have only a low 
risk of developing metastatic disease, patients with monosomy 3 and/or class 2 
gene expression profile are likely to die from metastases. In addition to prognos-
tic information, genetic testing also provides new insights into molecular patho-
biology of uveal melanoma. Mutations in GNAQ, GNA11, and BAP1 have been 
found to be the crucial steps in tumor development.

Those insights raise the hope for targeted therapies and improved prognoses 
for uveal melanoma patients in the near future.

9.1	 �Background

Melanocytes are found ubiquitously in the eye and periocular region. It is our cur-
rent understanding that during embryogenesis pigment cells derived from the neural 
crest migrate along the nerve sheaths of the trigeminal branch V1 and reach the eye 
via the branches of the ciliary nerves. Still being melanoblasts, those cells enter the 
eye close to the optic disc to be distributed throughout the uvea—the choroid, the 
ciliary body, and the iris—where they mature and become melanocytes [1]. 
Disturbance of this process of maturation may lead to proliferation of melanocytic 
cells. They appear benign, round, or oval in shape if the proliferation started after 
the cells had reached their final destination. The lesion may affect a large sector of 
the iris and choroid or even the periocular skin if proliferation began early in pos-
teroanterior migration, at a central branch of the trigeminal nerve (e.g., nevus of 
Ota) [2, 3]. Additional genetic alterations acquired later in life may cause further 
growth and increased proliferation rate and finally result in the development of a 
malignant uveal melanoma. Over the past decade, our understanding of the molecu-
lar and genetic mechanisms which deregulate the cell cycle of melanocytes and 
eventually turn nevi into melanomas has increased significantly. Many researchers 
and research groups contribute to elucidation of the pathogenesis of uveal mela-
noma, with the ultimate goal of finding a cure for or even prevent this disease.

In the following chapter, we present the current status of research in the molecu-
lar carcinogenesis of uveal melanoma, show how the clinical appearance results 
from molecular and genetic mechanisms, and demonstrate the clinical impact which 
might result from those. For readers who are not experts in ophthalmic oncology, 
we will give a brief general overview of the disease, as far as this is necessary for 
the understanding.
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9.2	 �Epidemiology of Uveal Melanoma

The incidence of uveal melanoma varies among different races and ethnicities over 
the world. An analysis of the SEER (Surveillance, Epidemiology, and End Results) 
program database in the United States covering 36 years, from 1973 to 2008, revealed 
a mean age-adjusted incidence of 5.1 cases per million per year [4]. However, the 
majority of cases (97.8%) were observed in the white population. The ratio of black 
population-Asian population-Hispanic population-non-Hispanic white population is 
1:1.2:5:19 (SEER program data, 1992–2000) [5]. Whereas the incidence rate was not 
significantly different between the registries in the United States, an analysis of the 
data from the European Cancer Registry-based (EUROCARE) study, which 
combined the data from 67 individual European cancer registries over the years 
1983–1994, showed a dependency on latitude. The incidence decreased from north 
to south, with eight cases per million per year in Scandinavia and only two cases in 
the south of Europe (Spain and Southern Italy) [6, 7]. In comparison to cutaneous 
melanoma, with an incidence of 21.8 cases per 100,000 men and women per year, 
uveal melanoma appears rare (data from SEER Stat Fact Sheets 2016). Only 5% of 
all melanomas arise from the eye [8]. However, uveal melanoma is still the most 
common primary intraocular malignancy in adults [9].

9.3	 �Predisposing Factors

Predisposing factors can help elucidate the genetic mechanisms underlying carcino-
genesis. Epidemiological, familial, clinical, and occupational factors contribute to 
tumor development. The incidence of uveal melanoma increases up to an age of 
70 years, and the incidence peaks at 24.5 cases per million males and 17.8 cases per 
million females per year in the United States, resulting in a mean age at diagnosis 
of 60 years [6]. Overall, sex does not seem to be a predisposing factor. Data from 
the EUROCARE study and from the United States demonstrate that race (see the 
above), skin and eye color, and the ability to tan are the main predisposing factors 
[4, 7, 10]. This suggests a possible role of UV radiation in the carcinogenesis of 
uveal melanoma [11–13]. Though this hypothesis is still under discussion and there 
is no good evidence available, the preferred occurrence of iris melanoma in the 
inferior half of the iris and the higher incidence of choroidal melanomas at the pos-
terior pole of the eye could be explained by a higher exposure to UV light in those 
locations. A cohort effect found in the data from the EUROCARE study, with a 
higher incidence of uveal melanoma in the birth cohorts from 1910 to 1935, might 
be interpreted that way, as changes in the profiles of work and occupational UV 
light exposure and the use of sunglasses could explain the decrease in incidence in 
the younger cohorts [7].

Familial uveal melanoma: Occurrence of uveal melanoma in more than one fam-
ily member is a rare event, accounting for only 0.6% of patients [14]. However, 
several cases have been reported, dating back until 1905 [15]. In the published 
cases, no pattern of inheritance could be found, and only few individuals were 
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affected in each family [14–16]. Other features of a genetic predisposition, such as 
early age at diagnosis, bilateral involvement, or phenotypic associations were not 
present [17]. Therefore, it might be possible that two individual family members 
might be affected by chance alone, though the likelihood of such an occurrence is 
small [18]. On the other hand, uveal melanoma has been reported to occur more 
frequently in patients showing oculodermal melanocytosis, familial atypical mole 
and melanoma syndrome, neurofibromatosis, Li-Fraumeni syndrome, or germline 
BAP1 mutations, which all have a hereditary and therefore familial background.

Oculodermal melanocytosis: Patients with oculodermal melanocytosis present 
with congenital increased pigmentation within the distribution of the first and/or 
second branch of the trigeminal nerve. The affected organs include not only the 
periocular skin/eyelid, episclera/sclera, uvea, and orbit but also the meninges and 
tympanic membrane. Patients with oculodermal melanocytosis have a significantly 
increased risk for uveal melanoma, with an estimated lifetime risk of 1:400 for 
developing uveal melanoma [19]. It remained unclear whether the increased risk for 
uveal melanoma results simply from the increased number of melanocytes in the 
uvea or from an underlying predisposing condition. The large affected sector of the 
trigeminal nerve points toward an early event in melanogenesis, altering melano-
blasts before final maturation [3]. The frequent occurrence of mutations in GNAQ 
found in intradermal melanocytic proliferations/blue nevi and uveal melanomas 
appears to drive melanocytic proliferation and might explain the increased risk of 
malignant transformation [20].

Familial atypical mole and melanoma syndrome (FAM-M): According to the 
NIH consensus conference, the FAM-M syndrome is diagnosed in individuals with 
multiple atypical cutaneous nevi, showing distinct histological features and with 
cutaneous melanoma in one or more first- or second-degree relatives [21]. Dysplastic 
or atypical nevi of the skin may also occur isolated and are associated with an 
increased risk of cutaneous melanoma [22]. However, the FAM-M syndrome is a 
hereditary syndrome, caused by a mutation of the CDKN2A gene, coding for the 
INK4a and ARF proteins, which regulate the cell cycle and act as tumor suppres-
sors. Germline mutations in CDKN2A are associated with an increased risk of  
cutaneous melanoma, glioblastoma, and pancreatic cancer [23, 24]. Several case 
series suggested a role for CDKN2A and the FAM-M syndrome in the development 
of uveal nevi and melanoma. Uveal nevi and uveal melanomas seem to occur more 
frequently in patients with FAM-M syndrome. And the FAM-M syndrome has been 
observed more frequently in patients with uveal melanoma [25–32]. Despite this 
clinical evidence, the connection between FAM-M is still not fully understood and 
unproven, as CDKN2A mutations do not seem to play a role in uveal melanoma 
development and/or progression [33–36].

Neurofibromatosis-1 is a frequent autosomal dominant inherited genetic disor-
der affecting about 1 in 3000 individuals [37]. Because of the high prevalence, 
repeated cases of uveal melanoma in NF 1 patients may be coincidental. A connec-
tion has been suggested because half of uveal melanomas show reduced expression 
of NF1 tumor suppressor gene causing an increased activity of Ras and of MAPK 
activation [38].
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Li-Fraumeni syndrome is an autosomal dominant inherited cancer predisposition 
syndrome caused by a germline p53 mutation [39].

BAP1 mutation: Germline mutations of BAP1 cause a hereditary tumor predis-
position syndrome, and affected individuals frequently develop uveal melanoma, 
lung adenocarcinoma, mesothelioma, and meningioma [40–42]. The spectrum and 
number of tumors vary between individuals and the affected kindreds, and several 
cases of familial uveal melanoma have been associated with BAP1 mutations [43, 
44]. The reduced penetrance of the germline mutation, however, can impede the 
identification of those patients as familial cases. Somatic mutations of BAP1 have 
been identified in metastasizing uveal melanoma and are thought to be a critical step 
for development of an aggressive tumor phenotype [45]. In case of a germline BAP1 
mutation, loss of the wild-type allele of BAP1 on the remaining allele on chromo-
some 3 will promote melanoma development. The role of BAP1 mutations and the 
presumed genetic mechanisms are described later in this chapter.

9.4	 �Prognosis

Uveal melanoma is generally reported to have an overall chance of 50% for spread-
ing to the liver and cause metastatic disease, which is usually fatal within a few 
months. However, for counselling patients, this information is not very helpful. It 
has been shown that for most patients, the prognosis is actually much better or much 
worse and that we need to obtain an individualized risk, by combining clinical, his-
tological, and genetic risk factors [46].

Clinical factors: Older age and male gender have been associated with reduced 
survival. However, there remains the possibility that those results are biased by a 
delay in diagnosis in older patients, a higher general mortality rate in older patients 
(competing risks), and prolonged survival of younger patients with metastatic dis-
ease compared to older ones [47–50].

Histopathological factors: Uveal melanoma is commonly classified on cytomor-
phology according to a classification scheme proposed by Callender in 1931 and 
modified by McLean in 1983 [51]. Cells are divided into fusiform spindle cells and 
the larger polygonal and pleomorphic epithelioid cells. Both cell types may be pres-
ent in the same tumor, which is then classified as “mixed cell type.” Epithelioid cell 
type has been associated with a higher metastasis rate [52]. Problems with the clas-
sification lie in the significant inter- and intraobserver variability and the missing 
consensus on how many epithelioid cells must be present for a melanoma to be clas-
sified as “mixed” or “epithelioid” [53]. Cytological tumor heterogeneity here indi-
cates an underlying genetic heterogeneity. It has been shown by several authors that 
epithelioid cell type and cytogenetic risk factors (monosomy 3) are correlated [54, 
55]. As the presence of even a low number of cells with monosomy 3 already causes 
deterioration of prognosis, agreement of a cutoff level for a histopathological classi-
fication appears critical. Recently, after the mutations in the gene encoding BRCA1-
associated protein 1 (BAP1) on chromosome 3p21.1 have been identified as critical 
factor for the development of metastatic tumor phenotype, it was shown that 
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depletion of BAP1 resulted in less differentiated spindle morphology, again drawing 
a connection between molecular changes and histopathological findings [56]. In 
addition to epithelioid cell type, the presence of specific extracellular matrix patterns 
(closed loops; networks) has been found to be associated with poor prognosis [57–
59]. Those patterns are best depicted on PAS-stained sections and were initially 
thought to represent blood vessels but then identified as fluid-conducting channels 
lacking endothelial cells (vasculogenic mimicry). As cell type, they also correlate 
with other risk factors for metastasis, reflecting putative molecular changes in the 
melanoma cells [60]. In addition, increased microvascular density and the presence 
of tumor infiltrating macrophages and lymphocytes worsen prognosis [61–63]. 
Today, histopathological risk factors have lost much of their importance for counsel-
ling patients about their likely prognosis, as the identification of genetic risk factors 
has been proven to be superior predictors. However, they are still in use in multivari-
ate mathematical models for prognostication as the inclusion of numerous predictors 
enables the model to correct for errors in even genetic results to some extent [46, 60].

Tumor parameters: Tumor dimensions, especially the largest tumor basal diameter 
(LBD), are strongly correlated with patient survival. While less than 5% of melano-
mas with a LBD less than 10 mm will be fatal within 5 years from diagnosis, 5-year 
mortality rises to over 50% in melanomas with a LBD over 15 mm [64, 65]. LBD 
remains an independent risk factor adding prognostic information even in addition to 
gene expression profiling (GEP) [66]. However, we do not know whether metastasis 
happens because the tumor has grown large and has had more opportunity to spread 
because it has been there for a longer time or whether large tumor size is simply an 
indicator of a greater growth rate [46]. Tumor height appears to be a less important 
parameter for patient survival. Tumor location, on the other hand, has long been rec-
ognized as an important predictor of metastasis. Ciliary body involvement is associ-
ated with reduced survival; however, it correlates with larger tumor size and it did not 
remain an independent risk factor for metastatic disease when information from GEP 
was available [53, 66, 67]. Melanomas of the iris, in contrast, have a favorable prog-
nosis and a much lower mortality rate [68, 69]. At the time of diagnosis, iris melano-
mas are usually smaller than choroidal or ciliary body melanomas, and they show less 
aggressive histological features [53]. Cytogenetic changes with known unfavorable 
impact could be demonstrated in iris melanoma as well. Due to the small number of 
cases, however, the impact on survival has not been analyzed in detail [70].

9.5	 �Cytogenetics

Since the first report on cytogenetic changes in uveal melanoma more than 30 years 
ago, cytogenetic testing has gradually evolved from a research tool to a routine 
clinical test in the management of uveal melanoma [71]. Twenty years ago, Prescher 
et al. demonstrated the prognostic significance of cytogenetic abnormalities (i.e., 
monosomy 3), which was shown to be far superior to any clinical or histopathologi-
cal marker [72]. Since then, the techniques to identify chromosomal anomalies have 
evolved and replaced chromosome G-banding. Today, fluorescence in situ 
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hybridization (FISH), spectral karyotyping (SKY), (array) comparative genomic 
hybridization (a-CGH), and multiplex ligation-dependent probe amplification 
(MLPA) are in routine use for predictive testing and have been evaluated in large 
patient series [73, 74]. Microsatellite analysis (MSA) and single-nucleotide poly-
morphism (SNP) arrays offer the additional opportunity to identify loss of heteroge-
neity (LOH) and detect isodisomy of chromosomes which might be missed by the 
other techniques. Using SNP data, an attempt at creating an evolutionary tree for 
uveal melanoma has been published [75].

9.5.1	 �Chromosome 3

The loss of one copy of chromosome 3 (monosomy 3) is the most frequent and prog-
nostically most important chromosomal aberration in uveal melanoma and can be 
found in 50–61% of tumors [72, 76–81]. In 1996, a dramatic reduction in the 3-year 
survival probability from approximately 100% to less than 50% was reported for the 
first time in patients with monosomy 3 melanoma [72]. Since then, this finding has 
been confirmed by other authors several times [46, 55, 60, 82]. Only about 5–20% of 
patients with disomy 3 melanoma are expected to eventually develop metastatic dis-
ease [83]. Several possible explanations why metastasis occurs in a disomy 3 tumor 
have been discussed. First, intratumoral heterogeneity may lead to sampling errors if 
only a single small biopsy is used for analysis. The risk for misclassification with fine 
needle aspiration biopsy (FNAB) has been estimated to be less than 1% and however 
has to be considered [78, 84]. Second, e.g., FISH, CGH, and MLPA cannot detect 
loss of heterozygosity (LOH) caused by isodisomy and give the impression of metas-
tasis occurring without monosomy 3. Partial deletions of chromosome 3 might also 
be missed by FISH. However, the prognostic significance of partial deletions is still 
unclear. Identified deletions affected regions of the short arm (3p11–3p14, 
3p25–3p26, 3p25.1–3p25.2), as well as smaller regions on 3q (3q13–3q21 and 
3q24–3q26) [85–88]. A critical region of deletion causing metastatic disease has not 
been identified, until Harbour et al. identified mutations of BAP1 gene located on 
chromosome 3p21.1  in the majority of metastasizing uveal melanomas by exome 
sequencing [45]. Loss of chromosome 3 seems to be an early event in development 
of uveal melanoma and can be found in combination with other chromosomal aber-
rations [89, 90]. Unmasking of the second allele with mutated BAP1 induces tumor 
progression and also determines an aggressive tumor phenotype [56]. It is therefore 
not surprising that the loss of chromosome 3 is associated with other predictors of a 
poor prognosis, such as increased tumor diameter, ciliary body involvement, epithe-
lioid cell type, and extravascular matrix patterns [55, 72, 91, 92].

9.5.2	 �Chromosome 8

Aberrations of chromosome 8 may affect both the short and the long arm. Depending 
on the technique used, gains of 8q can be found in 35–75% and loss of 8p in 15–30% 
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[76, 93]. Gains of 8q and losses of 8p may occur together by formation of an iso-
chromosome [90, 94, 95].

As for chromosome 3 changes of chromosome 8 are also associated with poor 
prognosis. Combining information on chromosome 3 and on chromosome 8 status 
improves the accuracy of prediction of metastatic disease compared to monosomy 3 
or chromosome 8 status alone [46, 60]. Monosomy 3 and 8q gains occur together in 
about 45% of tumors and are associated with large tumor size, ciliary body involve-
ment, and aggressive histology [80, 82]. In addition, chromosome 8 abnormalities are 
found in virtually all metastases from uveal melanoma, either to the liver or the brain 
[71, 94, 96]. Because of this and the variable copy number of 8q in one tumor, gains 
of chromosome 8 are thought to be a secondary event in uveal melanoma develop-
ment. Improved analysis technique showed 8q amplification to be far more common 
than previously thought and high-resolution CGH identified frequent partial deletions 
on chromosome 8 [93]. Gains could be localized to 8q23–8q24 in many cases, and 
several oncogenes in that region have been evaluated for the potential significance. 
MYC, located on chromosome 8q24 and coding for a transcription factor, DDEF1 
(development and differentiation factor 1), enhancing the motility of uveal melanoma 
cells, and NBS1 (Nijmegen breakage syndrome 1) were all analyzed for their possible 
role in promoting metastasis [97–100]. Though frequently overexpressed in uveal 
melanoma, an association to prognosis could not be established. ENPP2, also located 
on 8q24 and coding for autotaxin or ectonucleotide pyrophosphatase/phosphodiester-
ase family member 2 (ENPP2), has been identified by gene expression profiling as a 
predictor of survival [101]. Autotaxin is an enzyme producing lysophosphatidic acid 
(LPA), a small motility-enhancing and angiogenic lipid molecule [102]. Its role for 
tumor progression and prognosis in uveal melanoma still needs to be established.

Losses of chromosome 8p have also been analyzed in detail to identify possible 
tumor suppressor genes. Deletions could be localized on 8p12–8p22 by array CGH, 
and silencing of LZTS1 on the retained hemizygous allele was found [103]. This 
tumor suppressor genes code for the leucine zipper tumor suppressor-1 and inhibit 
motility and invasion of uveal melanoma in cell cultures. Interestingly, loss of 8p 
correlates with the prognostically unfavorable class 2B on gene expression profil-
ing, further emphasizing the importance of 8p loss [89, 104].

9.5.3	 �Chromosome 6

Gains of chromosome 6p are observed in 28–54% of uveal melanomas and losses 
of 6q in 35–37% [76, 105]. Gains of 6p seem to be associated with a good progno-
sis. Possible explanations are that 6p gains are preferably found in spindle cell mela-
nomas and rarely occur together with monosomy 3 [90, 106, 107]. Gains of 6p also 
correlate with gene expression profile subclass 1b, which is associated with a good 
prognosis. The protective effect of 6p gain might result from an alternative molecu-
lar pathway in tumor development dividing UM in two separate subgroups with 
good (6p gain) or worse (monosomy 3) prognosis. Loss of 6q, on the other hand, has 
been associated with a metastasizing phenotype. The effect of simultaneous 6p gain 
and 6q loss caused by chromosome rearrangements is unknown [77, 80].
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Some authors have tried to identify tumor suppressor genes and oncogenes on 
chromosome 6; however, the genetic mechanism underlying chromosome 6 abnor-
malities remains unclear [108–110].

9.5.4	 �Chromosome 1

About a quarter of uveal melanomas show deletion on the short arm of chromosome 1, 
indicating a poorer prognosis. Because deletions of 1p are frequently found in larger 
tumors and in association with monosomy 3 and changes of chromosome 8, they are 
thought to develop later in tumor progression [78, 80, 84, 94, 111, 112]. However, 1p 
loss adds prognostic information independent of chromosome 3 status [112].

Several genetic mechanisms could be affected by 1p deletion, e.g., the NOTCH 
pathway and TP73 [113].

9.6	 �Molecular Genetics

9.6.1	 �MYC

The MYC gene is located on chromosome 8q24, a region frequently amplified in 
uveal melanoma, and therefore has been supposed to play a role in tumor progres-
sion [76, 90, 94, 95]. It codes for a transcription factor regulating the expression of 
numerous genes, controlling the cell cycle and apoptosis, and modifies the chroma-
tin structure via histone acetyltransferases (HATs) [114, 115]. Many tumors show 
constitutive overexpression of MYC, which has also been identified in uveal mela-
noma and proposed as a potential prognostic marker [100, 116]. In cutaneous mela-
noma, overexpression of MYC seems to be associated with poor prognosis in 
cutaneous melanoma [117]. In uveal myeloma MYC is also frequently overex-
pressed but surprisingly associated with improved prognosis [97, 100]. Hence, the 
role of MYC overexpression in uveal melanoma remains unclear.

9.6.2	 �TGF-b

TGF-b1 is located on chromosome 19, a region without frequent structural abnor-
malities in uveal melanoma. It has become of interest, because intraocular melano-
mas are growing in an immune privileged location, and the immunosuppressive 
properties inside the eye are mediated by cytokines, such as TGF-b [118]. TGF-b 
has antiproliferative and anti-apoptotic effects on various cell types (epithelial, 
endothelial, neuronal, leukocytes) [119]. TGF-b is secreted into the extracellular 
matrix and stored until its activation by numerous often unspecific stimuli, like as 
irradiation, reactive oxygen, and proteases such as plasmin and metalloproteinases 
[120, 121]. Metalloproteinases (MMP) have been of interest as a marker for tumor 
progression as they are involved in tumor invasion, angiogenesis, and metastasis, 
and TGF-b enhance and modify these effects [122, 123]. Whereas MMP-9 is 
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predominantly expressed in epithelioid melanomas and associated with poorer 
prognosis, immunohistochemical staining showed TGF-b positivity in uveal mela-
noma regardless of cell type, tumor size, or location [118]. TGF might also play a 
direct role in hematogenous metastasis to the liver, by increasing adhesion of uveal 
melanoma to the hepatic endothelium [124]. For metastases to grow to detectable 
size, induction of angiogenesis is a crucial step in tumor progression [125]. By its 
angiogenic effects, TGF-b could further promote growth of uveal melanoma metas-
tases, and expression of TGF-b receptor endoglin has been found to correlate with 
metastatic death [126, 127]. A high number of tumor infiltrating leukocytes and 
macrophages as well as high HLA class I and II expression have also been linked 
with bad prognosis, as those are preferably found in monosomy 3 melanomas [128]. 
By downregulation of MHC class I antigen, on the other hand, TGF-b renders uveal 
melanoma cells more susceptible to cytolysis by natural killer cells [129, 130]. It 
has been suggested that uveal melanoma might prepare its own microenvironment 
for growth by secretion of local factors into the vitreous and aqueous humor [131].

9.6.3	 �Bcl-2

The Bcl family of proto-oncogenes comprises pro-apoptotic proteins, like Bax, 
Bad, and Bak, and anti-apoptotic proteins, like Bcl-2, Bcl-xL, and Bcl-w [132]. 
Blc-2 seems to be of specific importance in regulation of tumor cell survival and 
apoptosis. As the pro-apoptotic members, Bcl-2 resides on the outer membrane of 
the mitochondria, inhibiting the initiation of the apoptotic cascade by the intrinsic 
pathway [133, 134]. Bcl-2 is strongly expressed in uveal melanoma, as shown by 
immunohistochemistry [97, 135–137]. Uveal melanoma is known to be resistant 
against radiation, and high radiation dose has to be used for the treatment of primary 
tumor. It is also resistant to standard chemotherapy. This is explained by the anti-
apoptotic effects of Bcl-2. Therefore Bcl-2 has become a possible starting point in 
the search for a targeted therapy [138, 139]. Bcl-2 inhibitors could revert the inhibi-
tion of apoptosis and allow for the initiation of apoptosis by pro-apoptotic members 
of the Bcl family. Nemati et al. showed increased response of uveal melanoma to 
chemotherapy with fotemustine after the administration of a Bcl-2 inhibitor in ani-
mal xenografts [140]. Until recently no Bcl inhibitor with acceptable toxicity was 
available for use in humans [141, 142]. However, novel Bcl-2 inhibitors with low 
toxicity have been approved for use in chronic lymphocytic leukemia (CLL) with 
17p deletion (affecting p53), and clinical testing in uveal melanoma is expected.

9.6.4	 �P53

P53 plays an important role as a tumor suppressor, inactivated in more than 50% of 
all tumors. The gene for p53 is located on chromosome 17p13.1. It is a transcription 
factor controlling the expression of other downstream genes to regulate cell prolif-
eration and growth. Upregulation of p53 has been described in uveal melanoma 
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after irradiation [143, 144]. This appears plausible as p53 is a main factor in the 
cellular response to stress and DNA damage. Until DNA repair is completed, the 
cell is stopped in the G1 or G2 phase of the cell cycle [145]. If the damage is too 
severe to be repaired, the cell will undergo apoptosis. In contrast to other tumors, 
which frequently show altered expression or mutations of p53, the signaling path-
way upstream of p53 seems to be intact in uveal melanoma [146]. However, there 
seems to be a functional inhibition of p53 in uveal melanoma. P53 interacts with 
several downstream molecules in a negative-feedback loop [147]. First, the cyclin-
dependent kinase inhibitor CDKN2A stabilizes p53 by degrading Mdm2 through 
p14(ARF) [148, 149]. Second, it induces the expression of Hdm2/Mdm2 (human/
mouse double minute 2). Overexpressed Hdm2/Mdm2  in reverse represses p53 
transcriptional activity and also enhances its degradation [150–152]. This mecha-
nism seems to be important in uveal melanoma, and overexpression of Mdm2 has  
been shown to be of prognostic value [143, 153]. Some authors evaluated the pos-
sible therapeutic effect of inhibition of Mdm2 by a small synthetic peptide in animal 
models; however, this has never been evaluated in clinical trials [141, 154, 155].

9.6.5	 �Rb

The Rb pathway has been shown to be frequently altered and functionally inhibited 
in uveal melanoma [143, 156–158]. To arrest cells in the G1 or G1/S phase, the Rb 
protein has to be kept in a hypophosphorylated state. This is accomplished by the 
cyclin-dependent kinase inhibitor CDKN2A coding for p16(INK)4a, keeping Rb 
active. In this hypophosphorylated state, Rb binds E2Fs, thereby repressing their 
transcriptional activity. Phosphorylation of Rb by cyclin-dependent kinases (CDK) 
can occur at multiple phosphorylation sites in Rb throughout the cell cycle, which 
gradually inhibits Rb function and releases E2F [159, 160]. Loss or inactivation of 
Rb will result in deregulated cell cycle progression and cell proliferation. In uveal 
melanoma Rb protein is frequently hyperphosphorylated and inactivated because of 
cyclin D1 overexpression and CDKN2A promotor methylation [143]. Still, most 
tumors, including retinoblastoma, need additional mutations of other tumor sup-
pressor genes to develop [161].

9.6.6	 �Ras-Raf-MAPK Pathway (GNAQ, GNA11, CYSLTR2, PLCB4)

Mutations of proteins in the mitogen-activated protein kinase pathway (MAPK) 
have long been implicated in the development of conjunctival melanomas [162–
164]. BRAF mutations are found in more than 65% of cutaneous melanoma, result-
ing in a constitutively active protein leading to MAPK activation [165]. Such 
BRAF mutations are rarely observed, on the other hand, in uveal melanoma [166–
169]. Activation of the MAPK pathway has been demonstrated to be a frequent 
event in UM; however, this does not seem to occur through mutations of BRAF 
[170]. The mechanisms behind the activation remained obscure until the discovery 
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of mutations in GNAQ and GNA11  in uveal melanocytic lesions. A connection 
between mutations in GNAQ/GNA11 and proliferation of melanocytes was first 
established in 2004 during the analysis of determinants of skin color in mice [171]. 
Thereupon those mutations were found in almost 85% of uveal melanomas [20, 
172, 173]. GNAQ and GNA11 encode the alpha subunit of heterotrimeric g-pro-
teins (g-alpha-q and g-alpha-11). G-protein-coupled receptors (GPCR) are a large 
group of transmembrane receptors exerting multiple physiologic functions, such as 
in the sensory system, vision, olfaction, and taste [174]. Their function is transmit-
ted by g-proteins from the extracellular to intracellular space. In their basal and 
inactive state, the alpha, beta, and gamma subunits are bound together with 
GDP. Upon activation through ligand binding to the g-protein-coupled receptor, 
the heterotrimeric g-protein dissociates and exchanges GDP to GTP [175]. The 
GTPase activity of the alpha subunit hydrolysis GTP to GDP.  Mutations in the 
alpha subunit of GNAQ and GNA11 keep them in the activated state, leading to 
constitutive MAP-kinase pathway activation and cell proliferation without further 
extracellular stimuli. This raised the hope for targeted therapy with MEK inhibi-
tors. In fact, a randomized open-label phase II clinical trial comparing selumetinib 
versus chemotherapy showed for the first time prolonged progression-free survival 
in patients with uveal melanoma metastasis [176]. However, this has not been con-
firmed in later studies [177].

In patients without detectable mutations in GNAQ/GNA11 of the g-protein-
coupled receptor CYSLTR2 and PLCB4, the gene encoding for the 1-phosphatidyl
inositol-4,5-bisphosphate phosphodiesterase beta-4, a downstream target of GNAQ/
GNA11, could be identified, further emphasizing the importance of MAP-kinase 
pathway activation through this mechanism [178, 179].

9.6.7	 �BAP1

Enormous efforts have been made to identify the critical mutation on chromosome 
3 that promotes metastasis. Harbour et al. identified mutations of BAP1, located on  
chromosome 3p21.1, in 47% of metastasizing monosomy 3 uveal melanomas [45]. 
Interestingly, one of their patients had a germline mutation which was uncovered by 
loss of the second allele (monosomy 3). Soon after germline BAP1 mutations were 
found to cause a hereditary tumor predisposition syndrome, the spectrum of this is 
still evolving [40, 41, 180]. The BRCA1-associated protein-1 (BAP1) was first  
described by Jensen et al. as a potential tumor suppressor gene [181, 182]. BAP1 
encodes a deubiquitinating enzyme and acts on BRCA1, histone H2A, host cell 
factor-1, and O-linked N-acetylglucosamine transferase (OGT) [181]. RNAi-
mediated depletion of BAP1 in uveal melanoma cells resulted in loss of differentia-
tion and gain of stemlike properties, similar to GEP class 2 tumors [56]. Though the 
molecular mechanisms of BAP1 are still not fully understood, a targeted therapy 
seems possible. Histone deacetylase (HDAC) inhibitors might restore histone H2A 
function which has been shown to be accompanied by increased melanocytic dif-
ferentiation [183, 184].
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9.6.8	 �SF3B1 and EIF1AX

Recently, additional somatic mutations have been identified in UM by exon sequencing, 
specifically occurring in patients with disomy 3 and partial monosomy 3 [185, 186]. 
SF3B1 is found in about 15–20% of uveal melanomas and associated with a favorable 
prognosis and prolonged metastasis-free interval compared to uveal melanomas with 
BAP1 mutations [186–189]. Mutations were mutually exclusive with BAP1 mutations 
and seem to support the bifurcated model of tumor progression in uveal melanoma [108, 
190]. However, within the disomy 3 and partial monosomy 3 tumors, uveal melanomas 
with SF3B1 mutations had a worse prognosis than those without this mutation [189]. 
Interestingly, the mutational spectrum in SF3B1 of tumors with and without metastasis 
was different, and a further subgrouping of tumors according to mutation type might 
help to identify patients at risk of metastatic disease [186]. Tumors harboring EIF1AX 
mutations also are associated with a longer disease-free survival and rarely demonstrate 
metastasis [189]. Both mutations EIF1AX and SF3B1 are associated with good prog-
nostic features, such as disomy 3; spindle cell type, positive BAP1 immunohistochem-
istry staining; and the absence of closed vascular loops [191].

9.6.9	 �Gene Expression Profiling (GEP)

While over the past decades methods for detection of cytogenetic changes and muta-
tions have evolved and allowed for more detailed analyses, some other groups chose 
another approach offering a different view of the tumor and its microenvironment. 
Gene expression profiling (GEP), based on mRNA signature, has been described as a 
functional snapshot of the tumor microenvironment, which is perhaps less variable 
across the tumor and therefore less affected by intratumoral heterogeneity [192]. GEP 
was studied first in uveal melanoma cell lines, comparing those to normal melanocytes 
[193]. Then, Tschentscher et al. developed oligonucleotide microarrays to describe and 
compare the expression profile of monosomy and disomy 3 melanomas [194]. They 
also classified uveal melanomas according to their gene expression profile.

Soon afterwards, Onken et  al. improved this technique and, leaving chromo-
somal status behind, classified uveal melanomas based on results from GEP, using 
unsupervised clustering methods to divide uveal melanomas in class 1 melanomas 
with low risk and class 2 tumors with a high risk of metastasis. Since then, numer-
ous other investigators have compared the accuracy of GEP versus cytogenetic 
prognostic indicators. Unfortunately, as DNA-based techniques continuously 
evolved (MLPA, a-CGH, and SNP array), no direct comparison of GEP classifica-
tion versus latest DNA-based techniques has been made. Onken et al. reduced the 
number of genes necessary for classification and developed a PCR-based microflu-
idics platform for routine clinical testing [192, 195].

Gene expression profiling closely correlates with cytogenetic findings in 
most cases [196, 197]. Class 1 tumors usually show disomy 3 and spindle cell 
type melanoma, whereas class 2 profile is associated with epithelioid cell type, 
monosomy 3. A further subclassification is possible into four groups (1A, 1B, 
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and 2A, 2B). Class 1A predicts the best prognosis, and class 1B is slightly 
worse, corresponding to disomy 3 melanomas with 6p gain. For class 2 melano-
mas, additional loss of chromosome 8p corresponds to the subclass 2B with the 
worst prognosis [89]. Based on this, a modified bifurcated tumor progression 
model has been proposed which is shown in Fig. 9.1. Some problems, however, 
remain. First, the significance and predictive value of GEP after radiation has 
not been evaluated so far and, as in contrast, has been done for DNA-based tests 
[198–201]. Also biopsy of non-melanoma tissue will reveal class 1 profile. For 
DNA-based tests, identification of GNAQ/GNA11 mutations can easily be done 
which will be positive in 85% of cases and ensure that melanocytic tissue has 
been biopsied.

9.7	 �Conclusion and Future Prospective

New genetic techniques have provided new and sometimes unsuspected insights into 
the pathobiology and the molecular carcinogenesis of uveal melanoma. Extended use 
of next-generation sequencing and proteomics will provide further insights, and tar-
geted therapies will hopefully lead to an improved prognosis for patients with meta-
static disease. Still, one should not forget to consider and reconsider again basic facts 
of melanogenesis in the light of latest findings as explained in the introduction of this 
chapter. It is still unknown whether choroidal nevi are congenital and slowly grow to 
clinically detectable size during life or whether they arise from normal melanocytes, 
which acquire their first transforming event (mutation of GNAQ/GNA11) later in life. 

Melanocyte
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Non Metastatic 
Melanoma

Metastatic 
Melanoma

GNAQ/11

SF3B1
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Micrometastases
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Immune  

MEK/ PKC/
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Fig. 9.1  Proposed bifurcated tumor progression model. GNAQ/GNA11 mutations induce 
growth of uveal nevi, which subsequently evolve into melanoma by acquiring (a) mutations in 
SF3B1 and/or EIF1AX, associated with a rather good prognosis, or (b) mutations in BAP1 and 
loss of the second allele by monosomy 3, which is associated with a high risk for metastasis. A 
more advanced model of an evolutionary tree for uveal melanoma was published by Nakul Singh 
et al. [75]

W. Wackernagel et al.



165

Findings from clinical syndromes like the oculodermal melanocytosis still pose many 
questions to be answered. Unifying concepts of pigment cell distribution and ocular 
melanogenesis may answer some questions but even more arise.
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Abstract
The thyroid is one of the largest endocrine glands in the body and of highest impor-
tance to healthy life by regulating energy metabolism, protein synthesis, and hor-
mone sensitivity. Tumors of the thyroid are rare, accounting for only ~2% of all 
tumors being diagnosed worldwide. Remarkably, this cancer entity is more fre-
quent in women than in men, with incidence ratios of approximately 3:1. This 
chapter will introduce the main features of thyroid cancer development, especially 
focusing on altered molecular signaling and epigenetic variations.
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10.1	 �Anatomy and Physiology of the Thyroid Gland

The thyroid gland is a key organ of the endocrine system and therefore an essen-
tial regulator of numerous physiological processes, including energy metabo-
lism, protein synthesis, and hormone sensitivity. The principal hormones 
produced by the thyroid itself are triiodothyronine (T3) and thyroxin (T4), gener-
ated from the amino acid tyrosine and elemental iodine attachments [1]. The third 
major hormone secreted by the thyroid is calcitonin, involved in calcium homeo-
stasis. Calcitonin is produced in the so-called C-cells of the thyroid gland [1]. The 
organ is built up of two lobes that are positioned on both sides of the trachea, 
closely underneath the larynx. The lobes are connected by a small band of thy-
roid tissue called isthmus. Each lobe has a size of 4–6 cm in length; the whole 
organ has a weight of 15–30 g in adults, but can be vastly increased in conditions 
of disease [2].

Microscopically, the thyroid tissue is made up of numerous follicles of varying 
sizes. The follicular lumen containing colloid is framed by one layer of follicular 
cells. The C-cells are located on top of or in between follicular cells; they are associ-
ated with a particular follicle. The name parafollicular cells for C-cells, which can 
be found frequently in the literature, is thus incorrect. Both normal and hyperplastic 
C-cells have an intrafollicular localization [3] (Fig. 10.1j).

Within the colloid the thyroid hormones, T3 and T4 are stored. These two hor-
mones are the only iodine-containing compounds involved in physiologic pro-
cesses [4]. Iodine taken up through nutrition is absorbed through the small 
intestine and shuttled to the thyroid via the bloodstream. The thyroid is very well 
supplied with blood, so that it only takes approximately one and a half hour for 
the whole blood to pass through the gland. Within the thyroid, iodine gets stored, 
oxidized, and finally incorporated in precursors of T3 and T4. When stored in 
colloid, the hormones are bound to thyroglobulin protein Tg; secreted hormones 
are first separated from Tg through proteolysis, but will interact with other pro-
teins in circulation. In fact, 80% of circulating T3 and T4 are associated with 
thyroxine-binding globulin (TBG); 10% each are coupled to albumin or pre-
albumin [5].

Hormone release from the thyroid is tightly regulated in a negative feedback 
loop, called the hypothalamic-pituitary-thyroid axis. As soon as the hypothalamus 
recognizes low levels of circulating T3 and especially T4 hormone, it secretes 
thyrotropin-releasing hormone (TRH). TRH binding triggers the release of 
thyroid-stimulating hormone (TSH) in the pituitary. Consequently, TSH acts on 
the thyroid, which is stimulated to release T3 and T4, thereby increasing their con-
centration in the bloodstream and slowing down this regulatory circuit. The nega-
tive feedback acts directly on the hypothalamus but also signals to the pituitary 
gland [6].

R. Seeböck et al.



177

a b c

d e f

Fig. 10.1  (a) Papillary thyroid carcinoma (classic variant). The tumor is composed of papillary 
structures with gentle fibrovascular stalks. The cell nuclei display a number of characteristic altera-
tions including elongation, overlapping, irregular contours, chromatin clearing, and numerous 
infoldings of the nuclear envelope, i.e., so-called grooves (white arrows). HE stain. (b) Papillary 
thyroid carcinoma, follicular variant. The tumor shows follicular architecture; no papillary struc-
tures are seen. However, the tumor cell nuclei display typical alterations of a papillary carcinoma 
including grooves (white arrows) and eosiniphilic intranuclear cytoplasmic inclusions (yellow 
arrows). HE stain. (c) Papillary thyroid carcinoma, tall cell variant. The cytoplasm of the tumor 
cells is larger and more eosinophilic than in conventional type. The height of the cytoplasm is 
approximately three times as much as its width. (d) Lymph node metastasis is typical for papillary 
carcinoma. The presence of BRAF mutation can be detected by means of immunohistochemistry 
(positive cytoplasmic +/− nuclear stain with anti-BRAF V600E VE1 monoclonal antibody, 
Ventana, cat.no. 790-4855). (e) Follicular thyroid carcinoma. The tumor usually consists of folli-
cles of variable size. Penetration of the tumor capsule and blood vessel invasion (inset) resulting in 
distant hematogeneous metastasis is typical for this type of tumors. (f) Follicular thyroid carci-
noma at high-power magnification. The cell nuclei do not display the typical features of a papillary 
carcinoma. (g) Anaplastic (undifferentiated) thyroid carcinoma. High cellularity, diffusely infiltra-
tive solid growth pattern, as well as areas of necrosis and hemorrhage are typical. (h) Anaplastic 
(undifferentiated) thyroid carcinoma at high-power magnification. Primitively looking cell popula-
tion with brisk mitotic activity (white arrows) and occasional multinucleated giant cells (yellow 
arrow) with overall sarcomatoid appearance underscore the loss of differentiation in this tumor 
type. (i) C-cell hyperplasia is barely visible on conventional HE-stain. (j) Immunohistochemistry 
for calcitonin reveals numerous C-cells occupying entire follicles or of parts of them (same loca-
tion as in i). Note the intrafollicular location of the C-cells (the term “parafollicular cells” is actu-
ally a misnomer). (k) Medullary thyroid carcinoma. This tumor can show quite different growth 
patterns and cytologic features. Coarse “salt-and-pepper” chromatin is one of the most consistent 
features aiding the correct diagnosis. (l) Immunohistochemical stain for calcitonin is strongly posi-
tive in virtually all medullary carcinomas and is obligatory for definitive diagnosis. (m) Amyloid 
deposits in the tumor stroma are often seen and are positively stained with congo red. (n) Amyloid 
stained with congo red is birefringent and therefore shines apple-green in polarized light (same 
location as in m). This feature is essential in distinguishing true amyloid deposits from its mimics 
(e.g., hyalinized collagenous stroma) (color figure online)
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Fig. 10.1  (continued)

10.2	 �Epidemiology and Pathophysiology of Thyroid Cancer

Worldwide thyroid cancer accounts for less than 2% of all cancers diagnosed [7]. The 
distribution between female and male patients varies from country to country but is 
always higher in females, with an average ratio of 3:1 [8]. Even if thyroid cancer has a 
low prevalence and is associated with more than 95% survival with a very good sur-
vival rate, it must not be treated lightly. The incidence for thyroid cancer is significantly 
rising, including all tumor sizes and stages [9].

The majority of thyroid tumors originate from follicular cells as epithelial tumor. 
These lesions can further be divided in papillary thyroid carcinoma (PTC), follicu-
lar thyroid carcinoma (FTC), or anaplastic thyroid carcinoma (ATC). Tumors that 
arise from C-cells are of the category medullary thyroid carcinoma (MTC) [10]. 
Eighty-five to 90% of thyroid cancer cases present as PTC, 5–10% as FTC, and 
about 2% as MTC [10]. Further subtypes include carcinomas of mixed origin, squa-
mous cell carcinoma, mucinous carcinoma, carcinosarcoma, and other less frequent 
variants [11]. Representative pictures of the various types of thyroid cancer are 
shown in Fig. 10.1.

A number of genetic alterations accompany the molecular carcinogenesis of the 
different tumor variants. A summary of these alterations and the associated 
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signaling pathways, as well as a discussion of how they orchestrate tumorigenesis 
in the thyroid, is presented below.

10.3	 �MAP Kinase and PI3-Kinase Signaling Cascades

From all occurring mutations, most affect the signaling pathways of (mitogen-
activated protein) MAP kinases and (phosphoinositide-3) PI3-kinase. Among these, 
we reckon mutations in the genes of BRAF, HRAS, KRAS, or NRAS, translocations 
of RET, as well as PTEN gene mutations or deletions.

The RAS/RAF/MEK/ERK pathway is among the most essential pathways of 
inter- and intracellular signaling and of vital importance in signal transductions 
regulating survival, growth, differentiation, migration, and cell-cell interactions 
[12]. The best described MAP kinases include ERK proteins, JNK, and p38 [13]. 
Each of them contains a three-tiered kinase cascade of a MAP kinase (MAPK), a 
MAP kinase kinase (MAPKK), and a MAP kinase kinase kinase (MAPKKK). 
Signals are received at the surface of the cell by different receptor molecules, acti-
vating signaling modules in the cells interior by phosphorylation events. The most 
intensively studied pathway is RAS/RAF/MEK/ERK (extracellular signal-regulated 
kinase) cascade. RAS is recruited to the intracellular domain of a common receptor 
tyrosine kinase (RTK), which has undergone dimerization upon binding of an extra-
cellular stimulus. When activated by GTP at the cell membrane, RAS can mediate 
RAF activation. These kinases phosphorylate MEK kinases, and these are capable 
of activating ERK. ERK can target a wide portfolio of substrates in essentially every 
cellular compartment to regulate the appropriate cellular response [14].

There are three isoforms of the RAS protein, which occur in the thyroid HRAS, 
KRAS, and NRAS. Mutations may occur in any of the three, but most publications 
name NRAS′s codon 61 as the site being altered most often in case of RAS mutation 
[14]. Codon 61 encodes for the autocatalytic GTPase of RAS, and an alteration there-
fore could transform the RAS molecule to a constantly signaling trigger toward over- 
and mis-reaction. Another site that is frequently mutated is the GTP binding site, 
encoded in codons 12/13, which increases binding affinity or even locks GTP in the 
activating position. Mutant activation of RAS has been shown in  vivo as well as 
in vitro to be able to induce thyroid neoplasia. Mutations are understood to occur at 
early stages, when cells are still well differentiated. At this stage, they were also iden-
tified as mutually exclusive with other genetic alterations in FTC and PTC. Mutations 
of one RAS isoform occur in up to 20% of PTC and 50% of FTC cases [14]. RAS 
mutations can also occur in follicular adenomas of the thyroid gland. These lesions 
are rather frequent and benign, but can also present a precursor lesion of FTC [14].

A point mutation at position 1799 from T to A in the BRAF gene is the most 
common gene mutation in PTC and may also occur in ATC. This mutation, also 
called V600E, results in constitutive activation of the serine/threonine kinase. 
Generally, the average rate of BRAF mutation in PTC and ATC is approximately 
44% and 24%, respectively [15]. Especially the tall cell variant of PTC is charac-
terized by BRAFV600E, where up to 100% of cases bear the mutation. On the 
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contrary, BRAFV600E is rarely found in the follicular variant of PTC [16]. Increasing 
patients’ age was identified as predisposing factor to sporadic BRAF mutation [17]. 
BRAFV600E is associated with poor clinical outcome, aggressive pathological fea-
tures, and higher recurrence rate [18]. Furthermore, the mutation is suggested to 
influence a patient’s sensitivity to radiotherapy, as BRAFV600E is described to cause 
a loss of avidity to radioiodine [19].

Charles et al. [20] have shown that BRAFV600E is the driver mutation in adult PTC 
thyroid carcinogenesis, rather than mutations of KRAS (especially KRASG12D). A 
more aggressive mouse model was introduced by McFadden et al., who confirmed 
that BRAFV600E is sufficient to initiate PTC in adult mice thyroid, but also showed 
that in advanced ATC, BRAFV600E is not sufficient as therapeutic target. A combina-
torial approach of MAPK pathway targeting by administration of MEK, as well as 
BRAF inhibitors, showed improved response rates in their respective mouse model. 
Furthermore, they could show that progression of BRAFV600E-positive thyroid cancer 
to ATC is facilitated by loss of p53 [21].

As mentioned above, besides MAPK pathway regulators, effector proteins of the 
PI3K signaling cascade are frequently affected by the processes of molecular carci-
nogenesis in thyroid cancer. The PI3K cascade can be triggered by RAS signaling 
or other initiators like tyrosine kinase receptors or G protein-coupled receptors. 
PI3K catalyzes the transition of phosphatidylinositol bisphosphate (PIP2) to phos-
phatidylinositol trisphosphate (PIP3). PTEN antagonizes this reaction by dephos-
phorylating and inactivating PIP3. PIP3  in its phosphorylated form is capable of 
activating Akt. This serine-threonine kinase has multiple targets, of which TSC2, 
leading to downstream activation of mTOR, is the most popular and influential on 
protein synthesis and cell cycle progression. Mutations in PI3K, PTEN, and AKT 
itself are rare in early stages of thyroid cancer and frequently associated with dis-
ease progression or even metastasis [22]. In this context, it has to be noted that 
PTEN mutation and especially its deletion occur in approximately 30% of FTC 
cases. This is frequently in connection with Cowden’s syndrome, a cancer predispo-
sition syndrome with characteristic germ line mutation of PTEN. Besides mutation 
and deletion alterations, PTEN expression may also be modified by promoter hyper-
methylation, which occurs in FTC and ATC cases [23].

10.4	 �Gene Translocations and Fusions

Among the cell surface tyrosine kinase receptors that transduce extracellular signals 
to downstream signaling cascades as introduced above, the transmembrane protein 
rearranged during transfection (RET) is an important player in thyroid carcinogen-
esis. Mehlen and Bredesen [24] reported RET as belonging to the group of so-called 
dependence receptors. Unbound, RET possesses proapoptotic activity that is inter-
rupted as soon as a ligand binds to the extracellular domain. This effect is the basis 
for the concept that RET-expressing cells might be controlled in a way that their 
growth and survival is limited to ligand co-localization. Effects on the development 
of cancer or other diseases are not elucidated in full detail [25]. Still, the cancer-
associated mutant RETC634R has no cleavage-dependent proapoptotic effect. In 
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thyroid cancer, the most frequent alteration of RET is a genetic disruption of the 
gene leading to translocation and gene fusion with various heterologous genes. The 
resulting chimeric oncogenes are termed RET/PTC [25]. Prevalence of RET/PTC is 
highly dependent on the cohort under investigation and may range from 25% up to 
70% in patient groups, including pediatric patients and individuals with high radio-
iodine isotope load [26]. Generally, RET/PTC formation enables constitutive RET 
kinase dimerization, activation independent of ligand binding, and autophosphory-
lation, which leads to steady downstream signaling.

Mouse models harboring RET/PTC rearrangements have shown a sufficiency to 
initiate thyroid carcinogenesis. Corresponding mouse lines were generated by two 
independent groups, where the transgene was expressed under different promoters 
and at varying copy numbers. All RET/PTC mice developed PTC, thus, at copy-
number-dependent rates [27, 28].

RET/PTC rearrangement, other than BRAF mutation, which is a distinct tumor 
indicator, was also reported in benign nodules or healthy tissue surrounding tumor 
tissues [29]. Various studies report a rate of RET/PTC rearrangement in 13–15% of 
benign nodules. The rate is even higher in individuals with a history of irradiation. 
The rate of 52.4% RET/PTC rearrangement in post-Chernobyl benign nodules is 
almost identical to the rate of RET/PTC rearrangement in PTC [30, 31].

A further gene translocation occurring in up to 60% of FTC cases is the paired 
box 8 (PAX8)/peroxisome proliferator-activated receptor gamma (PPARG) gene 
fusion. It may also occur in approximately 30% of follicular variant PTC cases [32]. 
PAX8 plays an essential role in the terminal differentiation steps of thyrocyte devel-
opment and, unlike other members of the PAX gene family, is a key regulator of 
terminally differentiated gene expression, including the sodium iodide symporter, 
thyroglobulin, and the TSH receptor [33]. It is discussed controversially how onco-
genic the gene fusion PAX8/PPARG actually is. On the one hand, it was shown that 
the resulting fusion protein can act as a suppressor on PPARG-driven gene expres-
sion and thereby executes antiapoptotic features. On the other hand, it was shown 
that the fusion protein can disrupt PAX8 as a transcription factor and deregulate the 
expression of thyroid-specific genes [33].

10.5	 �Further Influential Molecular Alterations Contributing 
to Thyroid Carcinogenesis

Besides the genetic variations introduced above, this section summarizes further 
frequent and important alterations in thyroid cancer.

With a low involvement in the development but high impact on tumor progression, 
mutations on p53 have to be mentioned here. P53 is the most commonly mutated 
tumor suppressor gene in all human cancers and associates with bad prognosis. Also 
in thyroid cancer, mutation of p53 marks a malignant progression of an individual 
cancer. In accordance, p53 mutation is detectable in 70–80% of ATC cases [34].

A similar frequency of 70–80% in ATC and 25% in poorly differentiated thyroid 
cancer is witnessed for mutations of the CTNNB1 gene. CTNNB1 encoding for 
β-catenin is a key regulator in the WNT pathway. Aberrant Wnt signaling is a 
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hallmark of epithelial tumors’ developmental phase. The family of Wnt proteins has 
a physiological role in embryonic development, controlling cell proliferation, cell 
fate specification, tissue patterning, and cell polarity. Later, in adult tissue, the pro-
teins are involved in tissue homeostasis, as they control cell proliferation, stem cell 
activation, and self-renewal. Wnt proteins can execute their targeted signaling via 
three different pathways, including a canonical β-catenin-dependent and two 
β-catenin-independent pathways. The latter noncanonical pathways are a calcium 
pathway and planar cell polarity (PCP) signaling [35]. The canonical Wnt signaling, 
which is dependent on β-catenin, is extensively studied and known to contribute to 
cancer development and progression in various tumor entities [36]. This signaling 
cascade is triggered by extracellular binding of a Wnt protein to a frizzled receptor 
(Fzd) which consequently leads to recruitment of Axin to the cell membrane. This 
releases Axin’s former interaction partners, including β-catenin, which will accu-
mulate in the cytoplasm and enter the nucleus. Nuclear β-catenin acts as a transcrip-
tion factor for Wnt target genes, like cyclin D1, c-Myc, and further potent regulators 
of cell proliferation [37]. In the absence of Wnt, β-catenin is tightly bound to 
E-cadherin in adherens junctions. For many years, Wnt pathway dysregulation was 
associated solely with ATC and as a feature of aggressive thyroid carcinoma. 
Throughout the last decade, evidence has been found that altered Wnt signaling is 
influential also on early stages of thyroid carcinogenesis. Indicators thereof are ele-
vated levels of Wnt family member Wnt5a in FTC and PTC or the stabilization of 
cytoplasmic β-catenin by RET/PTC [38, 39].

10.6	 �Epigenetic Modifications in Thyroid Cancer 
Development and Progression

There are two main fields of epigenetic regulation reported to influence thyroid 
carcinogenesis. These are, on the one hand, microRNAs (miRNAs) and, on the 
other hand, aberrant methylation events.

MiRNAs are small noncoding RNAs of approximately 22 nucleotides length 
that bind to multiple mRNAs, initiating translational repression by cleavage of 
target mRNA. As for thyroid cancer, it was very early discovered that miRNAs 
might play an important role in PTC development and progression, as a set of 
miRNAs could be identified as significantly overexpressed, whereas, in general, 
cancers are associated with a global under-expression of miRNAs [40]. The most 
consistently overexpressed miRNAs reported in PTC are miR-221, miR-222, and 
miR-146b [41].

DNA methylation at cytosines, especially in CpG islands, is a powerful regulator 
of gene expression. Hypomethylation can cause genetic instability and activation of 
proto-oncogenes; on the contrary, hypermethylation may silence a gene and is fre-
quently identified as causative for tumor suppressor gene downregulation. Affected 
tumor suppressor genes in thyroid cancer include PTEN, RASSF1A, TIMP3, 
SLC5A8, DAPK, RAPβ2, and RAP1GAP [42]. Aberrant DNA methylation of these 
genes is detectable in up to 100% of tumors analyzed.
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11Carcinogenesis in the Epithelium 
of the Upper Aerodigestive Tract

Dietmar Thurnher

Abstract
Cancer of the head and neck is one of the six most common malignancies, 
accounting for more than 600,000 case per year worldwide.

Risk factors associated with carcinogenesis of the squamous epithelium of the 
upper aerodigestive tract are smoking and alcohol consumption, which, when 
taken together, act highly synergistic. More recently, infection with human papil-
lomavirus (HPV) was noted.

Interestingly, patients with HPV-positive oropharyngeal cancer have a signifi-
cantly better prognosis than patients without HPV infection, regardless of the 
type of treatment. Currently, it still needs to be clarified whether the HPV vac-
cination program for cervical cancer will have a future impact on the incidence 
of oropharyngeal cancer.

Contents

11.1  �Introduction�   186
11.2  �Mechanistic Model of Cancer Development as a Result of Tobacco Use�   186
11.3  �Human Papillomavirus and Oropharyngeal Cancer�   187
11.4  �HPV-Positive Oropharyngeal Cancer and Response to Therapy�   188
11.5  �HPV-Positive Oropharyngeal Cancer and Staging�   189
11.6  �The Potential Impact of Prophylactic Human Papillomavirus Vaccination on 

Oropharyngeal Cancer�   189
�References�   189

mailto:dietmar.thurnher@medunigraz.at


186

11.1	 �Introduction

Head and neck squamous cell carcinoma (HNSCC) is one of the six most common 
malignancies, accounting for more than 600,000 cases per year worldwide [1]. The 
incidence of cancers of the head and neck area is about 6% of all tumors, the annual 
mortality being about 6/100,000 worldwide [2].

Head and neck cancer refers to malignancies located in the oral cavity, orophar-
ynx, nasopharynx, hypopharynx, and larynx, of which more than 90% are squa-
mous cell carcinomas of the mucosa.

Risk factors associated with carcinogenesis of head and neck cancers include 
tobacco and alcohol abuse [3] and, more recently, human papillomavirus infection.

Alcohol and tobacco have a highly synergistic carcinogenic effect, which is pos-
sibly due to the fact that alcohol acts as a solvent for the tobacco carcinogens [4].

In addition, women seem to have a higher genetic tobacco-associated suscepti-
bility [5]. In a recent Swedish study, it could be shown that when women inhale 
lower amounts of tobacco smoke than men, they nevertheless have a higher risk for 
oral cancer [6]. This gender-specific susceptibility was also demonstrated for lung 
cancer [7].

Overall, tobacco-induced gene expression in the upper and lower respiratory 
tract is very similar; the involved molecular processes are, however, already explored 
much better in lung carcinomas [8].

11.2	 �Mechanistic Model of Cancer Development as a Result 
of Tobacco Use

The mechanistic model currently used for carcinoma development by tobacco 
smoke, also published in the American Surgeon General’s Report 2010, was intro-
duced by S. Hecht (Fig. 11.1, modified according to S. Hecht) [9].

With each inhalation of cigarette smoke, more than 5000 substances—including 
over 70 known carcinogens—are transported into the aerodigestive tract. These 
very diverse substances belong to different chemical classes: polycyclic aromatic 
hydrocarbons (polycyclic aromatic hydrocarbons (PAHs)), the “tobacco-specific” 
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N-nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and 
N-nitrosonornicotine (NNN), aromatic amines, aldehydes (formaldehyde), soluble 
hydrocarbons, and metals (cadmium and the radioactive polonium). Of all known 
smoking-related carcinogens, NNK and NNN are by far the most potent. Although 
a subject of controversy in the past, nicotine itself is not seen as a carcinogen in the 
recent literature [10].

The first step is the conversion and metabolic activation of carcinogens, a process 
that is significantly catalyzed by isoenzymes of cytochrome P-450, in particular 
P-450 1A1 and 1B1. This produces metabolites that can bind covalently to DNA, 
thus forming DNA adducts. This second step, the formation of DNA adducts, is 
seen as the central process in the molecular carcinogenesis caused by tobacco 
smoke. If these DNA adducts are not removed by repair mechanisms, it subse-
quently leads to coding defects during DNA replication and thus to the permanent 
mutations. In the lung tissue of smokers, thousands of mutations could be found, 
often in critical state. The proliferation of cells is controlled by genes, such as the 
oncogene K-Ras or tumor suppressor gene TP53 [11]. Frequently mutated genes, 
such as CDKN2A or STK11, and mutant genes of the EGFR-RAS-RAF-MEK-
ERK signaling pathway have been described [12]. These mutations, therefore, ulti-
mately lead to the formation of cancer.

Some nitrosamines bind without prior metabolism directly to cellular nicotinic 
receptors and, thereby, are able to activate different molecular pathways, including 
the AKT or the PKA signaling pathway [13].

Furthermore, the inhalation of tobacco smoke leads to the activation of signal 
pathways that have a crucial role in inflammatory processes, e.g., the NF-KB signal-
ing pathway, and are involved in the carcinogenesis of lung cancers [14].

In addition to the accumulation of mutations by DNA adduct formation, hyper-
methylation of gene promoters, which, e.g., might prevent transcription of tumor 
suppressor genes, is another major process in the development of cancer. An often 
described example is the tumor suppressor gene CDKN2A (p16). Mutations of 
p16 in lung cancers are very rare; however, this gene is inactivated by hypermethyl-
ation with a prevalence of up to 70% [15]. In recent years, in addition to p16, more 
than 50 genes have been described in lung cancers, which are inactivated by hyper-
methylation, including genes of cell cycle regulation (PAX5), DNA repair (AGT), 
apoptosis (FAS), or invasiveness (E-cadherin) [16]. The same could be shown for 
head and neck cancers [17].

11.3	 �Human Papillomavirus and Oropharyngeal Cancer

Human papillomaviruses (HPV) are evolutionarily conserved good and stable 
viruses with a low mutation rate. Currently, about 120 of these viruses are fully 
characterized, and at least 30 of these exclusively infect the skin and mucous mem-
branes of the anogenital region. These HPV viruses are classified according to their 
carcinogenic potential viruses in “low risk” and “high risk.”
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The “low-risk” viruses include, for example, HPV serotypes 6 and 11, which are 
responsible for causing genital warts or recurrent respiratory papillomatosis, but 
also the serotype HPV 40, 42, 43, 44, etc.

The “high-risk” viruses include HPV 16, 18, 31, 33, etc., with HPV 16 occurring 
most frequently [18].

In recent years, HPV has been identified as a carcinogen for various carcinomas. 
These include cervical and anal cancers and also affect the vulva, vagina, penis, and 
oropharynx.

The association of HPV infection and the emergence of cervical cancers have 
long been known [19]. In recent years, it was shown that infection with the HPV 
serotypes 16 and 18 plays a role in the development of some head and neck 
tumors [20]. In the literature, the prevalence of HPV in head and neck tumors 
ranges from 11% to 44%, most studies reporting a prevalence of about 20–25% 
[21]. For oropharyngeal cancer, a distinct change in the epidemiology is recorded. 
The “classic” tonsillar carcinoma, which is associated with nicotine and alcohol 
abuse, low socioeconomic status, and typically occurring at an older age, is 
declining. On the other hand, in oropharyngeal carcinomas of young patients 
[22], a very high prevalence of HPV was demonstrated (45–90%), particularly in 
carcinomas of the palate and the base of tongue [23]. These patients with HPV-
positive oropharyngeal carcinomas represent a clinical subgroup. They are usu-
ally younger, nonsmoking patients who appear to have a better prognosis than 
patients with HPV-negative oropharyngeal carcinomas. Additional risk factors, 
such as smoking behavior and/or the expression of associated biomarkers, like 
p16 [24] and non-mutated p53 or EGFR [25], will subsequently worsen the 
favorable prognosis.

11.4	 �HPV-Positive Oropharyngeal Cancer and Response 
to Therapy

Patients with HPV-positive oropharyngeal cancer have a significantly better 
response in all currently established standard therapies, i.e., surgical resection with 
adjuvant therapy or primary radiation therapy with or without chemotherapy [26].

Clinically, HPV-positive oropharyngeal tumors have a typical appearance. In 
contrast to HPV-negative tumors, which grow ulcerative and highly invasive, HPV-
positive oropharyngeal cancers have a typical exophytic and “mulberry-like” 
growth. HPV-positive oropharyngeal cancer is internationally on the rise. Some 
authors estimate for the US population that in 2020, the number of HPV-associated 
oropharyngeal cancers in men and women together will exceed the number of cervi-
cal cancers, and thus the otolaryngologist could be the first contact person for 
patients with an HPV-related disease [27].

Ongoing studies will show whether patients with HPV-positive oropharyngeal 
cancers can be treated with modified standard therapies, for example, whether a 
dose reduction of the radio (chemo)therapy would be recommendable [28].
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11.5	 �HPV-Positive Oropharyngeal Cancer and Staging

Furthermore, the significant difference in overall survival of HPV+ positive and − 
negative oropharyngeal cancers affects not only the clinical trial design and out-
comes research but interferes with clinical decision-making because prognosis is 
not reflected by the 7th edition of the TNM staging system [29]. Therefore, the 
International Collaboration on Oropharyngeal cancer Network for Staging (ICON-S) 
aims at developing a TNM classification specific to HPV+ oropharyngeal cancer, 
which was also proposed for the upcoming 8th edition of the UICC/AJCC TNM 
classification [30].

11.6	 �The Potential Impact of Prophylactic Human 
Papillomavirus Vaccination on Oropharyngeal Cancer

Many countries, in government-sponsored programs, started prophylactic HPV vac-
cination in girls to prevent cervical cancer [31]. However, current evidence is insuf-
ficient to determine the efficacy of these vaccines within the context of oral or 
oropharyngeal HPV infection or subsequent development of oropharyngeal cancer, 
especially when only girls are vaccinated [32].

Austria was the first European Country to offer a government-sponsored HPV vac-
cination program to both girls and boys. Since February 2014, for all children living 
in Austria, the vaccine is administered in two separate injections at a minimum dis-
tance of 6 months in the fourth grade, in the hope that subsequently not only the 
incidence of cervical cancer but also oropharyngeal cancer will decline [33].
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12Carcinogenesis of Sinonasal Carcinomas

P.V. Tomazic

Abstract
Sinonasal carcinomas are rare lesions, comprising 1% of all malignancies. They 
develop in a variety of tissues ranging from epithelial to neuroendocrine origin. 
The most prevalent ones are squamous cell carcinomas followed by adenoid cys-
tic and adenocarcinomas. Generally speaking, ongoing inflammatory processes 
in the mucosa and exogenic noxa, such as smoking, might trigger their develop-
ment. A high risk exists for adenocarcinoma, when patients are exposed to wood 
dust. Research on signaling pathways and genetic studies are still ongoing, and 
the first promising results may lead to future development of targeted tumor ther-
apy, where today surgery combined with radio-(chemo)therapy is still the pri-
mary choice of treatment (Nat Rev Clin Oncol 11(8):460–472, 2014).
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Sinonasal carcinomas are rare tumors, comprising 1% of all malignancies, 3% of all 
upper respiratory tract malignancies and only 3–5% of all head and neck malignan-
cies. The incidence in European countries (e.g. Italy) is around 0.5–1 new 
cases/100,000 inhabitants and similar to the United States [1–3]. There is a variety 
of tumors with respect to their tissue origin: epithelial (squamous cell carcinoma, 
sinonasal undifferentiated carcinoma, adenocarcinoma, salivary gland-type tumors), 
soft tissue, neuroendocrine tumors, bone/cartilage soft tissue tumors, neuroectoder-
mal tumors (sinonasal primary melanoma, olfactory neuroblastoma), hematolym-
phoid tumors, germ cell tumors, borderline tumors, and secondary tumors [2, 3]. 
The vast majority of these are squamous cell carcinomas, with a 50–80% preva-
lence, followed by intestinal-type adenocarcinomas with 10–20%. The remaining 
tumors are very rare, and almost no data exist regarding their carcinogenesis [1].

12.1	 �Sinonasal Squamous Cell Carcinoma

The development of sinonasal squamous cell carcinoma (SNSCC) may be associated 
with chronic inflammation due to inhalant irritants and smoking. The ongoing stimu-
lus of TNF and IL-1β might activate downstream transcription of factor NF-κB, play-
ing a major role in tumorigenesis. Cyclooxygenase 2 was also found to be elevated in 
SNSCC, further underlining the connection between inflammation and carcinogene-
sis, which was also true for sinonasal inverted papilloma as precursor lesion to SNSCC 
[4]. Another impact is seen by reactive oxygen species and reactive nitrogen species 
generating DNA mutations. The production of nitric oxide through inducible nitric 
oxide synthase may lead to G > A nucleotide transitions in TP53 and KRAS. Similar 
findings were made with HRAS and NRAS. Another factor influencing this pathway 
in SNSCC is EGFR being overexpressed in around 40% of SNSCCs. A weaker but 
still noticeable expression of HER2 was detected in approximately 10% of cases. 
FGFR1 and SOX2 were detected in 20% and 37%, respectively. Genomic profiling 
revealed further potential target oncogenes, such as CD44, CCND1/CTTN, and 
ERBB2 [1, 5]. A rare finding in around 10 cases was a fusion gene of nuclear protein 
in testis (NUT) and BRD4, resulting in a BRD4-NUT fusion gene. Histologically, 
these tumors appear as undifferentiated basaloid cells with focally abrupt squamous 
differentiation. These tumors are coined NUT midline carcinomas [5, 6].

Precursor lesions, such as inverted papilloma, may be associated with HPV 
infections and may lead, via metaplasia and cytokeratin switch, to the development 
of SNSCC, given a high expression of p16. In an HPV-negative tumor, SYNE1 and 
NOTCH3 were found to be mutated. Those genes are responsible for nuclear polar-
ity and terminal differentiation of squamous epithelia [1].

12.2	 �Carcinoma Ex-Schneiderian/Inverted Papilloma

Inverted (IP) or Schneiderian papillomas are benign tumors; however, they show 
expansive and destructive growth and can become malignant in up to 27% of cases. 
As mentioned above, they are associated with HPV infection and p16 protein. Ki-67 
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proliferation was found to be associated with dysplasia and invasion [7, 8]. Another 
positive correlation with malignancy was found for Msx2, topoll-α, and VEGF [9]. 
Jung et al. [10] found that the Wnt signaling pathway was prone to malignant trans-
formation of IP. The overexpression of the signaling proteins beta-catenin, cyclin 
D1, and Dvl-1 may play a significant role in malignant transformation of IP. Yu 
et al. proposed that the downregulation of tissue factor pathway inhibitor-2 (TFPI-2) 
could lead to malignant transformation in IP [11] as well as SMAC, survivin and a 
decreased expression of E-cadherin and catenin [12].

12.3	 �Sinonasal Undifferentiated Carcinoma

Sinonasal undifferentiated carcinomas (SNUC) were first described by Frierson as 
high-grade malignancy with or without neuroendocrine differentiation but without 
glandular or squamous histological appearance. Compared to SNSCC, they lack the 
expression of cytokeratins 5/6 and 13. In addition, they present a limited expression 
of p63. The small cell carcinomas express NSE, synaptophysin, and chromogranin, 
similar to their pulmonary counterparts [5]. Very little is known about this distinct 
tumor entity as regards carcinogenesis. Takahashi et al. were able to establish a cell 
line of SNUC, showing 12 chromosomal translocations [13]. They found out that 
HER2/neu could be a potential target for SNUC treatment; moreover, lapatinib 
could induce apoptosis in their cell line [14]. Another potential predictive marker 
was VEGF [15]. Ansari et al. [16] proposed a successful chemotherapeutic induc-
tion scheme (metformin, doxorubicin, and etoposide based on morphoproteomic 
structure of SNUCs). In two cases, CD133, FASN, topoisomerase II alpha, and 
mTOR (p-mTOR [Ser 2448]) had an impact on treatment response.

12.4	 �Adenoid Cystic Carcinoma

Adenoid cystic carcinomas (ACC) are the second largest group of sinonasal tumors 
after SNSCC [2]. They are characterized by slow growth, perineural growth, and 
intracranial extension. Cribriform, tubular, and solid subtypes are classified. Little 
is known about sinonasal as compared to salivary gland carcinogenesis of ACC. A 
potential marker for tumor development could be the fusion of MYB-NFIB proto-
oncogenes in ACC [17, 18]. A high expression of Ki-67 correlated with poor out-
comes in salivary and non-salivary gland ACC [19].

12.5	 �Adenocarcinoma

Adenocarcinoma of the sinonasal tract is subdivided into an intestinal-type (ITAC) 
and a non-intestinal-type adenocarcinoma, where ITACs express cytokeratin 20, vil-
lin, and CDX-2. ITAC is associated to wood dust exposure, which was first postu-
lated in the 1960s due to a rising incidence in the furniture industry. The risk for 
woodworkers is around 900 times higher than in the normal population. A less 
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prominent but significant association was seen in workers of the shoe and leather 
industry, with a ten-fold elevated risk of developing adenocarcinoma in the sinonasal 
tract. Similar to SNSCC, chronic inflammation and elevated COX2 levels were found 
to be associated with tumor development. Smoking, in contrast to SNSCC, was not 
correlated to ITAC development. Due to this association, ITACs were studied more 
intensively than non-ITACs. Moreover, they represent the third most common sino-
nasal malignancy after squamous cell carcinoma and adenoid cystic carcinoma with 
8–25% of all sinonasal tumors [1, 2, 5, 20]. ITACs are classified into various patho-
logical subtypes: colonic (40%), solid (20%), papillary (18%), mucinous, and mixed 
types (22% together). LGALS4 encoding for galectin-4 was found to be upregulated 
in highly differentiated tumors, whereas clusterin was found to be downregulated. 
Moreover, a gain in function of genes encoding for growth factors like hepatocyte 
growth factor (HGF), MOS, and MYCC was found, whereas chromosomal losses 
were detected for tumor suppressor genes DCC, SMAD4, APC, and TP53 [5].

Promotor methylation of p14(ARF), p16(INK4a), and LOH was found in ITACs. 
Gene amplification of CCND1, PIK3CA, and ERBB1 and ERBB2 was detected at 
lower frequency. EGRF, KRAS, and BRAF mutation could be detected in ITACs, 
where KRAS was associated with a better prognosis [21]. In poorly differentiated 
sinonasal ITAC, moderate to strong cytoplasmic positivity for ADAM-9 in associa-
tion with moderate membrane staining for c-erbB-2 oncoprotein was shown by 
Caltabiano et al. [22].

For mucoepidermoid and acinic cell carcinoma, no relevant data exists as of 
today.

12.6	 �Sinonasal Malignant Melanoma

They account for only 1% of all melanomas [2]. In sinonasal melanoma, cKIT, 
BRAF, NRAS, and TERT mutations are described. However, there exists heterogene-
ity in the expression of these biomarkers [23, 24].

Chraybi et al. [25] suggested that NRAS or KIT mutations and cyclin D1 amplifi-
cation are significant in these tumors and that targeted therapy should not focus on 
BRAF as its mutation was less frequently seen in his sample. Turri-Zanoni et al. [26] 
also support that BRAF would have low clinical efficacy, but they proposed target-
ing RAS and KIT mutations or inhibiting PI3K-Akt-mTOR pathways.

More studies are needed to confirm sensitivity to targeted therapies as reported 
in single cases [27]. In metastatic melanomas, keratins are more strongly expressed 
than in primary melanomas, particularly K8, K18, and MNF-116 [28].

12.7	 �Olfactory Neuroblastoma

Olfactory neuroblastoma (ON) arises from cells of the olfactory epithelium, 
accounting for around 2% of sinonasal neoplasms with peak incidences in the sec-
ond and sixth decade of life [2, 29]. Trk-A, Trk-B, GRP78, and p75NRT were found 
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to be expressed in ON but did not influence prognosis or outcome [30]. Kim et al. 
[31] suggested Bcl-2 expression to be associated with better therapeutic response to 
neoadjuvant chemotherapy but also showed worse survival. Diensthuber et al. [32] 
suggested that the expression of HIF-1alpha, Epo, Epo-R, and bcl-2 may play a 
functional role in ON pathogenesis. They suggested bcl-2 acting as a stimulator of 
angiogenesis in ON, and, thus, it might be targeted in antiangiogenic treatment 
approaches in ON.

12.8	 �Neuroendocrine Carcinoma

Neuroendocrine carcinoma (NC) of the sinonasal tract is extremely rare and has 
poor prognosis [2, 33]. Expression of GLUT-1, HIF-1α, PI3K, and p-Akt was seen 
in sinonasal NC, as well as in laryngeal NC, and was higher than in precancerous 
lesions. However, the cohort consisted of only three sinonasal NCs [34]. Achaete-
scute homolog 1 (ASH1) seems to be associated with tumor grade where high-grade 
tumors show an increased protein expression [35].

12.9	 �Clival Chordoma

Clival chordomas (CC) originate from the notochord and are aggressively growing 
tumors in the clivus. Due to their lacking response to chemotherapy and difficult 
localization as regards surgical removal, radiation after maximum tumor debulking 
is therapy of choice. Rinner et al. [36] described gene hyper- and hypomethylation 
in chordoma, where the following genes were found to have a potential impact on 
tumor development: C3, XIST, TACSTD2, FMR1, HIC1, RARB, DLEC1, KL, and 
RASSF1. Miozzo et al. [37] found that a tumor suppressor gene on locus 1p36 could 
be associated with spontaneous but also familial inherited clivus chordoma.

Diaz et al. [38] report on the deletion at 9p involving CDKN2A, CDKN2B, and 
MTAP, which has been previously reported at higher rates. Moreover, they suggest 
that chromosome 3 aneuploidy and epigenetic regulation of FHIT contribute to loss 
of the FHIT tumor suppressor in chordoma. Recently established cell lines would 
open the possibility of testing these potential therapeutic targets [39].
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13Parotid Cancer

Axel Wolf

Abstract

Salivary gland carcinomas are a heterogeneous group of tumors that comprise 
about 5–10% of all oropharyngeal cancers. Tumor classification and stage have 
a significant impact on patient survival. Primary treatment of salivary gland car-
cinomas is surgical resection in combination with postoperative radiotherapy 
and/or chemotherapies when required. Molecular abnormalities as potential ther-
apeutic targets differ between certain tumor types.

13.1	 �Introduction

Salivary glands comprise three pairs of the major glands (parotid, submandibular, or 
sublingual) and hundreds of the minor salivary glands throughout the mucosa of the 
respiratory tract. Salivary gland carcinomas (SGCs) are relatively rare malignancies 
that occur in around 1 per 100,000 people per year counting, accounting for 5–10% 
of all oral and pharyngeal cancers. The majority of carcinomas occur in the parotid 
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gland (70–75%) followed by the submandibular gland (10–15%), the sublingual 
gland (<1%), and minor salivary glands [1, 2].

Salivary gland neoplasms can be classified into 24 subtypes of malignant epithelial 
tumors. Mucoepidermoid carcinomas (MECs, 34%), adenoid cystic carcinomas 
(ACCs, 22%), and adenocarcinomas (ADNs, 18%) are the most common SGC 
although demographic and/or geographic aspects may have a significant impact on the 
incidence of tumors. Primary squamous cell carcinoma (SCC) of the salivary glands 
is described in the literature although some authors suggest that these tumors might be 
metastatic intraparotid lymph nodes originating from cutaneous SCC [3–5].

There is no clear evidence that SGC is associated with smoking or alcohol intake, 
while radiation exposure and UV light exposure are relevant risk factors. Nitroso 
compounds in rubbers may explain a higher incidence of SGC in rubber industrial 
workers [6–8].

SGC usually presents as painless swelling. The presence of facial nerve palsy, 
skin fixation, and cervical lymphadenopathy is highly suspect for malignancies. 
Clinical examination can be amended with fine-needle aspiration biopsy for cyto-
logical examination. Magnetic resonance imaging, computer tomography, and 
ultrasound are important for diagnosis although definitive diagnosis can only be 
performed with histologic examination.

The vast majority of malignant salivary gland tumors originate from acinar/duc-
tal epithelial cells and/or myoepithelial/basal cells. Monophasic tumors have one 
cellular component (e.g., ACN, salivary duct carcinoma, and myoepithelioma), 
while biphasic tumors originate from both cell types (e.g., ADN, ACC, and 
epithelial-myoepithelial carcinoma) or demonstrate specific cellular differentiation 
(e.g., MEC) [5].

Primary treatment of salivary gland carcinomas is surgical resection in combina-
tion with postoperative radiotherapy and/or chemotherapies when required. Some 
authors have described positive effects of neutron-beam radiation due to its reduced 
toxic effects of the surrounding tissue [1, 9, 10].

SGC are a very heterogeneous group of neoplasms. Numerous general carcino-
genic molecular mechanisms, including c-kit, EGF/EGFR, VEGF/VEGFR ErbB-1, 
ErbB-2, and Her2, are being examined in SGC. Furthermore, loss of the vascular 
protein sorting-associated protein 4b homolog (VPS4B) might promote carcinogen-
esis, leading to a prolonging effect of EGFR [11].

Molecular abnormalities, including Her2, c-kit, and EGFR as potential therapeu-
tic targets in certain SGC types, are being investigated and will be discussed below 
in detail according to the most frequent tumor entities [1].

13.2	 �Mucoepidermoid Carcinoma

MECs originate from the main ducts and are composed of basal, intermediate, and 
differentiated cells and may also develop in the lung, skin, breast, cervix, and thy-
roid [3]. Carcinomas can be graded into low-, intermediate-, and high-grade tumors 
according to architectural formation and cellular and cytological features, which is 
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of essential prognostic importance [3]. MECs are usually positive for CK5, CK6, 
CK7, CK8, CK14, CK18, CK 19, EMA, carcinoma antigen, and p63, while nega-
tive for CK20, SMA, muscle-specific actin (MSA), and S100. Especially p63 is an 
important marker to differentiate MEC from ACC and low-grade MEC from mucous 
retention cysts and papillary adenomas [1].

A t(11;19)(q21-22;p13) tumor-specific gene alteration occurs in 40–70% of 
MEC. The occurrence of this translocation has been described in other organs, such as 
the lung and thyroid, but not in other SGCs. It involves the MECT1 gene and the 
MAML2 gene leading to a fusion gene. The effect on signaling pathways is largely 
unknown, although it has been shown that it leads to an upregulation of AREG as a 
ligand of EGFR. This autocrine process promotes MEC growth and survival [12, 13].

Similar to mammary carcinomas, Her2 is a biomarker overexpressed in about 
20–40% of MECs. In contrast, rare cases of ACC express Her2. EGFR is overex-
pressed in about 50% of MECs. Agulnik et al. investigated the effect of lapatinib, 
an oral tyrosine kinase inhibitor of EGFR and Her2, but no responses were observed 
[2, 3, 14].

13.3	 �Adenoid Cystic Carcinoma

ACC develops in both, the major and minor salivary gland, as well as in other sites, 
e.g., the bronchial tree, breast, cervix, and skin. As in sinonasal carcinomas, three 
tumor patterns (tubular, cribriform {Swiss cheese}, and solid forms) have been 
described. Characteristically, tumors grow slowly with early perineural invasion 
(e.g., leading to paresis of facial nerve in parotid gland tumors). They show a high 
level of hematogenic metastasis; thus, these biphasic tumors are typically associated 
with poor outcome [3].

ACC typically expresses CK7, CAM 5.2, calponin, SMA, SMMHC, p53, 
SOX10, and S100. Overexpression of Ki-67, p53, and H3K9me3 and low expres-
sion of H3K9AC are associated with poor survival [1, 15, 16].

Persson et al. described a specific t(6;9) (q22-23; p23-24) gene translocation fus-
ing the Myb oncogene to the transcription factor gene NFIB and consequent poten-
tial activation of Myb targets occurring in approximately 60% of ACC. Furthermore, 
Myb overexpression seems to be triggered by other unknown pathways because it 
occurs in approximately 90%. Due to the frequent expression in ACC, Myb appears 
to be a useful marker for the differential diagnosis of other salivary gland tumors 
[13, 17, 18].

C-kit is a transmembrane cell surface receptor encoded by the c-kit gene associ-
ated with cell migration, differentiation, and proliferation. Hotte et  al. observed 
c-kit overexpression in 90% of ACC, but did not find any mutation or amplifications 
in the corresponding gene loci. In contrast to ACC, c-kit overexpression was not 
found in MEC. Especially the predominant c-kit expression in its inner ductal cells 
is useful to differentiate the ACC from its mimics, although it may also be expressed 
in low-grade adenocarcinoma. The use of Imatinib as a c-kit inhibitor is a new 
therapeutic approach but first clinical trials did not show evidence of tumour 
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response. Alternative target therapies may show more promising effects in the 
future [1, 19, 20].

EGFR overexpression appears in about 30–40%, but, similar to c-kit, no gene 
mutations or amplifications have been described; thus, the therapeutic impact of 
EGFR antagonists remains uncertain.

NF-kB being expressed in some ACC may be antagonized by bortezomib used 
for myeloma treatment. Argiris et al. reported disease stabilization in advanced 
tumors but no objective responses in a clinical trial using treatment protocols includ-
ing bortezumib [21].

13.4	 �Acinic Cell Carcinoma

ACNs make up about 7–17% of all malignant tumors of SGC affecting the parotid 
gland in the vast majority of cases. Clinically, they often lead to local pain per-
ception and occur bilaterally in 30% of the cases. “High-grade” and “low-grade” 
tumors can be differentiated, leading to dramatic differences in therapeutic out-
come [1, 22].

ACN is a biphasic tumor mostly expressing CK7 and CAM 2.2. ACNs are usu-
ally negative for p63, SMA/SMMHC/calponin, and CK20. Originally described 
in gastrointestinal stromal tumors, the DOG1 protein is expressed in ACN and 
may be used to be distinguished from mimics, e.g., mammary analogue secretory 
carcinoma [23].

Very little is known about the genetic profile of ACC. Mitelman et al. reported 11 
cases with abnormal karyotypic profile, while common changes were described in 
three trisomy eight cases only [24, 25].

The complex PI3K axis plays an important role in tumorigenesis, leading to 
upregulation of several regular tumor growth factors, including EGFR, HER2, and 
VEGF. Diegel et al. reported on the activation of the pathway in adenomatous pol-
yposis coli (APC)/PTEN transgenic mice that lead to the formation of AZN [26].

13.5	 �Adenocarcinoma

ADNs show a very aggressive behavior. ADNs express hormonal and growth fac-
tors similar to mammary and epipharyngeal adenocarcinomas.

In contrast to ACC, EGFR overexpression (40%) and EGFR mutations have been 
described in ADN; consequently, EGFR inhibitors may play a therapeutic role in 
this subset of patient. Results of clinical trials using lapatinib, gefitinib, cetuximab 
and trastuzumab, all EGFR and Her2 antagonist showed limited success. Alternative 
treatment protocols may show more beneficial effects in the future [3, 27, 28].

Androgen receptors are a pathologic marker for salivary duct carcinomas found 
in about 20–40% of cases. Similar to antiestrogen therapies, the identification of 
these receptors might be therapeutically useful.
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14Carcinogenesis of Laryngeal Tumors

G.P. Hammer

Abstract
Laryngeal cancer is a rare disease comprising 1–2% of all malignancies with an 
incidence of 1.1% (men 2.1%, women 0.3%) and mortality of 1.0% worldwide 
with a geographical variability. Nevertheless, it is the most common of all malig-
nant tumors in the upper aerodigestive tract. Similar to other head and neck 
regions, it develops in a variety of tissues from epithelial to neuroendocrine ori-
gin. In general, squamous carcinogenesis results from successive accumulation 
of molecular genetic alterations in the squamous epithelium lining the upper 
aerodigestive tract. Proteins related to cell proliferation and cell cycle regulation 
have been used (p53, p16, and cyclin D1) as markers of potential genetic results. 
Squamous cell carcinoma develops from the squamous mucosal lining of the 
upper aerodigestive tract mainly in patients with a history of abusing risk factors 
like cigarette smoking, alcohol abuse, or human papillomavirus. Only 20% of 
individuals with evident risk factors in the personal history, however, develop 
squamous cell carcinoma. As of today, extensive global research concerning sig-
naling pathways, genetic studies, or carcinogenic mediators is ongoing with the 
aim of targeting tumor therapy in the future.
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14.1	 �Introduction

It is estimated that there were around 156,000 new cases (incidence 1.1%) with 
laryngeal cancer and 83,000 deaths (mortality 1.0%) from laryngeal cancer world-
wide in 2012 [1]. Men have a four times higher risk having a head and neck (H&N) 
cancer in comparison with women; focusing on the larynx alone, this ratio grows up 
to a seven times higher risk in men (incidence in men 2.1%, in women 0.3%) [1]. 
There is a large geographical variability in disease frequency. In Central Europe, it 
is with 1–2% of all cancers, a relatively rare tumor entity [1, 2]. Nevertheless, it is 
the most common of all malignancies of the upper respiratory and digestive tracts 
[3]. In the United States, there were an estimated 12,000 new cases in 2013, result-
ing in more than 3600 deaths [4]. In an analysis of 250,000 patients with H&N 
cancer in Europe, a 5-year relative survival was the poorest for the hypopharynx 
(25%) and the highest for the larynx (59%) [5]. The outcome was significantly bet-
ter in female than in male patients. Age-standardized 5-year survival remained sta-
ble from 1999–2001 to 2005–2007 for laryngeal cancer, while it is increased for all 
the other H&N cancers [6].

The main risk factors for cancer of the larynx are tobacco and alcohol, which 
together have a synergistic effect on the risk of laryngeal cancer [7–9]. For smoking, 
the reported effect estimates have been generally strong and consistent and show a 
pronounced exposure-response relationship [10]. The etiological role of alcohol is 
less clear, but evidence suggests both a weaker association and a joint effect with 
tobacco. It is most common among males and is especially common among those 
with a history of smoking [11, 12], with some suggesting that the larynx is the organ 
most susceptible to the deleterious effects of chronic carcinogen inhalation [13]. 
The incidence in males declined between 1980 and 2005 and increased in females 
during the same time, most likely due to the changing patterns of tobacco use [11]. 
Squamous cell carcinoma (SCC) is the most common type of cancer involving the 
larynx, comprising more than 95% of these cancers [11, 14].

14.2	 �Squamous Cell Carcinoma

Squamous carcinogenesis results from successive accumulation of molecular 
genetic alterations in the squamous epithelium lining the upper aerodigestive tract. 
Although the temporal occurrence and the order of these events are mainly unknown, 
some certainly precede the phenotypic changes associated with preinvasive dysplas-
tic lesions. The progression of a late-stage dysplasia to invasive carcinoma is a com-
plex one and comprised of both cellular and structural changes as a result of 
dysregulation of key pathways triggered by interaction of the epithelium and the 
host stromal elements [15, 16].

The molecular biological analysis and understanding of squamous tumorigen-
esis of the larynx are mainly based on the concept of field cancerization conceived 
by Slaughter et al. in 1953 [17]. This concept assumes that risk factors render the 
entire aerodigestive mucosal surface susceptible to squamous cell carcinoma 
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development. In the small subset of patients with no history of risk factors and/or 
short temporal exposure to these factors, an inherent genetic predisposition may 
play a role [15]. According to Szyfter et al. [18], a model of multistep carcinogen-
esis preceding clinically recognized head and neck squamous cell carcinoma 
(HNSCC) can be presented by the following scheme:

Carcinogens (of different origin) →
   →desoxyribonucleic acid (DNA) damage →
     → chromosome aberrations/gene mutations →
        → altered gene function →
            → loss of control over cell cycle →
                 → increased cell proliferation →
                      → histopathological changes →
                         → squamous cell carcinoma of the larynx

A few years later, Almadori et al. [19] published an extensive review of the most 
recent knowledge on head and neck cancer, focusing on this multistep laryngeal 
carcinogenesis. The presence of both inciting oncogenes and defective tumor sup-
pression is often necessary for a laryngeal lesion to progress to cancer, with gener-
ally 4–10 mutations necessary for abnormal cells to become invasive [5, 13, 19]. 
Histologic changes have been noted to correlate with these progressive genetic 
events [13]. Immunohistochemistry utilizes genetic markers to extend traditional 
histopathology. In general, proteins related to cell proliferation and cell cycle regu-
lation have been used (p53, p16, and cyclin D1) as markers of potential genetic 
results, similar to other lesions of the upper aerodigestive tract [5]. The tumor pro-
tein p53 is encoded in humans by the TP53 gene, which is located on the short arm 
of chromosome 17. It is the most frequently mutated tumor suppressor gene in 
HNSCC in approximately 50% of the cases. Tumors from patients with long histo-
ries of risk factor exposure are more frequently mutated. Most of TP53 mutations 
are transversion in type (G:T), but missense mutations can also be found and are 
clustered between exons 5 and 9 [15]. p53 is a well-studied transcription factor that 
induces cell cycle arrest or apoptosis in response to cellular stress or DNA damage 
and has been attributed the roles of “guardian of the genome” and “policeman of the 
oncogenes.” The first role consists in sensing and reacting to DNA damage through 
the ATM/ATR and Chk1/Chk2 kinases and the second in responding to oncogenic 
signaling through the p53-stabilizing protein ARF [20]. Another tumor suppressor 
protein is p16, which is encoded by the CDKN2A gene on chromosome 9p21. It is 
a potent inhibitor of the cell cycle; its loss leads to uncontrolled proliferation. In 
contrast to p53, mutations of p16 are infrequent events in HNSCC. Instead, hyper-
methylation of the p16 promoter and the first exon is the major mechanism for the 
loss of function [15, 21–23]. The cyclin-D1 protein is encoded by the CCND1 gene, 
which is a critical cell cycle gene within the chromosome 11p amplicon. It has also 
been found to be highly amplified in advanced premalignant and malignant lesions 
of the larynx. Polymorphism at this gene has been associated with the high risk of 
developing squamous cell carcinoma [15, 22, 24]. Additionally, various studies and 
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utilization reports have been published dealing with markers of proliferation (Ki67, 
PNCA), angiogenesis (VEGF or vascular endothelial growth factor; FGF or fibro-
blast growth factor), apoptosis dysregulation (Bcl-2), transmembrane receptor dys-
function (EGFR or epidermal growth factor), and cell adhesion (osteopontin, 
cortactin, and CD44); the results were varying [5, 25–33]. Many molecular factors 
are reported to be involved in the mechanisms of carcinogenesis in the larynx, such 
as RECQL5, nucleotide excision repair (NER) genes, and NOD2 and GSTM1 genes 
[25–29, 33]. DNA repair systems play a pivotal role in maintaining the stability and 
integrity of the genome, which include nucleotide excision repair, base excision 
repair (BER), mismatch repair (MMR), and double-strand break repair (DSBR) 
[30]. Polymorphisms of several NER genes have previously been studied in relation 
to the development of laryngeal cancer [25–27, 31, 33], but the results are conflict-
ing. A recent study by Sun et al. [32] showed that ERCC1 rs11615 and ERCC2 
rs50871 polymorphisms could influence the risk of laryngeal cancer in Chinese 
population, particularly among smokers.

Recently, the International Head and Neck Scientific Group (IHNSG) has pub-
lished a review on literature focusing on biomarkers predicting malignant progres-
sion of laryngeal epithelial precursor lesions; reported studies of related markers in 
laryngeal epithelial precursor lesions (e.g., proliferation markers or cell cycle mark-
ers) yield inconsistent conclusions or stand in direct contradiction. A variety of 
problems could explain these discrepancies, such as general methodological differ-
ences, poor study design, assays that are not standardized or lacking reproducibility, 
and inappropriate or misleading statistical analyses that are often based on sample 
sizes which are too small to draw meaningful conclusions. In conclusion, various 
biomarkers have suggested in preliminary investigations that they might ultimately 
prove to have prognostic value and could be clinically relevant. Focal adhesion 
kinase (FAK) and cortactin, in particular, have shown the strongest association with 
laryngeal cancer risk [34].

14.2.1	 �Carcinogenic Factors in Laryngeal Tumorigenesis

SCC develops from the squamous mucosal lining of the upper aerodigestive tract 
mainly in patients with a history of risk factors like cigarette smoking, alcohol 
abuse, or human papillomavirus (Table 14.1). Only 20% of individuals with evident 
risk factors in the personal history, however, develop squamous cell carcinoma [15].

14.2.1.1	 �Tobacco
The effect of individual exogenous agents in tobacco carcinogenesis is difficult to 
assess at the molecular level because there is chronic exposure to a complex mixture 
of carcinogens, tumor promoters, and cocarcinogens. Apart from lung cancers, sev-
eral common neoplasms are strongly associated with tobacco use. This is the case 
for squamous cell carcinomas of the oral cavity, larynx, and esophagus and for 
cancers of the bladder (both squamous cell carcinomas and transitional cell carcino-
mas). It is important to note that these cancers occur at variable incidences in 
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different regions of the world and that not all of these cancers are a direct conse-
quence of tobacco use [1, 36]. Cigarette smoke is an aerosol which contains about 
1010 particles/mL and 4800 compounds. According to the International Agency for 
Research on Cancer (IARC), it contains more than 60 carcinogenic combustion 
products [7, 37] (Table  14.2). Experimentally, vapor-phase components of the 
smoke can be separated from the particulate phase by a glass fiber filter. The vapor 
phase comprises over 90% of the mainstream smoke weight [37]. The main con-
stituents of the vapor phase are nitrogen, oxygen, and carbon dioxide. Potentially, 
carcinogenic vapor-phase compounds include nitrogen oxides, isoprene, butadiene, 
benzene, styrene, formaldehyde, acetaldehyde, acrolein, and furan. The particulate 
phase contains at least 3500 compounds and many carcinogens including polycyclic 
aromatic hydrocarbons (PAH), N-nitrosamines, aromatic amines, and metals. 
Cigarette smoke condensates reproducibly and robustly causes tumors when applied 
to a mouse skin and implanted in a rodent lung [38]. Fractions of the condensate 
which contain PAH also induce tumors in these models, but the concentrations of 
the PAH are too low to explain the carcinogenicity [39]. Other fractions of the con-
densate have tumor-promoting and cocarcinogenic activities which enhance the car-
cinogenicity of the PAH-containing fractions. Inhalation experiments using Syrian 
golden hamsters demonstrate that whole cigarette smoke and its particulate phase 
consistently induce preneoplastic lesions and benign and malignant tumors of the 
larynx [38]. This model system has been widely applied and is the most reliable one 

Table 14.1  Preventable exposures associated with laryngeal cancer, as identified by the IACR

Carcinogenic agents with sufficient evidence in 
humans Agents with limited evidence in humans

•	 Tobacco smoking •	 Tobacco smoke, secondhand

•	 Alcoholic beverages •	 Human papillomavirus type 16

•	 Asbestos (all forms) •	 Mate drinking, hot

•	 Acid mists, strong inorganic •	 Rubber production industry

•	 Sulfur mustard

Adapted from Table 4 in Cogliano et al. [35] (this table does not include factors not covered in the 
IARC monographs, notably genetic traits, reproductive status, and some nutritional factors)

Table 14.2  Classes of 
chemicals with sufficient 
evidence for carcinogenicity 
in either laboratory animals 
or humans, according to 
Hoffmann et al. [37]

Polycyclic aromatic hydrocarbons (PAH) (ten 
compounds)

•	 Azaarenes (3)

•	 N-nitrosamines (8)

•	 Aromatic amines (4)

•	 Heterocyclic amines (8)

•	 Aldehydes (2)

•	 Volatile hydrocarbons (4)

•	 Nitro compounds (3)

•	 Miscellaneous organic compounds (12)

•	 Metals and other inorganic compounds (9)
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for induction of tumors by inhalation of cigarette smoke. Tumors are also observed 
in hamsters exposed only to the particulate phase of smoke [38]. Studies in A/J mice 
exposed to environmental tobacco smoke (comprised of 89% mainstream smoke 
and 11% sidestream smoke in this experimental model) by inhalation demonstrate a 
small but reproducible increase in lung tumor multiplicity [40]. Tumor induction in 
this model is due to vapor-phase constituents of cigarette smoke. Thus, there is reli-
able evidence that both particulate-phase and vapor-phase constituents of cigarette 
smoke cause tumors in laboratory animals and that tumor promoters and cocarcino-
gens are also involved in the observed response.

The potential disease burden of the long-term use of electronic cigarettes (ECs) 
is unclear because ECs are a novel commodity [41]. A study by McAuley et al. [42] 
comparing the particles and components found in EC vapor and tobacco cigarette 
(TC) smoke in indoor air samples showed that EC vapor contains significantly less 
carcinogens and carcinogenic agents than TC, thus posing a significantly lower car-
cinogenic risk than TC. EC use has the potential to effectively allow TC smokers to 
quit or decrease TC use, thereby eliminating combustion of carcinogenic TC com-
ponents and subsequent active and passive exposure to carcinogens exposed directly 
to smokers, secondhand smokers, and the environment.

During the past decades, the mechanisms by which tobacco smoke causes differ-
ent cancers and other health effects have been studied intensively. One mechanism 
involves the mutagenic activity of tobacco smoke, which has been demonstrated 
clearly and reviewed in the past years [7, 43, 44]. Some reviews have summarized 
the studies on smoking-related DNA and protein adducts in human tissues [36, 45] 
as well as the chemical biomarkers associated with tobacco smoke exposure [46]. 
Tobacco smoking (as well as quid chewing) causes oxidative stress to tissues, that 
is, the sustained presence of reactive oxygen species (ROS), which initiate free radi-
cal reactions. ROS can damage proteins, lipids, carbohydrates, and DNA. Minor 
DNA damage can result in mutations that can be part of the causal chain for malig-
nant transformation, while sustained DNA damage can result in further perturba-
tions of cell cycle control. In addition to an extensive literature on the carcinogenicity 
of tobacco smoke in cell and animal models, numerous case-control and cohort 
studies affirm this key role in human and the super-multiplicative synergism with 
alcohol drinking [47]. The mechanisms through which cigarette smoking induces 
tumorigenesis and promotes the development of cancer in the larynx include the 
formation of bulky DNA adducts, DNA single-/double-strand breaks, chromosome 
fragmentation/pulverization and the induction of oxidative DNA damages, the 
genome-wide changes in DNA methylation, as well as the stimulation of tumor 
angiogenesis [48]. Cigarette smoke and its active compounds impair the fundamen-
tal structure of the upper aerodigestive and even the whole gastrointestinal tract 
through the induction of cellular apoptosis and the inhibition of mucosal cell 
renewal. It also interferes with the protective mucosal mechanisms by decreasing 
the blood flow and modulating the mucosal immune system. Furthermore, cigarette 
smoke also inhibits the synthesis and release of epidermal growth factor (EGF) and 
polyamines and thereby mucus secretion, which plays an important role in protect-
ing mucosal integrity. Chronic inflammation induced by cigarette smoke exposure 
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releases various inflammatory components, including the cytokines TNF-α, IL-1, 
and IL-6 and the chemokines CXCL1 and CXCL8. These inflammatory compo-
nents are capable of promoting tumor growth and tumor adhesion and invasion. 
Moreover, these mediators also induce angiogenesis and immune suppression in the 
tumor microenvironment [25, 33].

14.2.1.2	 �Alcohol
Aside from being a major factor in hepatocarcinogenesis, epidemiological studies 
show that chronic alcohol consumption is a strong risk factor for several forms of 
cancer of the oral cavity, pharynx, larynx, and esophagus [49, 50]. Alcohol drinking 
is second in importance only to smoking as a proven cause of cancer [51]. Therefore, 
alcoholic beverages have been classified as group 1 carcinogens (carcinogenic to 
humans) by the IARC.  Alcoholic beverages contain many different substances 
derived from fermentation, such as ethyl carbamate, which may be formed naturally 
during fermentation and have been proved probably carcinogenic to humans (group 
2A) [50]. The ingestion of all types of alcoholic beverages is associated with an 
increased cancer risk (Fig. 14.1), suggesting an etiological role for ethanol and its 
primary oxidative metabolite acetaldehyde [8, 9]. A meta-analysis of a large number 
of studies showed an association of alcohol drinking with an approximately twofold 
increase in the risk of laryngeal cancer; while light alcohol drinking is not associ-
ated with the risk of laryngeal cancer, moderate and heavy drinking is associated 
with a 1.5-fold and 2.5-fold increased risk, respectively [9].

The mechanisms by which alcoholic drinks exert their carcinogenic effect are 
not fully understood and probably differ by its target organ, as do other 
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Fig. 14.1  Relative risk function and the corresponding 95% confidence interval, based on the 
best-fitting dose-risk relationship between alcohol consumption and risk of laryngeal cancer 
(from [9])
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carcinogens that act at many sites [52]. Pure ethanol does not act as a carcinogen 
in animal studies [53, 54]. The primary metabolite of ethanol-acetaldehyde-is a 
plausible candidate for the carcinogenic effect of alcoholic drinks, although evi-
dence for acetaldehyde as a direct cause of cancer in human beings is weak [50]. 
Various theories on the etiology of alcohol-related cancer have been developed. 
One theory is that exposure to high levels of acetaldehyde, as mentioned before, is 
responsible for the carcinogenic effect of ethanol, owing to its multiple mutagenic 
effects on DNA (e.g., forming DNA adducts and therefore triggering the occur-
rence of replication errors or mutations in oncogenes or tumor suppressor genes) 
[47]. Another theory suggests that alcohol may act as a solvent that enhances the 
penetration of carcinogenic compounds, especially tobacco carcinogens, into the 
mucosa [55, 56]. A third theory is that production of ROS by ethanol induces 
expression of the cytochrome P450 2E1 (CYP2E1) [57]. Finally, alcohol is highly 
calorific and lessens the protective effect of beneficial foods such as fruits and 
vegetables by depressing hunger [47].

14.2.1.3	 �Pollution
The mechanism of coal- and woodsmoke-mediated carcinogenesis of upper respira-
tory tract cancers has recently been summarized by Ding et  al. [58]. Polycyclic 
aromatic hydrocarbons with inhalable particles, volatile organic compounds, and 
some metals are the main carcinogenic components released from solid fuel. While 
the insoluble particles entering the extra-thoracic or trachea-thoracic regions are 
cleared by mucociliary mechanisms or via exhalation, those in alveolar regions 
likely undergo chemical transformations and lead to tumor formation following the 
uptake of particles by phagocytes and other cells. The deposited particles poten-
tially initiate sustained inflammation, cell injury, cell proliferation, depletion of 
antioxidants, elevated production of reactive oxygen species, and gene mutation. 
Polycyclic aromatic hydrocarbons absorbed through the respiratory tract get distrib-
uted to most tissues and are metabolized to epoxides, phenols, dihydrodiols, phenol 
dihydrodiol epoxides, quinines, and tetrols, which are known to bind in the nitrogen 
bases in DNA and cause deleterious mutations and, eventually, transformation of 
the cell to a cancerous phenotype. It has been suggested that inflammation is part of 
the etiology underlying cancer and that measuring inflammation using a marker 
such as suPAR (plasma-soluble urokinase plasminogen activator receptor) along 
with the established risk factors, such as age, sex, smoking, and alcohol consump-
tion, could improve cancer risk stratification [58].

14.2.1.4	 �Human Papillomavirus (HPV)
The most recent review concerning the molecular mechanisms through which HPVs 
induce carcinogenesis has been published by Zaravinos [59]: The HPV genome is 
composed of six early (E1, E2, E4, E5, E6, and E7) and two late (L1 and L2) open 
reading frames and a noncoding long control region (LCR) [60]. E5, E6, and E7 
genes encode three viral oncoproteins. E6/E7 proteins function as the dominant 
oncoproteins of high-risk HPVs inactivating the tumor suppressor proteins, p53 and 
pRb, respectively. E6 and E7 genes can modify the cell cycle so as to retain the 
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differentiating host keratinocyte in a state that is favorable to the amplification of 
viral genome replication and consequent late gene expression [61]. HPV E6 in asso-
ciation with host ubiquitin ligase E6-associated protein (E6AP) acts to ubiquitinate 
p53, leading to its proteasomal degradation [62]. While in most cancers, p53 mal-
function is determined by p53 mutations, in HPV-associated carcinomas, wild-type 
functional p53 is degraded by E6 oncoprotein. Moreover, cells expressing HPV-16 
E6 show chromosomal instability [63, 64]. HPV E7 on the other hand inactivates 
pRb, which controls the G1-S phase transition of the cell cycle by binding the tran-
scription factor E2F. As a consequence, E2F is released with consequent promotion 
of cell G1-S phase transition and transcription of genes of required proteins for cell 
cycle progression, such as cyclin E and cyclin A [65, 66]. This functional inactiva-
tion of pRb results in a reciprocal overexpression of p16INK4A. The HPV(+) ton-
sillar SCC shares a disruption of the pRb pathway as a common biological marker. 
By immunohistochemistry (IHC), most HPV(+) HNSCCs show p16INK4A overex-
pression. In non-HPV-related HNSCC, continuous tobacco and alcohol exposure 
can lead to mutational loss of the p16INK4A and p53 genes. These early neoplastic 
events are detected in 80% of HNSCCs and cause uncontrolled cellular growth [67]. 
The expression of p53 and Bcl-2 is not associated with HPV(+) oral cavity SCC 
[68], and mutations in p53 are rarely seen in HPV(+) tumors compared with HPV(−) 
tumors [69]. Furthermore, there seems to be an inverse relationship between epider-
mal growth factor receptor (EGFR) expression and HPV status. For patients with 
oral SCC, high p16INK4A and low EGFR were associated with improved outcome, 
suggesting a predictive role in surgically treated patients [70]. All HPVs can induce 
transient proliferation, but only HPV-16 and HPV-18 can immortalize cell lines 
in vitro. Carcinogenic mechanisms in HPV-associated OSCCs may be similar to 
those in cervical cancers. However, since the oral cavity and the oropharynx are 
exposed to higher levels of chemical carcinogens compared to the genital tract, it is 
likely that different mechanisms are implicated in cervical and oropharyngeal carci-
nogenesis. Although HPV infection (particularly types 16 and 18) may play a role 
in the development of laryngeal cancer, there does not appear to be a strong causal 
association as in oropharyngeal cancer [71]. Three to seven percent of the cases of 
respiratory papillomatosis undergo malignant change to SCC [72], and-what is 
interesting-HPV types 6 and 11 prevail in these cases [73].

14.2.1.5	 �Gastroesophageal Reflux Disease (GERD)
According to the recent extensive review of literature by Herbella et al. [74], a cor-
relation between GERD and carcinogenesis of laryngopharyngeal tumors is evi-
dent, especially in nonsmokers. GERD has long been considered as a risk factor for 
laryngeal/pharyngeal cancer [75, 76]. Gastric contents reach the larynx/pharynx in 
healthy volunteers and in patients with GERD. This has been proven by different 
methods, such as dual-probe pH monitoring [77], multichannel intraluminal imped-
ance [78], and aerosolized reflux detection [79]. Few studies did not show GERD as 
an independent risk factor for cancer in multivariate analysis when tobacco and 
alcohol consumption are considered [80]; however, other studies, including a meta-
analysis, do show GERD as an independent risk factor especially in nonsmokers 
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[81–84]. Also, the incidence of these tumors is increasingly parallel to 
GERD. Another piece of evidence that links GERD and laryngeal/pharyngeal can-
cer is the putative higher risk in patients with heterotopic acid-producing gastric 
mucosa in the proximal esophagus (inlet patch) [85]. The literature on oral cancer 
and GERD is scarce even though they also may be associated [86]. GERD induces 
chronic inflammation and consequent oxidative stress leading to DNA damage. 
Both acid and bile are active on oncogenic pathways. Acid induces DNA damage, 
decreases proliferation, and increases apoptosis. Bile salts induce DNA damage, 
affect proliferation in a pH-dependent manner, and cause resistance to apoptosis. 
More detailed molecular mechanisms are available in several reviews [87–89].

There is still a lack of a definitive evidence for a causal relation of reflux with 
laryngeal cancer. The association of reflux with tobacco and alcohol use makes it 
difficult to separate the relative contribution of reflux to cancer development. 
Difficulty in diagnosing reflux in a consistent fashion also makes it difficult to draw 
firm conclusions. In addition, it is necessary to distinguish between reflux that 
involves the upper esophagus, pharynx, and larynx (so-called laryngopharyngeal 
reflux) and reflux confined to the lower esophagus (GERD). Most reports fail to 
make this distinction. Carefully designed studies using differential pH measurement 
instruments and control groups, matched for lifestyle-related risk factors in particu-
lar, are needed to conclusively determine the relationship between reflux and laryn-
gopharyngeal cancer [90].

14.2.1.6	 �Asbestos
Asbestos is an important nonmetallic mineral raw material. The most common 
types of asbestos are chrysolite (white) asbestos, amosite (brown), and crocidolite 
(blue) asbestos. Due to the properties of high intensity, flexibility, heat resistance, 
electrical nonconductivity, and spinnability, asbestos is widely used in various 
industries, such as the building, vehicle, and textile industries [91]. Since asbestos 
was listed in the First Annual Report on Carcinogens by the IARC in the 1970s and 
1980s of the twentieth century [92–94], the evidence of carcinogenicity of asbestos 
was reevaluated in 2009 [95]. IARC concluded that exposure to all forms of asbes-
tos is associated with an increased risk of lung cancer and mesothelioma. In addi-
tion, it concluded that there was sufficient evidence from epidemiological studies 
that asbestos also caused cancer of the larynx and ovary, as well as limited evidence 
that it caused cancer of the colorectum, pharynx, and stomach [96].

The role of asbestos in the etiology of laryngeal cancer has been investigated 
over the past years, but the results are inconsistent. The larynx lies directly in the 
path of an inhaled air stream; thus, asbestos fibers can easily become lodged in the 
laryngeal mucosa. Asbestos could affect the human immune system and make peo-
ple sensitive to the development of malignancies. A review by Kumagai-Takei et al. 
[97] summarizes possible mechanisms for asbestos resulting in cancer; the authors 
proposed that asbestos fibers having iron produce reactive oxygen/nitrogen species 
that cause DNA damage to nearby cells and moreover that fibers are directly inserted 
into the cells and injure chromosomes. A recent meta-analysis by Peng et al. [91] 
provided an association between asbestos and laryngeal cancer. Workers exposed to 
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asbestos have 1.69 times the likelihood of suffering from laryngeal cancer com-
pared with the general population. Although all forms of asbestos are thought to be 
harmful to humans, different types of asbestos contributed to different health risks. 
Crocidolite was more harmful than chrysotile and amosite. It has to be mentioned 
that in this study, significant association of asbestos with laryngeal cancer was only 
observed in male cohort, which is related to a larger exposure to risk factors related 
to laryngeal cancer, such as smoking and alcohol.

Cigarette smoke and asbestos both are considered by most authorities to have a 
synergistic effect on lung cancer induction, and both are complex carcinogens that 
can affect multiple steps in the multistage process of carcinogenesis. The combined 
effect of cigarette smoke and asbestos involves an interactive effect, whereby the 
joint effect is greater than the sum of the two separate effects [98]. At least four 
mechanisms have been proposed as potential explanations for the synergy between 
cigarette smoke and asbestos [99–101]: (1) Cigarette smoke may facilitate penetra-
tion of asbestos fibers into the bronchial walls. (2) Carcinogens in cigarette smoke 
such as benzopyrene may be absorbed onto asbestos fibers with subsequent delivery 
of the carcinogens into cells at high concentration. (3) Cigarette smoke may inter-
fere with the clearance of asbestos from the lungs. Churg and Stevens recorded 
elevated concentrations of asbestos fibers in the airway tissues of smokers in com-
parison to nonsmokers, for both amosite (~sixfold) and chrysotile (~50-fold), espe-
cially for short fibers [99]. (4) Free fatty acids in cigarette smoke may translocate 
iron into cell membranes, with enhancement of cell sensitivity to oxidants such as 
active oxygen species.

14.2.1.7	 �Strong Inorganic Acid Mists Containing Sulfuric Acid/
Rubber

An increased risk of lung and laryngeal cancer has been suggested in workers 
exposed to strong inorganic acid, for example, sulfuric acid, in a number of indus-
tries, including production of isopropanol and ethanol, steel pickling, battery manu-
facture and sulfuric acid production, as well as manufacture of soaps and detergents 
[102]. A strong association was found overall for laryngeal cancer with exposure to 
sulfuric acid [103].

Rubber processes, dusts, and fumes may cause exposure to many chemicals, 
including PAHs, chromium (VI) compounds, lead and lead compounds, crystalline 
silica, cadmium and cadmium compounds, cobalt and cobalt compounds, acryloni-
trile, styrene, 1,3-butadiene, and N-nitrosodimethylamine [92, 94]. Mortality and 
laryngeal cancer morbidity in workers employed in the rubber industry were pub-
lished in several cohort studies and meta-analyses [104, 105].

14.2.1.8	 �Genetic Predisposition
An extensive meta-analysis by Guha et al. [106] pooled individual-level data across 
12 case-control studies and showed, after adjusting for potential cofactors, an 
increased risk (OR = 1.7, 95% CI 1.2–2.3) with a family history of H&N cancer in 
first-degree relatives; the risk was higher when the affected relative was a sibling 
rather than a parent and for more distal H&N sites such as the hypopharynx and 
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larynx. The highest odds ratio of 7.2 (95% CI 5.5–9.5) was shown among subjects 
with a positive family history and a chronic tobacco and alcohol abuse. No associa-
tion was observed for family history of nontobacco-related neoplasms and the risk 
of HNSCC [47].

14.3	 �Neuroendocrine Tumors

Neuroendocrine neoplasms of the larynx include both epithelial (carcinomas) and 
neural-type lesions (paragangliomas). The nomenclature of these tumors has 
changed quite a bit over time, but recently, clearer categories have emerged that 
are biologically meaningful. Neuroendocrine neoplasms of the larynx can be 
clearly categorized into the five tumor types: typical carcinoid, atypical carcinoid, 
small cell neuroendocrine carcinoma, large cell neuroendocrine carcinoma, and 
paraganglioma [107]. The diffuse neuroendocrine system is composed of a wide 
variety of cells from the central nervous system, peripheral nervous system, and 
virtually all organs, all of which have the common phenotype of producing bio-
logically active amines or peptides such as calcitonin, chromogranin A, bombe-
sin, serotonin, and cholecystokinin [108]. Neuroendocrine cells in the laryngeal 
mucosa appear to have diverse functions ranging from oxygen sensing to regula-
tion of local epithelial cell growth and regeneration to affecting nearby vascula-
ture and/or autonomic nerve terminals. The term “neuroendocrine neoplasm” has 
been accepted to encompass a variety of different tumors arising in the larynx and 
having these features. Although neuroendocrine neoplasms are uncommon tumors 
of the larynx, they represent the most common non-squamous types of neoplasms 
arising in this area [109].

According to the most recent reviews by the IHNSG [107, 109], more than 700 
neuroendocrine neoplasms of the larynx have been reported in the literature, and 
approximately 500 publications deal with this relatively uncommon yet intriguing 
family of laryngeal tumors. These tumors are identified as such by histochemistry 
showing argyrophilic cytoplasmic granules; by immunohistochemistry showing 
expression of a variety of neuroendocrine markers, such as synaptophysin, chromo-
granin, Leu-7, neuron-specific enolase, CD56 (NCAM), CD57, and neurofilament 
protein; and by ultrastructural examination showing dense-core granules. By pro-
ducing amines, other molecules, or inducing autoantibodies, they also can, rarely, 
produce different paraneoplastic syndromes, including Schwartz-Bartter, Cushing, 
Lambert-Eaton, and carcinoid syndromes [110]. Detailed knowledge of special car-
cinogenesis of laryngeal neuroendocrine tumors is still poor. In large cell NET, for 
example, some cases showed a TP53 point mutation: CAT to AAT transition in 
codon 179 on exon 5, resulting in a His substitution for Asn. Some authors have 
suggested that Bcl-2 may regulate cellular NE differentiation; two cases showed 
diffuse Bcl-2 expression, which may support this notion [111, 112].
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14.4	 �Chondrosarcomas

In 2014, the International Head and Neck Scientific Group (IHNSG) published a 
summary of the current state of information about biology, diagnosis, and manage-
ment of chondrosarcomas of the head and neck [113]. According to the definition 
endorsed by the World Health Organization (WHO), head and neck chondrosar-
coma (HNCS) is a malignant tumor characterized by the formation of cartilage, but 
not of the bone, by tumor cells [114]. Although it is the most common malignant 
mesenchymal tumor of the larynx, primary laryngeal chondrosarcoma is rare, com-
prising only 0.2% of head and neck malignancies and 1% of laryngeal malignan-
cies. It shows a predilection for male gender with mean age at presentation between 
60 and 64 years [113, 115, 116].

The tumorigenesis of chondrosarcomas is controversial, and several theories are 
suggested. One theory of origin argues that remnants of the cartilage from failures 
of the ossification of chondrocranium may persist at the skull base (e.g., at the 
temporo-occipital junction, middle cranial fossa, sphenoethmoid complex, anterior 
cranial fossa, and clivus) and give rise to chondrosarcomas [117]. Histologically, it 
is well known that islands of hyaline cartilage are often present in the area of the 
nasopalatine duct in adults, and these may account for chondrosarcomas in the ante-
rior maxilla. It is, however, difficult to envisage the origin of mandibular chondro-
sarcomas from remnants of Meckel’s cartilage, an embryonic structure that does not 
persist after birth [113].

Laryngeal chondrosarcomas usually arise in the cricoid and thyroid carti-
lages, but are very rare in the epiglottis. This distribution corresponds with a 
second theory endorsing the development of chondrosarcoma from ossified car-
tilage. On the other hand, the significant under-representation of chondrosarco-
mas in the mandibular condyle, a site where calcified cartilage is common in 
adults, argues against this being the only mechanism of tumorigenesis [113]. 
Another widely propagated theory is that mesenchymal pluripotential cells 
undergo malignant transformation and differentiate toward a chondrocytic phe-
notype [117]. This aspect is used to ascribe the origin of periosteal chondrosar-
coma to the periosteum. Despite the popularity of this theory, there is a paucity 
of good “markers” to establish the existence and confident morphological rec-
ognition of such cells [113]. Another theory suggests that chondrosarcomas 
arise from solitary enchondromas. It is known that chondrosarcomas can develop 
in nonhereditary skeletal disorders characterized by multiple enchondromas 
(Ollier disease and Maffucci syndrome), and these conditions are associated 
with IDH1 and IDH2 mutations [118, 119]. The major issue in proving this 
theory has been the difficulty in histologically distinguishing between chon-
droma and grade I chondrosarcoma. Other syndromes and disorders in which 
chondrosarcoma may arise (including Paget’s disease) were reviewed by 
Helliwell [120].
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Abstract
Patients suffering from esophageal cancer ineligible for curative surgery still 
have a poor prognosis. Endoscopic photodynamic therapy (PDT) represents a 
feasible and effective approach beneath the different treatment options for this 
aggressive malignancy. The mechanism of function is based on the illumina-
tion of malignant tumor tissue with laser light after selective accumulation of 
the specific photosensitizer in these tumor cells. As a result of this photochemi-
cal reaction, distinct necrosis of the endoluminal tumor develops quickly 
resulting in reducing tumor load and increasing quality of life. In case of 
esophageal cancer, PDT is performed endoscopically under general anesthesia. 
Moreover, PDT does not only represent a local anticancer therapy limited to 
the carcinoma. By inducing a considerable systemic inflammatory response, 
PDT is able to interfere with the human immune system. On the one hand, PDT 
induces the synthesis of tumor-specific cytotoxic T cells which are able to 
eliminate distant untreated tumor cells. On the other hand, PDT leads to the 
development of antitumor memory immunity that may sustainably prevent 
tumor recurrence.

15.1	 �Introduction

Esophageal cancer, one of the least studied cancers, is the sixth-leading cause of 
death from cancer worldwide [1]. There are remarkable geographical variations in 
the incidence of esophageal carcinoma from approximately 10 cases per 100,000 
persons in Europe and the USA to 139 cases per 100,000 persons in some areas of 
China [2–4]. Esophageal squamous cell carcinoma represents one of the two most 
common tumor subtypes, which is mainly associated with tobacco smoking [5, 6] 
and heavy alcohol use [5] but also with age >60 years, male gender, and heredity [1, 
7, 8]. Esophageal adenocarcinoma represents the second histologic subtype, which 
increasingly gains in both frequency and importance. It is mainly associated with 
chronic gastroesophageal reflux disease and obesity [9].

Up to now the conventional treatment modality for the cure of esophageal cancer 
is still esophageal resection either with or without radio-chemotherapy. These radi-
cal procedures are, however, associated with a high morbidity and mortality in these 
very patients, who are mostly in a reduced nutritional as well as performance status 
often because of accompanying diseases such as limited cardiac and/or pulmonary 
function or impaired liver function.

In general, the prognosis of patients with operable esophageal cancer depends on 
the depth of tumor penetration (T-stage) and the extent of lymph node metastasis 
(N-stage) [10]. In patients with intraepithelial cancer, the risk of lymph node metas-
tasis is low, and resection of the carcinoma carries an excellent prognosis [11]. 
Nevertheless, the overall 5-year survival rate of patients after curative esophagec-
tomy for esophageal cancer is between 20 and 40% depending on the histologic 
subtype, respectively. However, these results still represent a distressing outcome 
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although many efforts have been undertaken during the last decades to improve this 
poor prognosis [4].

In the vast majority of patients, esophageal cancer is diagnosed when these 
affected individuals are already symptomatic with higher levels of dysphagia. At 
this point of time, the disease has progressed to regional lymph node infiltration 
and/or distant metastases in most cases, resulting in definitive ineligibility for cura-
tive resection. Considering this advanced tumor stage, these patients are provided 
for palliative treatment settings which aim at an improvement of swallowing, slow-
ing of endoluminal tumor growth, and treatment or prevention of tumor-associated 
complications. The inability to swallow a regular diet is one of the most severe 
symptoms reducing quality of life for patients with an incurable disease and short 
life expectancy [12, 13].

Therefore, the main goal in the palliation of patients with advanced inoperable 
esophageal carcinoma is a decrease in dysphagia, which always results in an improve-
ment of quality of life. Generally, the prognosis of esophageal carcinoma is poor in 
palliative settings by obtaining mean survival rates of only several months [14–16].

Concerning this poor prognosis, it is still required to search for further different 
treatment options which may help improving these disappointing results.

A variety of tumoricidal palliative measures allows at least a limited oral diet, but 
they require repetitive hospitalization. Many published reports discuss different 
combinations of tumoricidal procedures, such as endoscopic brachy-radiotherapy 
and external beam irradiation [17], chemotherapy [18], endoscopic tumor disoblit-
eration with laser technique or cautery [19], stenting [20], photodynamic therapy 
(PDT) [21], and combinations of these techniques. Therefore, in order to minimize 
the risk of procedure-induced complications and increase the treatment benefit, dif-
ferent procedures should be combined in the treatment of these terminally ill 
patients. However, all physicians involved in the management of patients with 
advanced inoperable cancer of the esophagus know the agony and frustration these 
patients suffer from. For this reason, PDT increasingly became the focus of atten-
tion in these patients.

In the course of time, endoluminal PDT has developed into a promising nonther-
mal laser technique in the palliative treatment of advanced esophageal cancer. In 
general, the mechanism of function is based on the illumination of malignant tissue 
after selective accumulation of photosensitizers in tumor cells resulting in  local 
tumor tissue necrosis [22, 23]. Unlike radiotherapeutic or chemotherapeutic mea-
sures, the method is not limited by cumulative doses.

Considering this mode of action, endoscopic PDT is leading to a targeted local 
destruction of neoplastic under preservation of normal esophageal tissue. As a 
result, local endoluminal palliation with the aim to improve swallowing, decrement 
of dysphagia, and therefore improvement of the patient’s quality of life are the main 
therapeutic goals of PDT. After decades of clinical use, PDT is now considered a 
feasible and efficient minimally invasive endoscopic option for palliation of 
advanced esophageal cancer [4, 24, 25], applied alone as sole treatment option or as 
part of a multimodal approach within the palliative treatment regimen tailored to the 
specific needs of the patient [26–29].
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15.2	 �Basics of PDT for Esophageal Cancer

15.2.1	 �General Comments on Clinical PDT

The first clinical use of PDT for cancer in modern times dates back to the beginning 
of the twentieth century when von Tappeiner and colleagues used eosin as topical 
photosensitizer combined with sunlight to treat facial basal cell carcinoma [30]. 
Tom Dougherty established the modern era of PDT, when he reported that the sys-
temically injected hematoporphyrin could be activated by red light for the complete 
eradication of transplanted experimental tumors [31, 32]. He demonstrated the pho-
todynamic effect expressed as necrosis in a variety of cancers which had been con-
ditioned by a chemical photosensitizer and then exposed to an appropriate 
wavelength of laser light [33].

Since then, much original scientific, experimental, and clinical work has been 
done, resulting in a considerable number of review articles showing the efficacy of 
PDT in the treatment of most human cancers. By reason of high inoperability rate 
of 50–70% at presentation [34–36], patients with advanced esophageal cancer 
became the focus of attention for PDT initially in the 1980s [29, 37]. Mc Caughan 
et al. [36] reported a series of patients with large obstructing esophageal cancers 
treated by hematoporphyrin derivative photodynamic therapy. There was a very 
good improvement in the patients’ ability to swallow and some suggestion of a pro-
longation of survival. Subsequent evolution expanded its indications to include 
early inoperable squamous cell carcinoma, as well as severe dysplasia and early 
adenocarcinoma in Barrett’s esophagus [37–43].

The basic requirements for PDT in cancer treatment are a photosensitizing drug, 
laser light of an adequate wavelength appropriate to the sensitizer, and the presence 
of molecular oxygen, which has been shown to be crucial for the provoked photo-
chemical reaction.

Generally, in PDT for esophageal cancer, a photosensitizer is first administered 
intravenously, and then visible light is delivered endoscopically to the cancerous 
area. Light activation of the photosensitizer triggers a photochemical reaction, 
resulting in the production of highly reactive oxygen species followed by immediate 
cell damage and tumor necrosis. The detailed technique of cytotoxic action of PDT 
has been reviewed extensively [44–52].

Castano [46] explained the function of mechanism as follows: Due to differences 
in vascular supply and lymphatic clearance from the tumor and the retention of the 
photosensitizing drug by tumor cells, the photosensitizer is selectively retained in 
the tumor cells and interstitial tissue of the tumor. The exact mechanism by which 
photosensitizers preferentially accumulate in tumor cells is unknown. Probably, a 
combination of multiple factors is important in causing this selective retention. 
Poorly developed tumor lymphatics may prevent removal of sensitizers from tumor 
cells. Many sensitizers are relatively hydrophobic and bind to lipoproteins within 
the plasma. Increased expression of lipoprotein receptors on tumor cell membranes 
may increase photosensitizer concentration within these cells [53]. Other possible 
factors include altered pH in tumor cells, tumor neovascularization, and the 
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increased metabolic activity found in tumors [44, 54]. At this point, it is important 
to know that in the absence of light activation, photosensitizers have no inherent 
effect on tissue.

In the further course, the photosensitizer binds to the cellular plasma membrane, 
becomes internalized, and binds to organelle membranes, especially those of mito-
chondria. These membranes are the initial target of singlet oxygen. However, a 
greater concentration of the photosensitizer in the tumor than in the adjacent normal 
tissue can be obtained after 48 hours. The photosensitizer absorbs light energy (pho-
tons of appropriate wavelength) and produces singlet oxygen. The photosensitizers 
work as catalysts when they absorb visible light and then convert molecular oxygen 
to a range of highly reactive oxygen species (ROS).

The photon is transferred to ground-state triplet oxygen producing the excited 
singlet oxygen (type II, photo-oxygenation reaction). In the other type of photooxi-
dative process (type I), the excited sensitizer itself initiates a free-radical reaction. 
Both types of reaction are associated with PDT. Potentially, the ROS that are pro-
duced during PDT have been shown to destroy tumors by multifactorial mecha-
nisms [47, 48].

15.2.2	 �Approved Photosensitizers for PDT

The ideal photosensitizer would have the following properties: high selectivity and 
concentration in tumor compared to normal tissue, selectable depth of tumor pene-
tration, high-yield production of singlet oxygen, and minimal side effects, espe-
cially a low skin photosensitivity.

This type of photosensitizer is not yet available; however, active research on 
many different types of photosensitizer is ongoing with the goal to define a photo-
sensitizer for early cancer and another one for advanced cancer treatment, each 
fulfilling the criteria mentioned above.

Within the following paragraphs the three current photosensitizing drugs avail-
able for esophageal PDT are described. Considering their different properties and 
their use in daily routine, porfimer sodium has to be proven to serve as the most 
appropriate photosensitizer for advanced esophageal cancer.

15.2.2.1	 �Porfimer Sodium
The compounds are oligomeric mixtures of dihematoporphyrin ethers and esters 
with very similar photochemical properties. Porfimer sodium represents a purified 
form of the first clinically used photosensitizer, hematoporphyrin derivative (HpD).

Peak light absorption with porfimer sodium occurs at around 400 nm; however, 
tissue attenuation at this wavelength is high, limiting the depth of tissue penetration 
of light and hence of the extent of tumor necrosis. A secondary, lower absorption 
peak is present around 630 nm, a longer wavelength less attenuated by tissue pig-
ments and hemoglobin. The decreased activation at this wavelength is compensated 
by increasing the dose of photosensitizer or light. The depth of effective treatment 
with porfimer sodium at 630  nm varies between 2 and 4  mm. In the case of 
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esophageal cancer, studies have demonstrated that treatment with 630 nm light can 
produce full-thickness inflammation and tissue injury [55].

Although porfimer sodium is selectively retained in tumor tissue compared to 
normal tissue at a ratio of at least two to one, the drug does accumulate to significant 
levels in the skin and in the reticuloendothelial system, especially of the liver and 
spleen, resulting in photosensitivity lasting 4–6 weeks. The standardized dose of 
porfimer sodium for PDT of esophageal carcinoma is 2 mg/kg body weight by slow 
intravenous injection, 48 h prior to irradiation [56].

15.2.2.2	 �Meta-Tetrahydroxyphenyl-Chlorin (mTHPC)
mTHPC is a second-generation photosensitizer with a shorter period of skin photo-
sensitivity (2  weeks), a longer activation wavelength (652  nm), and therefore 
increased depth of effect, higher yields of singlet oxygen, and better tumor selectiv-
ity. This compound was typically used intravenously at a dose of 0.15–0.3 mg/kg 
body weight. Early results in regulatory trials, studying palliative treatment of 
patients with squamous cell carcinoma of the head and neck, were complicated by 
extensive tissue necrosis, tissue breakdown, and stricture formation probably related 
to excessive light doses. Phase IIb studies in head and neck cancer have been com-
pleted, and mTHPC has also been studied in bronchial and esophageal tumors with 
encouraging results [57, 58].

15.2.2.3	 �5-Aminolaevulinic Acid (5-ALA)
5-ALA is an early intermediary in heme biosyntheses. It is formed by the combi-
nation of glycine and succinyl CoA. The formation of 5-ALA is the rate-limiting 
step in the heme pathway and is catalyzed by 5-ALA synthase. 5-ALA is con-
verted to porphobilinogen; porphyrin intermediates via porphobilinogen deami-
nase and then protoporphyrin IX (PpIX). The final step in this pathway is 
conversion of PpIX to heme, catalyzed by ferrochelatase. Under normal condi-
tions, 5-ALA production downregulates 5-ALA synthase, limiting heme synthe-
sis; however, administration of large doses of 5-ALA results in intracellular 
accumulation of PpIX. It has been shown that PpIX accumulates in greater con-
centrations in adenocarcinoma of the esophagus compared to normal tissue 
because of a relative increase in activity of porphobilinogen deaminase com-
pared to ferrochelatase [59].

As a photosensitizer, 5-ALA has several advantages compared to other photo-
sensitizers. PpIX is produced in greater levels in the mucosa compared to the sub-
mucosa or muscularis propria in the esophagus, making 5-ALA useful for treatment 
of superficial lesions [54, 60–62].

5-ALA may be administered orally, and the interval between drug administration 
and activation by laser light is only 6 h.

Skin photosensitivity lasts only for 48 h. However, the oral administration of 
5-ALA with necessary doses of 30–75 mg/kg body weight may lead to nausea and 
vomiting. This is why the application of an antiemetic drug is recommended prior 
to photosensitization [54, 60].
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15.2.3	 �Light Delivery for PDT

Dosimetry refers to the calculation of light delivery to the tumor. Dosimetry calcula-
tions are complex and must take into account multiple factors involving the respec-
tive photosensitizer, the method of light delivery, and characteristics of the tumor 
itself.

One of the first steps in evaluating PDT was to analyze its light dosimetry, or the 
effects of various light doses on the degree of tumor necrosis. After testing a variety 
of light doses, a correlation between tissue dose of light (J/cm2) and the resulting 
depth of tumor necrosis could be found [63].

The tissue dose of light varies inversely with the luminal diameter of a tumor 
segment (when the light dose delivered from the fiber tip remains constant) and was 
calculated by figuring the surface area of an open cylinder. By using this method of 
analysis and working backward from tissue doses, the light dose of 300 J/cm at the 
fiber tip was determined to give a safe, yet effective, range of tumor necrosis [27, 
28]. This light dose was still lower than that which had been previously used. 
Furthermore, it was reported that the higher light doses previously used were associ-
ated with complications (e.g., pleural effusions, mediastinitis, fistula) [64]. The 
dose of 300  J/cm at the fiber tip for palliative therapy of malignant esophageal 
obstruction represents a standardized light dose for PDT.

Several authors have studied the relationship between the extent of tumor necro-
sis and light dose: They were able to show that the results are consistent with a 
threshold effect [65]. Bown and coauthors revealed a logarithmic relationship 
between the extent of tumor necrosis and applied energy fluence rate [66]. However, 
in all of these studies, only experimental tumors, not human carcinomas, were 
investigated.

In clinical studies, very high-energy fluence rates up to 4800 J/cm2 were used in 
the treatment of colorectal carcinomas [67, 68]. In contrast, Gossner and co-workers 
showed that colorectal carcinomas react very sensitively to PDT, requiring low 
energy doses (25–75 J/cm2) for effective tumor destruction.

They showed that high-energy fluence rates (>300 J/cm2) were associated with 
undesired side effects such as hyperthermia [69]. These observations were corrobo-
rated by the results of a quantitative study for colorectal cancer [70]. Similarly, 
high-energy fluence rates were applied to gastric (960 J/cm2) and esophageal carci-
nomas (6000 J/cm2) in other clinical studies [64, 71]. Interestingly, energy fluence 
higher than 100–150 J/cm2 did not markedly increase the PDT effect. Thomas and 
colleagues found an increased risk for complications by using power higher than 
1.5 W but were not able to enhance the effectiveness of PDT in tumors by irradiat-
ing at the highest doses [64].

These studies demonstrate that the prevailing clinical dosimetry for gastrointes-
tinal carcinomas may result in inadequate treatment by under- or overdosage of the 
applied energy fluence rate in PDT. However, the dose dependence of light cannot 
be discussed on the basis of energy fluence alone. On a more fundamental scientific 
level, one has to keep in mind that the propagation of light in tissue depends on 
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optical parameters: One of them is the absorption coefficient, which varies signifi-
cantly in different tissues because of the presence of various light-absorbing chro-
mophores (e.g., hemoglobin and melanin) [72]. Therefore, tumors containing a 
large amount of blood and tissues with great amounts of melanin have a high 
absorption coefficient.

A further optical parameter is the scattering coefficient, which depends on the 
structural pattern of tumor tissue [73]. It is easy to understand that different organ 
tumors might exhibit a variety of structural matrices of differential blood flow. 
These factors could explain the different reactions of gastrointestinal tumors to the 
same light dose. The optical parameters of esophageal carcinomas vary with differ-
ent tumor diameters because of changes in vascular supply and necrosis in its center. 
The effects these parameters may have on the therapeutic results are expressed by 
different penetration depth of light at different tumor diameters [74]. Due to the 
changing optical properties resulting from increased tumor diameter, dosimetry 
needs to be adapted to achieve proper and comparable results after PDT. In other 
words, an increasing tumor diameter requires an increasing treatment time of a stan-
dardized light dose, depending on its correction factor [74].

15.2.3.1	 �Light Delivery Systems
Light delivery systems are generally fiber-optic devices adapted for endoscopic use, 
varying from a quartz light-diffuser fiber placed through the working channel of the 
endoscope to specially modified diffusers that are put in place with the help of fluo-
roscopic guidance.

For esophageal carcinoma the cylindrical diffuser fiber is commonly used. It is 
positioned under endoscopic or fluoroscopic guidance within the lumen of the esoph-
agus. It is necessary to centrally align these applicator systems within the lumen of the 
esophagus, which in clinical practice is possible only in the presence of high-grade 
stenosis. Furthermore, they allow light delivery only over a limited distance, and seg-
mental light application is thus needed in longer tumor segments [75].

Additionally, this technique has the disadvantage that it is not possible to flatten 
the mucosal folds of the esophagus, and thus, some areas may be shielded from the 
light as the configuration of the lumen continually changes with esophageal peri-
stalsis and respiratory movement [76].

This is thought to produce excessive light dosing in some areas, with the risk of 
stricture and/or inadequate light dosing to other areas with incomplete mucosal 
ablation. Modern light systems are optimized to deliver the desired light intensity 
distribution to the targeted region with minimal losses. In the esophagus this implies 
the use of a device that is adapted to the shape of the hollow organ, such as an elastic 
balloon catheter [77].

Superficial light application should therefore always be done by the use of light 
applicator systems which guarantee a standardized distance of the irradiation source 
from the surface of the tumor and eliminating the shadowing phenomenon, described 
above, of a hill-and-valley effect caused by mucosal folds.

Considering the variables for proper calculation of light dosimetry and the irreg-
ular endoluminal surface of the tumor, it is impossible to treat the tumor site 
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accurately only by using the light diffuser inserted through the working channel of 
the endoscope. Based on the findings of optical parameters and considering all the 
above-mentioned aspects, a very simple and save dosimetry formula was developed 
and approved in clinical practice of more than 300 esophageal PDTs [74]. The 
dosimetry formula is based on the use of a standardized light applicator of different 
length and includes the following variables: the diameter of the tumor stenosis and 
distance of the irradiation source from the tumor surface, the length of the irradia-
tion source and appropriate light applicator system, the optical parameters of esoph-
ageal carcinoma, and finally, the desired light dose (J/cm2).

For interstitial illumination, the optical fiber can be introduced through the 
biopsy channel of the endoscope, and the cylindrical diffusing end section is placed 
into the tumor itself under direct vision [78]. Despite sufficient tumor eradication 
especially in tumor masses that protrude into the lumen, the risk of perforation and/
or penetration might be higher compared to superficial treatment.

15.2.4	 �Oxygen Supply for Esophageal PDT

Both the photochemical reaction and the efficacy of PDT mainly depend on the 
presence of molecular oxygen. There seems to be a decreased cell sensitivity to 
PDT in the presence of low oxygen, which means that hypoxic cells are resistant to 
PDT.

Furthermore, animal tumor models have demonstrated a decreased effect to PDT 
under hypoxemic conditions, because hypoxemic tumor cells seem to be less 
affected by porphyrins and light [79, 80].

PDT-induced cytotoxicity most likely occurs through photooxidative reactions, 
and there are two major reaction pathways [81]. Type I photooxidation involves a 
direct reaction of the excited sensitizer with a substrate by a mechanism involving 
hydrogen or electron transfer to yield transient radicals that further react with oxy-
gen. In the type II photooxidative reaction, energy transfer occurs from the excited 
triplet state of the sensitizer to molecular oxygen producing singlet oxygen, which 
can further react with substrates susceptible to oxidation.

Uncommonly, electron transfer from the sensitizer generates a superoxide radi-
cal through the activation of hypoxanthine/xanthine oxidase system by catabolism 
of high-energy phosphate damage of mitochondria and a calcium-dependent prote-
ase conversion of xanthine dehydrogenase to xanthine oxidase [82].

Considering these effects, too high fluence rates of exposure light will lead to 
oxygen depletion: Using transcutaneous oxygen electrodes, Tromberg and co-
workers reported that tumor oxygen tension becomes irreversibly low with large 
PDT fluences (fluence is a measure of time-integrated particle flux, expressed as 
particles per square centimeter) [83].

Otherwise, too low fluence rates need a long exposure time and lead to vas-
cular shutdown which also cause hypoxia of the tumor tissue [49]. Therefore, 
the presence of molecular oxygen in tumor tissue is crucial for the effectiveness 
of PDT.

15  Photodynamic Therapy for Esophageal Cancer



234

In clinical practice, different approaches are used to enhance tissue oxygen satu-
ration and thereby the effect of PDT. In the literature, oxygen administration during 
PDT is described as simple nasal oxygen support of only 3–4 L/min [84], general 
anesthesia with intubation and FiO2 of 0.21–1.0 [27, 28, 54, 60, 85], and additional 
hyperbaric oxygenation with enhanced effectivity [86]. At this time, the general 
recommendation for clinical practice in PDT application is general anesthesia with 
orotracheal intubation and oxygen supply using 100% pure oxygen [85].

15.3	 �Clinical Aspects and Local Antitumor Effect of PDT 
for Esophageal Carcinoma

15.3.1	 �Indications for PDT

PDT is an important component of the multimodality treatment in anatomically 
and/or oncologically non-resectable esophageal cancer with palliative intention. 
Therefore, PDT is used in a meaningful combination with other endoluminal treat-
ment options, with chemo- and/or radiotherapy, respectively.

15.3.2	 �Contraindications for PDT

•	 Porphyria
•	 Renal insufficiency
•	 Liver insufficiency
•	 Preexistent fistula formation
•	 Allergy against photosensitizing drug
•	 Tumor involvement of the trachea, the carina, or the main bronchi
•	 Patient’s incompliance regarding required protection from light after 

photosensitization
•	 Terminally ill patients

15.3.3	 �Clinical Examination and Diagnostic Work-Up

Patients’ history, recording of dysphagia grade and determination of the Karnofsky 
performance status, physical examination, routine laboratory parameters including 
hepatic and renal function.

15.3.4	 �Clinical Staging

•	 Esophagogram using water-soluble contrast medium
•	 Flexible esophagogastroscopy
•	 Flexible tracheobronchoscopy
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•	 Computed tomographic scan of the chest and abdomen
•	 Abdominal ultrasonography
•	 Endoscopic ultrasound
•	 Electrocardiogram
•	 Cardiac ultrasonography and spiro-ergomety

Before PDT can be considered as treatment of choice, both flexible esophagogas-
troscopy and tracheobronchoscopy have to be performed to rule out possible tumor 
infiltration of the adjacent trachea, the carina, and the main bronchi. If tumorous 
involvement can be confirmed, PDT must not be carried out due to the considerably 
increased risk of perforation resulting in a malignant esophagorespiratory fistula.

15.3.5	 �Patient Information and Education Before PDT

Extensive and complete patient education is of supreme importance in PDT because 
of the persistence of photosensitivity after drug injection. Patients are instructed to 
wear opaque clothing that covers most of their skin, including long-sleeve shirt and 
long pants, gloves, wide-brimmed hat, and sunglasses, when they report for their 
injection. Because of the persistence of photosensitizer in the skin for several weeks, 
the patients must wear similar clothing when going outside during this time. The 
daily application of a potential sunblock with high sun protection factor is manda-
tory to avoid any event of sunburn. Due to the increasing intensity of the sunlight, 
we are currently using a special type of sunblock with high sun protection factor 
(Daylong® extreme SPF 50+, Egerkingen, Suisse).

Inside, the patients are instructed to avoid direct sunlight and bright indoor light-
ing, although indirect sunlight is acceptable and probably shortens the duration of 
photosensitivity because of photo-bleaching (removal of the photosensitizer from 
the skin caused by low-intensity light exposure). Topical sunscreens are generally 
ineffective in preventing phototoxicity because they block only ultraviolet light.

During endoscopic laser-light treatment, the patient is covered with drapes, tak-
ing care to protect also the face. As an alternative, a total sunblock can be applied 
on the face.

If a patient requires surgery after PDT, drapes must be placed over the skin, liver, 
and spleen because of the risk of phototoxicity generated by bright operating room 
lights.

After the average time of skin photosensitivity has elapsed, the patients are 
instructed to expose the back of one hand to sunlight for 5 min. If no redness or 
swelling occurs, they can gradually increase their exposure to sunlight over time.

15.3.6	 �Photosensitization

Intravenous photosensitization of porfimer sodium is recommended at a dose of 
2 mg/kg body weight, 48 h prior to irradiation. Before intravenous administration, 
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the cannula should be checked with a test of 20 mL standardized physiologic saline 
solution because para-venous injection may cause necrosis of the surrounding tissue 
accompanied by severe pain. Topical application of a sunblock immediately after 
photosensitization, as well as the above-mentioned general recommendations for 
light protection, is commonly sufficient to prevent sunburn.

15.3.7	 �Endoscopic Illumination Procedure During PDT

Forty-eight hours after uneventful photosensitization, esophageal PDT should be 
done under general anesthesia with endotracheal intubation and appropriate oxygen 
support. Routine cardiorespiratory monitoring including electrocardiogram, nonin-
vasive continuous blood pressure control, and pulsoxymetry should be provided 
(Fig. 15.1).

The endoscopic placement of the light delivery system is best done with the help 
of a flexible endoscope. We are using balloon catheters (PhotoDynamicTherapy®, 
Vienna, Austria) which are inserted through the biopsy channel of the flexible endo-
scope (Fig. 15.2).

In case of very advanced esophageal cancer with subsequent extensive tumor 
stenosis, stepwise endoscopic bouginage using the Savary-Gilliard device may 
become necessary before PDT can be performed.

Fig. 15.1  Multifunctional endoscopy unit provided with anesthesiological working station and 
X-ray fluoroscopic equipment for endoluminal dilatation and stenting
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A flexible guidewire is passed under radiological guidance through the endo-
scope, and careful and gentle bouginage is done, enabling the passage through the 
tumor by the flexible gastroscope. In the same intervention, suspicion of perforation 
can be excluded by esophagogram using a water-soluble contrast medium. 
Furthermore, it is necessary to pass the entire esophageal carcinoma with the endo-
scope in order to perform exact measurement of the entire extent of the tumor reach-
ing from the beginning of the upper border to the end of the lower border of the 
tumor (Fig. 15.3). Meticulous measuring is essential for determination of both the 
type of balloon catheter and the duration of PDT, respectively.

Afterward, the flexible endoscope is placed above the carcinoma and the laser 
application system, using a balloon catheter inserted in a folded condition through 
the biopsy channel. The folded balloon is placed at the distal aspect of the tumor. 
After instillation of distillated water, the balloon becomes unfolded and is applied 
very close to the surface of the tumor allowing homogenous light distribution 
(Fig. 15.4).

Afterward, the expanded balloon is withdrawn proximally in order to treat the 
entire tumor length. Withdrawal of the expanded balloon occurs step by step, cor-
responding to the length of the used balloon which usually amounts to 4 cm. The 
required time for each placement of the balloon is approximately 20 min which is 
calculated by the help of the dosimetry formula developed at our department as 
mentioned above [74]. The light dose is calculated as 100 J/cm. Light intensity of 
630 nm is applied by a KTP-Nd:YAG laser with DYE-box (Laserscope; Surgical 
Systems, Gwent, UK). For safety reasons, wavelength and light dose at the tip of the 
light diffuser should be controlled before and after PDT. Depending on the topogra-
phy and length of the tumor, single or multiple placements of the balloon may be 

Fig. 15.2  Laser application system (expanded balloon catheter) inserted through the biopsy chan-
nel of the flexible endoscope

15  Photodynamic Therapy for Esophageal Cancer



238

necessary in order to illuminate the entire tumor length (Fig. 15.5). Therefore, the 
required irradiation time may range from at least 20 min up to 90 min. After PDT, a 
conventional chest X-ray is done to rule out any pneumothorax or pleural effusion.

Five to seven days after successful PDT, flexible esophagogastroscopy under 
short-term anesthesia is repeated in order to verify the therapeutic response 
(Fig. 15.6). In the course of this endoscopic intervention, supernumerous necrotic 
tumor tissue may be removed mechanically by using the forceps or by mere suction 

Fig. 15.4  Completely expanded balloon catheter with broad contact to the tumor surface immedi-
ately before illumination

Fig. 15.3  Histologically proven esophageal squamous cell carcinoma causing considerable endo-
luminal tumor stenosis
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when necessary. The depth of tumor necrosis is determined indirectly by the visible 
increase in luminal diameter measured at the maximal point of constriction or 
directly by determination using endoscopic ultrasound if available.

Especially in case of large carcinoma with considerable endoluminal tumor load, 
a single PDT treatment may be not sufficient to induce distinct necrosis of the entire 
visible tumor. In this case, a second PDT treatment may become necessary and is 
therefore recommended by various authors [27, 28, 54, 60, 85]. The persistent pho-
tosensitization can be used therapeutically by applying the second illumination sev-
eral days after the first without reapplication of a photosensitizing drug.

15.3.8	 �Follow-Up After Esophageal PDT

After effective PDT, the patients undergo repetitive endoscopy after 1 month and 
thereafter every 3 months for the first year (Fig. 15.7). CT scans of the thorax and 
the abdomen are performed every 6 months [27, 28, 54, 60]. However, increasing 

Fig. 15.5  Expanded balloon catheter during illumination procedure using red laser light

Fig. 15.6  Extensive endoluminal tumor necrosis 1 week after PDT resulting in reopening of the 
esophageal lumen
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dysphagia at follow-up is still the indication for repetitive PDT treatment. In case of 
endoscopically verified local tumor progression, the photosensitizer is injected 
again and PDT can be repeated in the same manner mentioned above. In this con-
text, it has to be mentioned that repeated PDT should never be considered before at 
least 1 month has passed after first PDT because of the high risk of perforation due 
to overwhelming tumor necrosis induced by PDT.

15.4	 �Systemic Inflammatory and Immunological Changes 
Induced by PDT

15.4.1	 �Tumor Cell Apoptosis and Necrosis Induced by PDT

As mentioned above, PDT uses nontoxic photosensitizers, visible laser light of 
appropriate wavelength, and molecular oxygen. None of these three components is 
individually toxic, but when combined together, they initiate a photochemical reac-
tion that culminates in the generation of highly reactive oxygen species (ROS) that 
kill malignant cells [87]. This type of ROS produced during PDT causes apoptosis 
and necrosis by direct action to the cells [49, 50], and shuts down the tumor vascu-
lature, leading to depletion of oxygen and nutrients in the tumor [51, 52].

Although PDT represents an effective local cancer therapy, its effect is not lim-
ited to the local site. Furthermore, a considerable inflammatory acute-phase response 
is induced followed by various immunological consequences as mentioned below.

Moreover, as a result of this traumatic insult to the tumor and its microenviron-
ment, a strong acute inflammatory reaction is provoked at the targeted site. This 
acute inflammatory response additionally causes infiltration of different host 
immune cells which remove the damaged cells [88]. This specific PDT-induced 
inflammation is involved in the development of adaptive antitumor immunity, lead-
ing to attraction of leukocytes such as dendritic cells and neutrophils to treated 
tumors with subsequent antigen uptake and maturation of the local dendritic cells. 
Finally, PDT also has a significant effect on the immune system, which can be either 

Fig. 15.7  Three-months’ follow-up of advanced esophageal carcinoma before, 5 days, and 3 
months after PDT: notable tumor necrosis on the fifth post-interventional day and patent esopha-
geal lumen 2 months later
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immune-stimulatory or immune-suppressive. In contrast to chemotherapy, which is 
mostly immunosuppressive, PDT causes a range of effects that might result in a 
specific immunological antitumor reaction [89, 90].

On the one hand, PDT directly causes apoptosis [50] and necrosis of illuminated 
tumor cells: Cell death after PDT may be triggered by influence on signaling path-
ways [91], mitochondrial events [47, 48, 92], or specific mediators [93].

On the other hand, PDT also affects tumor vasculature where it induces shut-
down of vessels, which subsequently induces tumor regression [52, 94]. This effect 
has also been interpreted as limitation for PDT, the central mechanism of which has 
been considered to be formation of free radicals. Once oxygen has been consumed, 
no further formation of radicals will be possible. This is why ways have been sought 
to evade vascular shutdown.

Some authors have examined the relationship between the mode of tumor cell 
death and the efficiency of induction of the immune response. It is not clear whether 
apoptosis or necrosis is more effective in this context [95–97]. There is evidence, 
however, that PDT causes an unusual mixture of apoptotic and necrotic cell death, 
whereas most conventional cytotoxic agents only trigger apoptosis [50, 98].

15.4.2	 �Damage-Associated Molecular Patterns (DAMP) and PDT

Reginato summarized that after the traumatic insult to the tumor induced by PDT, 
one of the first events occurring at the treatment site is the generation of “danger” 
signals, so-called damage-associated molecular patterns (DAMPs) that serve as 
warning signals in innate immunity. DAMPs are endogenous intracellular mole-
cules normally “hidden” within living cells, but upon exposure or secretion from 
dying and/or damaged cells, they acquire immune-stimulatory properties. DAMPs 
are thought to be the key mediators of the immunogenicity of tumor cells killed by 
PDT via necrosis or apoptosis, as the immune system recognizes them signals that 
“self-altered” antigens have been released from dying cells that trigger a vigorous 
immunological response [88]. One of these DAMPs released after PDT is the so-
called extracellular heat-shock protein 70 (HSP70), a substance induced within the 
cells following stress and protecting them from death. One of its functions is to 
chaperone unfolded proteins [99], thus promoting the formation of stable complexes 
with cytoplasmic tumor antigens. These antigens can either be expressed at the cell 
surface or may remain intact after cell death. In the latter case, they may interact 
with antigen-presenting cells (APCs) and stimulate an antitumor immune response 
[100, 101].

Extracellular HSP70 binds to high-affinity receptors on the surface of the APC, 
which leads to the activation and maturation of dendritic cells (DC). This enables the 
cross-presentation of the peptide antigen cargo of HSP70 by the APCs to CD8+ cyto-
toxic T cells [102]. Interestingly, 15–25% of total cellular HSP70 became exposed at 
the cell surface almost instantly after a Photofrin-based PDT treatment [101].

PDT also induces the expression of further heat-shock proteins such as HSP47 
[103] and HSP60 [104].
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15.4.3	 �Role of Inflammatory Response in Immunological 
Reaction Following PDT

It has been shown that PDT induces an acute inflammatory response to any tissue 
where it is applied, and, as a consequence, also a considerable increase of inflamma-
tory cytokines, chemokines, and neutrophils in the circulation can be observed: 
Elevated levels of IL1, IL6, IL8, and IL10, as well as macrophage inflammatory 
proteins 1 (MIP1) and MIP2, have been documented [105, 106]. Probably, the 
inflammatory reaction is triggered by the transcription factors nuclear factor κB and 
activator protein AP 1, both of which are known to be linked to oxidative stress 
[107].

Furthermore, C3 complement activation was found after PDT treatment of Lewis 
lung cancer. Accordingly, the efficacy of the treatment was significantly reduced 
when C3a or C5a receptors or ICAM1 or IL1, respectively, were blocked [106, 
108].

There is evidence that this highly inflammatory reaction is a crucial factor for 
acute tumor response to PDT. Therefore, innate host immune cells such as mono-
cytes or macrophages, neutrophils, and mainly DC are migrating to the treated site 
and infiltrate in large numbers the tumor and the peri-tumorous region. Both necrotic 
and apoptotic cells are incorporated by DC that have accumulated owing to the 
acute inflammatory response. DC mature after stimulation by cytokines, which are 
released at the site of inflammation, and home to the regional lymph nodes where 
they present antigens to T lymphocytes.

Activated T lymphocytes become effector T cells and migrate to the tumor where 
they kill the tumor cells [109]. It has been shown that these phenomena might 
induce the development of memory T-cell antitumor response after PDT [46]. The 
effects of PDT on lymphocytes are controversial: On the one hand, lymphocytes, 
especially the activated ones [110], suffer lethal damage by PDT [111]. On the 
other, low doses of PDT can provoke activation of macrophages, which will be 
induced to secrete TNF-alpha. These PDT-treated macrophages have been shown to 
exert cytotoxicity to tumor cells [112].

However, the function of these various inflammatory cells, which are recruited to 
the PDT-treated tumor, is to neutralize the DAMP by engulfing and eliminating the 
cellular debris, as well as compromised tissue components surrounding the tumor. 
This cleaning promotes local healing with subsequent production of fibrosis and 
scar tissue [88].

15.4.4	 �T-Regulatory Cells and PDT

In addition to directly stimulating antitumor immunity by triggering DC and T-cell 
activation, PDT may also interfere with immune-suppressive T cells, so-called 
T-regulatory cells. The main class of T cells suppressing the immune response con-
sists of CD4+CD25+FoxP3+ T-regulatory cells. CD4+CD25+ T-regulatory cells have 
been shown to suppress the immune response in various instances [113, 114]. If 
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these cells are depleted, cellular immunologic reactions can be enhanced. Following 
PDT, T-regulatory cells might be specifically influenced by a number of mecha-
nisms: IL6, a cytokine that is abundantly produced after PDT [115], has been shown 
to inactivate T-regulatory cells.

Since also low-dose cyclophosphamide has been known to cause a CD4+ CD25+ 
depletion, it was combined with PDT in J774 reticulum cell sarcoma. A high rate of 
long-term cures and resistance to tumor rechallenge was achieved. In contrast, both 
cyclophosphamide alone and PDT alone led to therapeutic failure [116].

In a clinical study with human subjects, our research group could confirm that 
PDT downregulated the immunosuppressive function of peripheral T-regulatory 
cells in patients with esophageal carcinoma. In contrast to that observed downregu-
lation, the levels of those T-regulatory cells did not change significantly after PDT, 
whereas a transient reduction of the number of tumor-infiltrating T-regulatory cells 
around the tissue of the esophageal carcinoma itself could be detected by immuno-
histochemical staining of biopsies and resected specimens [117].

In a mouse model involving the colon adenocarcinoma CT26 wild-type tumor 
model, Reginato and co-workers could demonstrate that PDT with low-dose che-
motherapy using cyclophosphamide leads to a significant improvement in long-
term survival compared with either treatment alone. Further, the development of an 
immune response to the mouse cancer antigen could be detected [118].

15.4.5	 �Role of Dendritic Cells in PDT

Reginato and co-workers described that PDT appears to activate DC [88]. In this 
context, DC are stimulated by the recognition of DAMPs released by dying tumor 
cells, e.g., HSP70 [119], which forms stable chaperone complexes with cytoplasmic 
tumor antigens. Thereafter, the HSP-antigen complexes bind to the danger signal 
receptors, Toll-like receptors 2 and 4 [120] on the surface of DC, which are the most 
potent APCs. In the absence of inflammation, DC remain in an immature state, but 
when tissue inflammation and release of DAMPs occur, they mature and migrate in 
large numbers to the draining lymph nodes. The transition to the mature state of DC 
involves the upregulation of surface major histocompatibility class I molecules 
(MHCI) and MHCII and of the costimulatory molecules CD80 and CD86. These 
changes allow the DC to express peptide-MHC complexes at the cell surface and 
prime efficiently CD4+ T-helper cells and CD8+ CTLs and hence to initiate an 
adaptive immune response [88].

Further, DC are known to act as stimulators for natural killer cells and cytotoxic 
lymphocytes. When DC were injected into experimental tumors treated with PDT, 
homing to regional and peripheral lymph nodes was achieved. This kind of treat-
ment resulted in good tumor response [121].

This effect does not seem to be linked to a specific type of photosensitizer: In 
another experimental study in BALB/c mice, PDT using a photosensitizer of the 
chlorine type was used before intra-tumoral injection of DC. The treatment resulted 
in a rate of cure much higher than with either of both single procedures [119]. 
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Another group of investigators treated animals with two tumors, in which only one 
lesion was injected intra-tumorally. Surprisingly it was found that also the second, 
untreated tumor showed regression accompanied by the presence of tumor-specific 
lymphocytes [122].

15.4.6	 �Immunological Response of PDT in the Clinical Setting

Apart from the various numbers of conducted experimental and preclinical studies, 
only a few clinical trials focusing on the different immunological changes in humans 
who had undergone PDT have been performed to date. However, some of these 
recent clinical studies could confirm the supposed relationship between local effi-
cacy and PDT-induced antitumor immunity.

In 2001, enhanced immune cell infiltration after PDT could be detected in a clini-
cal study dealing with intraepithelial neoplasia of the vulva [123]. Those patients 
who expressed MHCI on the tumor cells were more likely to respond to PDT as 
compared to patients whose tumors had downregulated MHCI molecules. MHCI 
recognition is critical for activation of CD8+ T cells, and the downregulation of 
MHCI molecules is one of the mechanisms used by tumors to evade immune recog-
nition in general and PDT-induced immunity in particular. Those patients who did 
not respond to PDT had significantly lower CD8+ T-cell infiltration into the treated 
tumors compared with responders, confirming the important role of CD8+ CTLs in 
PDT efficacy [88].

In 2003, Yom and co-workers could verify increased postoperative cytokine lev-
els after intraoperative PDT in patients with malignant pleural mesothelioma [124].

In 2007, Thong and co-workers could show that PDT of multifocal angiosar-
coma of the head and neck which was located on the right upper limb resulted in an 
additional spontaneous regression of the untreated distant tumors on the contralat-
eral left upper limb. This phenomenon was accompanied by immune cell infiltration 
[125].

In 2009, Kabingu and team found out that PDT treatment of superficial basal cell 
carcinoma enhanced the reactivity of patient’s lymphocytes against Hip1, a specific 
tumor-associated tumor antigen [126].

�Conclusion

However, PDT has been shown to serve as an efficient, safe, and feasible treat-
ment option to achieve local control at the site of tumor growth. For this reason, 
PDT can be combined with other local tumoricidal therapies, e.g., high-dose-rate 
endoluminal brachytherapy and external beam radiotherapy. Moreover, PDT 
does not only represent a local anticancer therapy limited to the tumor itself. By 
inducing a considerable systemic release of various inflammatory cytokines, 
mediators, and immunological cells culminating in an acute-phase response, 
PDT is able to interfere with the human immune system. On the one hand, PDT 
induces the increased synthesis of tumor-specific cytotoxic T cells which are 
able to eliminate distant untreated tumor cells. On the other hand, PDT leads to 
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the development of antitumor memory immunity that may sustainably prevent 
tumor recurrence. Further clinical trials are definitively required to investigate 
and to understand the complex relationship between PDT-induced inflammation 
and antitumor immune response.
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Abstract
Barrett’s esophagus (BE), a complication of chronic gastroesophageal reflux dis-
ease (GORD), represents the strongest risk of esophageal adenocarcinoma 
(EAC). The low risk of progression together with the economic costs for surveil-
lance argue for biomarkers predicting the likelihood of BE progression. In the 
last decades several promising biomarkers have been developed to estimate the 
risk of malignant transformation. In this review we summarize the current knowl-
edge regarding these biomarkers for an individualized risk prediction and thera-
peutic outcome.

Abbreviations

APC	 Adenomatous polyposis coli
BE	 Barrett’s esophagus
COX	 Cyclooxygenase
DNA	 Deoxyribonucleic acid
EAC	 Esophageal adenocarcinoma
EGF	 Epidermal growth factor
EGFR	 Epidermal growth factor receptor
FISH	 DNA fluorescent in situ hybridization
GERD	 Gastroesophageal reflux
HGD	 High-grade dysplasia
LGD	 Low-grade dysplasia
LOH	 Loss of heterozygosity
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NBI	 Narrowband imaging
ND	 Nondysplastic
NF-kB	 Nuclear factor “kappa-light-chain-enhancer” of activated B cells
PCNA	 Proliferating cell nuclear antigen
TFF3	 Trefoil factor
TGF-α	 Transforming growth factor alpha
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16.1	 �Introduction: Need for Biomarkers

The importance of Barrett’s esophagus (BE) lies in its increasing prevalence and 
strong association to esophageal adenocarcinoma (EAC) [1]. While the risk and 
incidence of distal gastric cancer are decreasing worldwide, EAC has the most rap-
idly rising incidence in the Western world [2–4]. BE is characterized by the replace-
ment of the normal stratified squamous epithelium of the distal esophagus by 
columnar epithelium with specialized intestinal metaplasia (IM) containing goblet 
cells [5] (Fig. 16.1). It is a premalignant condition, and patients with BE have a 
30–60 times greater risk of developing adenocarcinoma of the esophagus than the 
general population [3, 5, 6]. The risk of developing cancer is higher among men, 
older patients, and patients with long segments of Barrett’s mucosa or dysplasia [7].

Despite the increased risk of cancer development, the natural history of BE is 
incompletely understood [1]. The progression of BE from a columnar-lined esophagus 
to EAC is an established, gradual process from nondysplastic (ND) BE to low-grade 
dysplasia (LGD) and high-grade dysplasia (HGD) before the development of invasive 
cancer [8]. However, the individual risk of cancer progression is difficult to ascertain as 
only a small number of patients with BE will progress to EAC [2, 9]. Approximately 
0.2–0.5% of patients with ND BE will develop EAC annually [9, 10], and only 5% of 
patients with EAC are known with a prior diagnosis of BE [5, 11]. Besides, some 
patients with dysplastic BE will also regress, with no further dysplasia detectable [12]. 
At present, there are no clinical or histological features to stratify the risk of progres-
sion or regression of patients with BE [8], and these patients are evaluated by the histo-
logical grade of dysplasia [5]. Based on this finding, the interval of endoscopic 
surveillance is determined individually [5, 12, 13]. Furthermore, despite advanced 
techniques, including narrowband imaging (NBI) and chromoendoscopy, endoscopic 
detection of BE is difficult [4, 10], and dysplastic areas in BE can be missed because of 
biopsy sampling errors [9]. Dysplasia is often patchy in extension and severity, and 
several biopsies are necessary to detect BE reliably [14]. Besides, histological diagno-
sis and grading of dysplasia are also potential limitations [9]. Interobserver variability 

a b c

Fig. 16.1  Endoscopic findings of (a) short-segment Barrett’s esophagus and (b, c) long-segment 
Barrett’s esophagus
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is a known problem especially for discrimination between ND and LGD. Most studies 
comparing diagnosis of dysplasia among different pathologist have concluded that 
there is a significant intra- and interobserver variability [15, 16]. Consequently, recent 
international guidelines for the management of LGD in BE recommend that the diag-
nosis of LGD should be confirmed by a second pathologist with specialized expertise 
in gastrointestinal (GI) pathology [13]. Furthermore, the difficulty to discriminate 
inflammatory and reactive changes from true dysplasia complicates the diagnosis of 
dysplasia [17].

These limitations, the low risk of progression, together with the economic costs 
for surveillance, argue for biomarkers predicting the likelihood of BE progression 
[14] and allowing targeting of screening for those most at risk [8, 9, 12]. The increas-
ing number of publications, seen in the past few years, reflects the ongoing research 
for effective biomarkers, as well as the lack of clinically validated prognostic tools 
[9]. Several clinical, endoscopic, and genetic markers have been studied to risk 
stratify patients with BE in terms of their risk of progression [18].

16.2	 �Biomarkers

To validate and integrate biomarkers for the early detection of cancer and for clinical 
use, the National Cancer Institute Early Detection Research Network (EDRN) has pro-
posed five phases, which are analogue to the process in therapeutic drug studies [4, 19]. 
Phase I consists of preclinical exploratory studies to identify potential biomarkers; 
phase II comprises clinical assay developments to determine sensitivity and specificity 
of markers in patients with the disease compared to healthy controls; phase III is com-
posed of retrospective studies on specimens from subjects prior to their diagnosis; 
phase IV consists of prospective screening studies; phase V constitutes cancer control 
studies to detect whether screening with biomarkers reduces cancer incidence [4]. In 
BE, the majority of biomarkers have never been studied beyond phase I or II, and most 
studies used complex technologies not useful for clinical practice [4, 12, 14, 20].

Similar to other malignant tumors, carcinogenesis of EAC is characterized by 
several genetic and epigenetic aberrations [4, 9]. At least 5–10 genetic alterations 
are necessary to generate a malignant phenotype [3]. In the last few decades, mul-
tiple genes have been identified which seem to be involved in the development of 
neoplastic lesions in BE [4]. These markers are proliferation/cell cycle proteins, 
tumor suppressor genes, adhesion molecules, DNA content, and inflammation-
associated markers [5, 12]. Some of these changes are early events in the develop-
ment of cancer and might serve as biomarkers for risk stratification [9].

16.3	 �Proliferation/Cell Cycle Proteins

Hyperproliferation of endothelial cells is detectable in BE with an increase during pro-
gression from metaplasia to dysplasia [4]. In general, proliferative stimuli to cells in 
chronic GERD and BE are gastric acid and bile acids [21]. Some studies have demon-
strated that pulsatile exposure to low pH leads to hyperproliferation of endothelial cells 
compared to growth at neutral pH [22]. To replace injured tissue after gastroesophageal 
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reflux, cells need to progress from the G1 to the S phase in cell cycle [5], which is 
controlled by several key proteins. Mutations of any of these proteins regulating cell 
cycle may result in BE progression and may be useful to predict progression.

16.4	 �Ki67

The proliferation marker Ki67 (usually stained with the monoclonal antibody 
MIBI), which is upregulated in all active phase of cell cycle, may be a reliable bio-
marker [2]. The determination of KI67 expression has become routine in various 
malignant tumors, for example, it is a major biomarker for treatment decisions in 
breast cancer [23]. Ki67 expression in BE showed a stepwise increase with neoplas-
tic progression [5, 24] and differences in expression levels between ND, LGD, and 
HGD BE [25]. The number and localization of Ki67-positive nuclei were signifi-
cantly altered between ND, LGD, or HGD BE and EAC [26–28].

16.5	 �PCNA

The proliferation marker PCNA (proliferating cell nuclear antigen) is an indicator of 
cell cycle progression at the G1/S transition [2]. Studies have shown an increased pro-
portion of cells stained with this antibody parallel to progression from metaplasia to 
dysplasia [2]. PCNA immunostaining was mainly seen in the basal cells of the epithe-
lial compartment of glands in ND BE [20]. However, in mucosa of HGD BE, the pro-
liferative compartment extended upward into the superficial layers of glands [28, 29].

16.6	 �Cyclins

Cyclins are potential biomarkers to predict BE progression. These proteins play a 
key role in cell cycle regulation [30]. Cyclin D1 is a proto-oncogene controlling the 
G1-S transition [12]. Studies have postulated that BE showing cyclin D1 overex-
pression is 6–7 times more likely to develop EAC [31]. However, other studies were 
not able to confirm this finding [5, 32–34]. At present, abnormalities of cyclin D1 
expression cannot be used as routine biomarkers to predict progression risk [12]. 
The proto-oncogene cyclin A is expressed in 76% of patients with BE in the prolif-
erative compartment [12]. With increasing grades of dysplasia, cyclin A expression 
shifts toward the mucosal surface [12]. In ND BE, 24% of patients express cyclin A 
at the surface epithelium compared with 59% of patients with LGD, 87% of patients 
with HDG, and 100% of patients with EAC [35].

16.7	 �Mcm

Mcm proteins (minichromosome maintenance proteins) are essential for DNA rep-
lication [4] and are expressed in all proliferating cells throughout the cell cycle [4]. 
Overexpression of the minichromosome maintenance deficient 2 (Mcm2) in BE 
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biopsies was significantly associated with higher risk of EAC [9, 36]. BE biopsies 
of patients who progressed to EAC had Mcm2 overexpression in 28.4% of the lumi-
nal cells compared with 3.4% in nonprogressors [36].

In summary, abnormalities of proteins controlling cell cycle may be biomark-
ers to predict neoplastic progression [5]. However, further larger prospective stud-
ies with standardized techniques and definitions to measure proliferation are 
needed [18].

16.8	 �Tumor Suppressor Genes

Tumor suppressor genes regulate cell proliferation, apoptosis, cell adhesion, and 
gene expression [3]. Various studies have evaluated their ability to predict progres-
sion in BE.

16.9	 �P53

P53 is expressed by the TP53 gene (chromosome 17p) and is one of the most com-
monly mutated tumor suppressor genes in human cancers [37]. P53 is responsible 
for the activation of DNA repair mechanisms, activates cell cycle arrest at the G1/S 
cell cycle checkpoint, and initiates apoptosis if DNA damage cannot be repaired [8, 
38, 39]. Alterations of p53 in EAC and its precursor lesions have been detected in 
several studies [4, 12].

The p53 protein has a short half-life and is, in general, not detectable immunohis-
tochemically at all or only at low levels [12, 40]. In dysplastic BE, p53 function is 
often lost due to point mutations in the DNA binding domain of the gene [8]. This 
results in an increased half-life of p53 protein, and its accumulation in the cell nucleus 
generates levels that can be detected by immunohistochemistry [5, 8]. A stepwise 
overexpression of p53 with increasing grades of dysplasia in BE has been shown in 
several studies [24, 41–43]: immunohistochemical analysis has shown a low percent-
age of p53 overexpression in ND BE (5%), increasing to 10–20% in LGD and to more 
than 60% in HGD [44, 45]. Patients with LGD show an increased risk of progression 
to HGD and cancer in case of p53 overexpression [46]. Besides, TP53 point mutations 
in EAC can be detected in up to 70% [7, 47, 48] and are associated with poor tumor 
differentiation, as well as reduced overall survival following surgical resection [20].

Next to point mutations, loss of heterozygosity (LOH) is a frequent alteration of 
p53 in BE. LOH refers to the loss of the normal, functional allele at a heterozygous 
locus in which the other allele has already been inactivated [9, 49]. Studies have 
revealed that LOH of p53 (17pOH) could be a biomarker to predict cancer progres-
sion in BE. 17pOH has been shown to occur in 0–6% of BE without dysplasia, in 
20–27% with LGD, in 57% with HGD, and in 54–92% with EAC [5]. In BE biop-
sies containing different grades of dysplasia, the 3-year cumulative incidence of 
cancer was 38% (95% CI, 26.0–54.0) in those with proven 17pLOH compared to 
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3.3% (95% CI, 1.4–8.0) in biopsy samples without 17pLOH [50]. Reid et  al. 
reported that 17pLOH is associated with a 16-fold increased risk of progression to 
cancer [50]. In that study, 17pLOH was a significant predictor of progression to 
HGD in patients with initial ND, indefinite dysplasia, or LGD [50].

In conclusion, p53 gene alterations (mutations and LOH) are early and frequent 
events in EAC and seem to be associated with malignant transformation of BE [3]. 
However, the sensitivity of this marker alone to predict cancer risk seems to be of 
limited value [5]. Immunohistochemistry of the mutated p53 was shown to be 
88–100% sensitive and 75–93% specific for predicting progression from LGD BE 
to HGD [46, 48, 51] but only 32% sensitive to predict progression from ND BE to 
HGD [34]. Besides, some mutations result in a truncated p53 protein, which is 
undetectable by immunohistochemistry [40]. There was no detectable accumulation 
by immunohistochemistry in 31% of patients with proved p53 mutation [52]. In 
addition, not all p53 protein accumulations are caused by mutations, as inflamma-
tion or cellular stress can upregulate p53, too [5, 18, 40, 53].

Consequently, 17pLOH and p53 immunostaining seem to represent useful bio-
markers to predict BE progression, especially in combination with other high-risk 
markers [3, 4]. However, they have to be proved in large-scale, multicenter trials 
[18], and newer genotyping technologies may overcome some of the current limita-
tions surrounding p53 [12].

16.10	 �P16

The tumor suppressor gene p16 is located at chromosome 9p21 and encodes a cell cycle 
regulator protein. Its inactivation results in uncontrolled cell proliferation [5]. Acid and 
bile exposure of the esophageal mucosa may mediate inactivation of p16, resulting in 
BE progression to dysplasia and EAC [54]. Alterations of p16 can be detected in all 
grades of dysplasia [12] and in up to 85% of EAC [9]. It occurs as a result of hypermeth-
ylation, mutation, LOH, or methylation of the promotor regions [55].

Hypermethylation of the p16 promoter is a common mechanism of p16 inac-
tivation during neoplastic progression in BE and is already present in ND prema-
lignant BE [56]. In a retrospective study of 53 patients, it was associated with an 
increased risk of progression from ND to HGD BE or invasive cancer (OR 1.74: 
95% CI 1.33–2.20) [57]. Another genetic event leading to loss of p16 is LOH, 
detectable in approximately 75% of EAC tissue samples [58]. P16 LOH seems to 
be associated with subsequent clonal expression along the Barrett segment, 
favoring further mutations and disease progression [59]. The combination of p16 
mutations and LOH in 9p21 seems to occur early, prior to the development of 
aneuploidy or cancer [5, 58], and may be a predictive biomarker panel. 
Furthermore, allelic loss of p16 seems to predict lack of response to photody-
namic therapy in patients with HGD BE and cancer [9, 18]. However, larger 
studies evaluating the efficiency of p16 as biomarker for tumor progression have 
to be performed.
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16.11	 �Further Promising Tumor Suppressor  
Genes/Proto-oncogenes to Predict BE Progression

The tumor suppressor p27 inhibits cyclin E/Cdk2 complexes, preventing cells from 
entering cell cycle into S phase [12]. P27 knockout mice showed an increased risk 
of EAC development compared to wild-type mice [60]. In BE and EAC, loss of 
p27 expression is associated with malignant transformation and a poorer prognosis 
[12, 60].

The tumor suppressor gene adenomatous polyposis coli (APC), a regulator of the 
WNT pathway, seems to be altered in BE by methylation and LOH [61, 62]. 
However, further studies have to determine its predictive ability [18].

A strong association has been found between 17p13 LOH and an abnormal flow 
cytometric DNA content in BE [63]. Reid et al. showed that 37% of patients with 
LOH at 17p13 progressed from ND BE to EAC, compared to 3% of patients without 
LOH at this allele [64].

The bcl-2 proto-oncogene, which blocks apoptosis, seems to be overexpressed 
early in the dysplasia-to-carcinoma sequence of BE [3] and may be a potential bio-
marker for predicting progression.

However, all these genes have to be evaluated in further studies to assess their 
role in predicting BE progression to EAC.

16.12	 �Chromosomal Abnormalities

A further possibility of predicting BE progression to EAC lies in chromosomal 
abnormalities. DNA content abnormalities refer to numerical and structural changes 
in chromosomes, including aneuploidy and tetraploidy [9]. Aneuploidy is the pres-
ence of an abnormal number of chromosomes in a cell, unlike the normal content of 
46 chromosomes [18]. Tetraploidy refers to the instance when the chromosomal 
number of a cell is twice as high as that of normal cells [18].

Abnormalities in DNA ploidy correlate well with conventional histologic diag-
noses of dysplasia and carcinoma, and several studies suggest that this marker might 
represent a valuable adjunctive tool in the evaluation of patients with Barrett’s 
esophagus [49, 55]. In biopsies with ND or LGD BE without aneuploidy or increased 
tetraploidy, the 5-year cancer incidence was found to be 0% [49]. However, with 
biopsies containing the same grades of dysplasia demonstrating either aneuploidy 
or increased tetraploidy, the 5-year risk of cancer progression was 28% [49, 64, 65]. 
Over 90% of HGD BE and EAC show DNA aneuploidy, and there is a significant 
relation between the presence of DNA aneuploid population and the progression 
form ND BE to dysplasia and EAC [2, 66].

In summary, DNA content abnormalities seem to be an accurate marker of pro-
gression in subjects with BE, but have not been widely used due to technical chal-
lenges with flow cytometry [18].
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16.13	 �FISH

DNA fluorescent in situ hybridization (FISH) is a technique in which small fluores-
cently labeled DNA probes are used for detection of chromosomal and gene aberra-
tions [9]. This method can detect various types of cytogenetic alterations, including 
aneusomy, duplication, amplification, deletion, and translocation [18]. In the past, 
several studies used FISH probes directed against different tumor suppressor or 
proto-oncogenes like p53 (17q13.1), p16 (9p21), or HER-2/neu (17q11.2) to find 
biomarkers predicting progression of BE [67–70]. Amplification of at least one of 
these loci occurred in 14% of HGD and increased to 50% in EAC [71]. A prospec-
tive follow-up study showed promising results in identifying high-risk BE patients 
with a FISH assay, including the tumor suppressor genes p53 and p16 and centro-
meric probes of chromosomes 7 and 17 to detect aneuploidy [9]. Aberrations of 
chromosomes 7 and 17 were detected in 13% of ND BE, increased with dysplastic 
stage, and detected HGD/EAC with a sensitivity and specificity of 85% and 84% [9, 
72]. Besides, a multicolored FISH assay has been developed for detection of dyspla-
sia in BE [73]. This probe set showed a sensitivity of 84–93% and specificity of 
93% to identify HGD and EAC [18, 73]. Furthermore, FISH-based biomarkers may 
also be used to predict response to ablation therapy and help to guide therapy deci-
sions [74]. In summary, genetic abnormalities detected by FISH appear to be a 
promising method for BE progression. However, further validation in larger studies 
is needed [18].

16.14	 �Methylation

DNA hypermethylation is an early event in tumorigenesis and causes inactivation of 
tumor suppressor genes, as well as chromosomal instability [4]. Methylation-
induced inactivation of genes, which is involved in cell cycle and cell differentiation 
during BE pathogenesis, was shown in several studies [4], and patients with a dense 
methylation pattern in EAC showed a worse survival after surgery [57].

Methylation of the p16 tumor suppressor gene is a common genetic abnor-
mality found in BE [18] and can be detected in 34–66% [57, 75, 76]. Methylation 
of the tumor suppressor gene CDKN2A, which inhibits cell cycle progression 
and abrogates expression of p16, seems to be associated with the progression 
from BE to EAC [8]. It occurs early in the metaplasia-dysplasia-carcinoma 
sequence [77] and can be detected in 3–77% of BE patients [77]. Besides, it was 
shown to be related to 17pLOH and chromosomal abnormalities like tetraploidy 
and aneuploidy [8]. Based on the methylation of some genes (p16, HPP1, 
RUNX3) and clinical parameters (gender, BE segment length, and histopathol-
ogy), a model was developed to stratify patients with BE into low-, intermedi-
ate- and high-risk groups [78]. This may represent a useful biomarker panel to 
predict BE progression. Hypermethylation of other genes like APC and T1MP1 
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has been detected in patients with BE [18]. However, convincing studies on 
their predictive ability are lacking [18]. Moreover, DNA methylation is a revers-
ible event [4]. Consequently, modulation of the epigenetically involved path-
ways by using small molecules might become a therapeutically option for 
patients with BE [4].

16.15	 �Biomarker Panels

Combinations of biomarkers in panels may be better in predicting the risk of neo-
plastic progression in patients with BE than individual biomarkers alone [68, 69, 
79]. Biopsies demonstrating high diversity seem to be more likely to progress to 
EAC [8, 70]. Due to technical progression, several molecular aberrations can be 
analyzed simultaneously with the aid of panels of biomarkers [8]. Using aneuploidy/
increased tetraploidy, 17pLOH, and 9pLOH in combination, the presence of all 
three abnormalities predicted an 80% risk of cancer progression in BE at 6 years [9, 
79, 80]. Moreover, a study demonstrated that the combination of LGD, abnormal 
DNA ploidy, and Aspergillus oryzae lectin can predict progression from BE to HGD 
and EAC [81]. Besides, multicolored FISH might be an option to analyze several 
biomarkers in a single assay [69].

16.16	 �Further Potential Biomarkers

16.16.1	 �HER2/neu

The proto-oncogene HER2/neu (c-erbB2) encodes a transmembrane glycoprotein 
with intrinsic tyrosine kinase activity [3]. Alteration of HER2/neu can be detected 
in approximately 10–70% of EAC [3, 82]. HER2/neu overexpression in EAC cor-
relates significantly with tumor invasion, distant metastasis, lymph node involve-
ment, and status of residual tumor after resection [3, 83], but it offers therapeutic 
options in the combination of chemotherapy and trastuzumab [84]. As HER2/neu 
overexpression is not detectable in dysplastic BE, it seems to be a late event in the 
dysplasia to carcinoma sequence [85]. Further studies evaluating the potential of 
HER2/neu to predict BE progression are necessary.

16.17	 �Several Growth Factors

Epidermal growth factor (EGF), epidermal growth factor receptor (EGFR), and 
transforming growth factor alpha (TGF-α) are important members of the family of 
growth factors [3]. Some studies show the correlation of EGF, EGFR, and TGF-α 
overexpression with the degree of mucosal dysplasia and the occurrence of EAC [3, 
82, 86–88].
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Neovascularization seems to be an early event in the pathogenesis of BE [4]. 
An increased number of small vessels can be detected in dysplastic BE, and an 
increasing microvessel density can be seen from BE to HGD or intramucosal 
carcinoma [4, 89]. Overexpression of VEGF and VEGFR can be detected in 
dysplastic BE and EAC [90]. Furthermore, COX-2 expression is associated 
with neovascularization, suggesting that bile and gastric acid may induce 
angiogenesis via COX-2 expression [89]. Besides, in other tissues, COX-2 
inhibitors can suppress vessel growth [89]. However, trails of a selective COX-2 
inhibitor, celecoxib, did not show any protective effect against BE progression 
to EAC [91].

16.18	 �NF-kB

The transcription factor NF-kB (nuclear factor “kappa-light-chain-enhancer” of 
activated B cells) regulates proinflammatory genes, differentiation, and growth 
[12]. Cytokines, free radicals, and acid stimulate translocation of NF-kB to the 
nucleus, where it binds specific DNA sites and upregulates the expression of 
genes involved in inflammatory process [92]. NF-kB expression is stepwise 
increased in patients with BE adjacent to EAC [93, 94]. In patients with ND BE, 
NF-kB overexpression was detected in 50%, with LGD BE in 63% and with 
HGD BE in 100% [93]. NF-kB can be activated by deoxycholic acid, a bile acid 
and a common component of reflux, or acid pH [89]. However, further studies are 
needed to determine the role of this molecule in the metaplasia-carcinoma 
sequence [12].

16.19	 �Cyclooxygenase 2 (COX-2)

Cyclooxygenase (COX) catalyzes the rate-limiting step in prostaglandin synthe-
sis [3]. COX-1 is constitutively expressed, whereas COX-2 is undetectable in 
most cells. However, it can be activated by cytokines, gastric acid, and bile 
acids. Studies revealed that COX-2 is involved in cell proliferation, reducing 
apoptosis and promoting angiogenesis [12, 95]. Unconjugated bile acids, one of 
the major components of gastroesophageal reflux, can stimulate COX-2 expres-
sion through a reactive oxygen species-mediated signaling pathway [96]. COX-2 
expression cannot be measured in normal esophageal mucosa [4], but a progres-
sive increase of COX-2 expression along the metaplasia-dysplasia sequence was 
described [97]. Additionally, COX-2 is expressed in 70–80% of patients with 
EAC [3]. Besides, nonsteroidal anti-inflammatory drug (NSAID) intake was 
shown to have a protective effect and reduces the risk of EAC, especially in 
patients with several molecular high-risk abnormalities [80]. However, at the 
moment, there are not enough data that support the role of COX-2 as a useful 
biomarker [12].
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16.20	 �MicroRNAs

MicroRNAs (miRNAs) are small segments of noncoding RNA of 20–24 nucleo-
tides regulating the translation of mRNA. They play a role in cell proliferation 
and function as tumor suppressor genes or oncogenes [4]. MicroRNAs may be 
useful biomarkers, as they are present in circulating blood plasma in a highly 
stable, cell-free form included in lipid or lipoprotein complexes [98]. Several 
studies have examined the role of miRNAs in progression from BE to EAC 
[98–100] and detected alterations in miRNA expression profiles between ND 
BE, HGD BE, and EAC [98]. Alterations in miR-25, miR-93, and miR-106b 
have been reported in BE and EAC compared to normal esophageal tissue [100]. 
Furthermore, in samples of EAC, an upregulation of mi-21 and mi-192 has been 
detected [101].

There are several miRNAs that have been found to be up- or downregulated in 
different stages in the progression from BE to EAC [98]. Identifying specific 
miRNA patterns in BE might help to detect dysplasia with more progressive poten-
tial and might help to distinguish low-risk from high-risk patients [4]. Further work 
is required in order to use miRNAs for risk stratification in the progression from BE 
to EAC [98].

16.21	 �Endoscopic Measurements

Next to reliable biomarkers, methods to detect areas of concern for biopsies are 
needed. The direct application of molecular markers during endoscopy to allow 
visualization of dysplasia without the need for histopathology is a further promising 
field of BE research [8]. The use of fluorescent probes to molecules involved in the 
dysplasia sequence of BE may allow for targeting areas of concern [8]. The majority 
of these studies rely on the use of confocal imaging [8]. The development of a poly-
clonal antiperiostin antibody against periostin, which is expressed differentially in 
ND and dysplastic BE, is an example for this new method [102]. However, periostin 
is also expressed in inflamed tissue [8] limiting the sensitivity and specificity of this 
marker. The peptide probe sequence ASYNYDA has been fluorescently labeled to 
be visible in vivo by using fluorescence microscopy [8]. The sensitivity and speci-
ficity for the detection of dysplastic BE was 82% and 85%, respectively [8]. 
However, at present, confocal imaging is not a standard endoscopic technique, and 
a more clinically applicable fluorescence dye visible with a standard endoscope is 
needed [8].

16.22	 �Non-endoscopic Methods to Detect Dysplasia

The costs, as well as discomfort of the numerous surveillance endoscopies of 
patients with BE, have argued for non-endoscopic alternatives to detect BE. The 
Cytosponge is a capsule on a string that is swallowed by the patient. When the 
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capsule reaches the stomach, the capsule dissolves and releases a spherical 
sponge which is retrieved [8]. During the retrieval through the esophagus, cells 
adhere to the sponge and can be immunohistochemical analyzed for the presence 
of TFF3 (trefoil factor) [8]. TFF3 is a marker of columnar epithelium and is 
expressed in a variety of tissues, including goblet cells of the intestines and 
colon. It promotes mucosal healing and epithelial restitutions in vivo in the gas-
trointestinal mucosa. Detecting TFF3-positive glandular cells in the Cytosponge 
indicates the presence of BE.  In a study with 500 patients, the sensitivity and 
specificity of this method for detection of BE were 73 and 93% for short-segment 
BE and increased to 90 and 93% for long-segment BE [103]. Furthermore, in 19 
of 22 sponge samples taken from patients with known high-grade dysplasia, 
mutations in the TP53 gene could be detected. By contrast, no TP53 mutations 
were found in the sponge samples of healthy controls or patients with BE without 
dysplasia [47]. However, due to false positivity, the clinical utility of TFF3 may 
be limited in the cardia [104].

Serum biomarkers for the detection of patients at an increased risk of EAC 
are under intensive investigation [8]. Telomere length in blood samples of 
patients with BE without dysplasia was assessed and followed for 5.8  years. 
Patients with shorter telomere length at baseline were at increased risk of devel-
oping EAC [105].

�Conclusion

The major risk of patients with BE of developing EAC has generated interest 
in defining subgroups of high-risk patients who can be surveilled effectively 
[106]. However, the natural history of BE is still very difficult to predict for 
one individual patient [106]. Several promising candidate biomarkers and bio-
marker panels have been described: proliferation markers, chromosomal 
abnormalities, tumor suppressor genes, DNA hypermethylation, as well as 
FISH or microRNAs might be able to predict Barrett’s progression. The devel-
opment of a Barrett’s risk score incorporating clinical variables and biomarker 
panels may be an option to stratify patients into low-risk and high-risk subsets 
[18]. However, there are several problems to translate the use of these bio-
markers into practice like the need for special media for biopsies, interlabora-
tory variation in methodology, and lack of standardization [18]. The majority 
of these studies were performed retrospectively and included only a small 
number of patients [106]. Consequently, the majority of these markers need 
to be evaluated in large-scale prospective clinical trials. Prolonged follow-up 
of patients ranging between 5 and 10 years is required leading to logistical 
problems [18]. Besides, in order to develop useful biomarkers, we need to 
further understand molecular and genetic abnormalities associated with BE 
[12], and it still needs to be proven that these biomarkers will reduce cancer 
incidence [106].

In the next years, we can expect more studies attempting to find new methods 
that effectively predict BE progression.
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17The Role of Macrophages Within 
Microenvironment in a Lung Cancer 
Development and Progression

Luka Brčić, Luka Opašić, and Helmut Popper

Abstract
Lung cancer, including carcinogenesis and therapy, is one of the main research 
focuses today. One of the main reasons for that is the very high mortality rate of 
patients with lung cancer. Cancer tissue is very heterogeneous, consisting of 
malignant tumor cells with many different cell types, proteins, and signaling 
molecules, all together forming the tumor microenvironment. The concept that 
tumor development is primarily based on mutations has been reapproached from 
the side of interaction between immune cells of the host, tumor cells, and tumor 
microenvironment. All components of the cancer microenvironment interact 
with each other and with tumor cells in a complex manner, both promoting tumor 
cell growth and development, as well as suppressing it. This interplay is very 
complicated and today still not completely understood. The most prevalent cells 
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among leukocytes in the cancer microenvironment are macrophages. These are 
called tumor-associated macrophages and are still very difficult to differentiate 
and identify by single markers. However, it is clear that they have a very impor-
tant role in tumor development and progression in lung cancer, as in many other 
cancers. In patients with lung carcinoma, there is a correlation between tumor-
associated macrophages and prognosis, although not uniform.

17.1	 �Introduction

Today, lung cancer is still the number one cause of cancer-related death throughout 
the world. The discovery of targetable/drugable mutations, primarily in lung adeno-
carcinomas, had a huge impact on the quality of life, however, only to a small subset 
of patients, and has not much changed the overall survival of patients with lung 
carcinomas. In addition, many of these patients treated with these new drugs will 
develop resistance to this therapy. And while enthusiasm about these targeted thera-
pies is slowly melting away, more and more concentration, research, and therapeuti-
cal attempts are being redirected toward tumor microenvironment. Microenvironment, 
with its plethora of different cells, extracellular matrix, and very complicated inter-
actions and impact on tumors, will be shortly presented, with emphasis on tumor-
associated macrophages and their role in lung cancer.

17.2	 �Microenvironment of Lung Cancer

Cancer tissue is very heterogeneous, and within it, we can always differentiate many 
components. Apart from tumor cells, there are many other different cell types, pro-
teins, and signal molecules, which all together form the tumor microenvironment 
(TME). Usually, the most abundant component in tumor mass consists of cancer 
cells, including cancer stem cells. Other cell types found are tumor-activated fibro-
blasts with altered phenotype, called cancer-associated fibroblasts (CAF; in reality 
myofibroblasts); endothelial cells, forming the vasculature within tumor; and infil-
trative immune cells (Fig. 17.1). They all together are embedded in the extracellular 
matrix of the tumor stroma. Extracellular matrix is composed of structural mole-
cules like collagen, fibronectin, laminin, tenascin, and other glycoproteins and pro-
teoglycans which are produced by cancer-associated fibroblasts [1]. In the last 
10 years, research has focused on other cells within the tumor. All those components 
of cancer microenvironment closely interact with each other in a complex manner, 
both inducing or promoting tumor cell growth and development and suppressing it. 
Lung tissue is physiologically highly oxygenized and vascularized, and is in close 
contact with the outer environment. It can easily recruit immune inflammatory cells 
to manage injuries. On the other hand, additional factors, such as tobacco smoke, 
increase injury incidence and promote chronic inflammation, which increases the 
probability of malignant alteration of epithelial cells [1, 2]. When such alteration 
occurs, malignant cells start to recruit and alter the phenotype of the surrounding 
stroma cells. They do that by secreting many different factors, such as interleukins, 
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transforming growth factor β (TGFβ), vascular endothelial growth factor (VEGF), 
platelet-derived growth factor (PDGF), and basic fibroblast growth factor (bFGF), 
inducing in this way stromal reactions [3].

17.2.1	 �Cancer-Associated Fibroblasts (CAF) in Lung 
Carcinogenesis at the Border of Supply

Fibroblasts are cells responsible for the production of structural components of 
extracellular matrix and, in healthy tissues, are usually dormant until homeostasis is 
compromised. Once activated, they secrete mediators of inflammation, growth fac-
tors, and pro-migratory extracellular matrix components, all of which can contrib-
ute to carcinogenesis [4]. Studies on other tumors and on mouse models have shown 
that most CAF are myofibroblasts and develop from locally present precursor cells. 
They can also differentiate from bone marrow-derived precursor cells, however, in 
much smaller numbers. Interestingly, epithelial cells can also be the source of CAF 
after epithelial-mesenchymal transition [5]. In some pulmonary carcinomas, the 
desmoplastic stroma is in part formed by the tumor cells themselves using EMT. It 
is known that desmoplasia, defined as increased fibrocytic component within the 
tumor, is strongly associated with NSCLC. Vincent [6] has shown that both normal 
fibroblast and CAF promote growth of NSCLC and that CAF are derived from 
locally present normal myofibroblast. Normal fibroblasts under long exposure to 
cancer cells start to express the same cytokines that are expressed by 
CAF.  Cardiotrophin-like cytokine factor 1 (CLCF1) and interleukin 6 (IL6) are 
genes that are upregulated in CAF in comparison with normal fibroblast. CLCF1 
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Fig. 17.1  Cellular components of tumor microenvironment
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and IL6 are members of the interleukin 6 family that activate JAK-STAT and MAPK 
cascade via gp130 (glycoprotein 130), LIF receptor, and OSM receptor [7–9]. They 
exhibit paracrine effects on promotion of lung cancer growth and thus are consid-
ered an important component of molecular microenvironment. Alongside signaling 
molecule secretion, CAF also produce serine proteases and matrix metalloproteases 
which remodel the matrix and therefore facilitate migration of both immune cells 
into cancer and malignant cells out of the primary tumor mass [1].

17.2.2	 �Immune Contexture

Interestingly, Virchow was the first to describe leukocyte infiltration within cancers 
back in [10]. It is known today, primarily from the research on colorectal cancer (and 
some other tumors), that differences in type, number, and level of mutual interactions 
between immune cells are strongly associated with behavior of cancer, response to 
therapy, and patient survival. That link is so strong that, according to some authors, 
type and density of T cells within certain tumors are regarded as a better prognostic 
factor than standard pathological criteria [11]. Yet, in lung tumors, immune cells are 
not evenly distributed. Instead, those cells are organized into tertiary lymphoid struc-
tures composed out of dendritic cells (DC), T-cells clusters, and B-cell follicles. 
Those structures are not present in healthy adult lung, but are found in diseased fetal 
and infant lung [12]. Interestingly, the number of those tertiary lymphoid structures 
and density of mature dendritic cells within are in positive correlation with patient 
survival [13]. A subset of dendritic cells known as killer dendritic cells also promote 
elimination of cancer cells via apoptosis and necrosis in some cancers [14]. That is 
the reason why immunotherapy for lung cancer containing dendritic cells is currently 
undergoing clinical trials [15]. Dendritic cells, together with mast cells, macro-
phages, neutrophils, eosinophils, and basophils, comprise the innate immune micro-
environment. They are the first line of defense against altered/malignant cells. NK 
cells have direct cytotoxic effects on cancer cells and positive role in immunosurveil-
lance. They kill cells that fail to present MHC class I molecules, “missing self-cells” 
[16]. NK cells play an ambiguous role in cancer. Type 1 NK cells promote immuno-
surveillance, whereas type 2 downregulates immunosurveillance and suppresses 
immune response against cancer. Other cell types that promote cancer growth and 
development are myeloid-derived suppressor cells [17]. They are a heterogeneous 
population of immature myeloid cells that inhibit the function of T and NK cells. 
One suppressing mechanism is overexpression of arginase 1, which depletes 
L-arginine required for T-cell development [18]. Furthermore, they promote angio-
genesis by secreting proangiogenic mediators, produce transforming growth factor β 
(TGFβ) and reactive oxygen species, reduce antigen presentation capability of den-
dritic cells, disrupt polarization of M1 macrophages, and are involved in other pro-
cesses promoting cancer growth [17, 11]. Lymphocytes usually comprise up to two 
thirds of all nonmalignant cells inside tumor mass [19], with T cells being the most 
abundant (around 80% of all lymphocytes).

Al-Shibli and his colleagues [20] have shown in a series of resected NSCLC that 
the number of CD4+ and CD8+ lymphocytes in stroma is positively correlated with 
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prolonged survival of patients, yet Wakabayashi and colleagues, few years before 
[21], demonstrated just the opposite, correlating the number of intratumoral CD8+ 
lymphocytes with shorter overall survival (OS) in NSCLC. Some research suggests 
that CD8+ lymphocytes which infiltrate cancer do not secrete IFNγ and are thus not 
able to deal with malignant cells [22]. Regulatory T cells are known to suppress 
immune reactions, which potentially benefit tumor development. This suppression 
is mediated by cyclooxygenase-2 (COX-2), and by its inhibition, tumor burden can 
be decreased [23, 24].

17.3	 �Role of Macrophages in Cancer

The concept that tumor development is primarily based on mutations has been reap-
proached from the side of interplay between immune cells of the host, tumor cells, and 
tumor microenvironment [25, 26]. Very important in these interactions are macro-
phages, which are involved in innate immunity and are important for immunological 
reactions, as well as for tissue healing processes. Macrophages play an important role 
in maintaining tissue homeostasis. Macrophages within tumor, tumor-associated mac-
rophages (TAMs), have also important roles in cancer development. Meta-analysis by 
Zhang et al. [27, 28] showed statistically significant correlation between the CD68+ 
macrophage densities in solid tumors and decreased overall survival.

Tumors use factors produced by macrophages for their progression and metasta-
sis, in other words to avoid potentially harmful reaction of the host’s immune sys-
tem. TAM is a very interesting cell population, because TAMs can present with 
various phenotypes and comprise heterogeneous population [29, 30]. They are close 
to tumor cells, and they produce and release many different cytokines, growth fac-
tors, and chemokines, such as VEGF and IL-10. Many of these are important for 
tumor progression (local growth and metastatic potential) [31]. They are activated 
by different molecules, such as IFN-gamma, TNF, IL-4, and IL-10, and are profiled 
as M1 or M2 macrophages [31–35]. In which direction they differentiate depends 
mainly on the signals they receive from microenvironment. Macrophages are 
attracted to tumor microenvironment by hypoxia [36], but also by chemokine secre-
tion, like CCL2 [37, 38].

M1 macrophages are involved in inflammation and infection, mainly as 
antigen-presenting cells and activators of inflammation [39], but are also directed 
against tumor cells [35, 40, 41]. M1 macrophages are activated by interferon γ 
(IFNγ) and lipopolysaccharide to act bactericidally and promote inflammation 
and T helper 1 (TH1) responses. TAM with phenotype similar to M1 can be found 
in early stages of cancer development and chronic inflammation that precedes it. 
Macrophages are generally not tumoricidal. Only when activated, they can destroy 
cancer cells directly or indirectly by stimulation of other cells. Direct cytotoxicity 
can be macrophage-mediated tumor cytotoxicity (MTC) in which toxic factors, 
such as TNFα, are secreted onto cancer cells, causing lysis or antibody-dependent 
cellular cytotoxicity (ADCC) [42]. In contrast, M2 macrophages, activated 
through IL-10 and TGFβ, influence angiogenesis through VEGF [32], and indi-
rectly increase the expression of angiogenin via IL-1b and TNFα [42, 43] in vitro, 
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as well as basic fibroblast growth factor (bFGF, also known as FGF2), chemokine 
(C-X-C motif) ligand 8 (CXCL8; also known as IL-8), cyclooxygenase 2 (COX2, 
also known as PTGS2), plasminogen activator, urokinase (uPA, also known as 
PLAU), and platelet-derived growth factor β (PDGFβ) [44]. Matrix metallopro-
teinases (MMP) excreted by TAM increase cancer growth also by promotion of 
angiogenesis (MMP7, MMP9, and MMP12) and, on the other hand, along with 
serine proteinases such as urokinase, metalloproteases as collagenase (MMP-1), 
gelatinase A and B (MMP-2, MMP-9), stromelysin (MMP-3), and macrophage 
elastase (MMP-12) degrade basal membrane and connective tissue, facilitating in 
this way tumor growth and migration of tumor cells [42, 45]. They also influence 
tissue remodeling [35, 40]. M2 macrophages improve tumor cell growth in in vitro 
conditions [46], and in vivo they act anti-inflammatory, preventing T-cell prolif-
eration and antigen presentation and secreting IL-10 as an anti-inflammatory 
cytokine [35, 47, 48]. M2 macrophages are immunosuppressive and promote T 
helper 2 (TH2) responses. As tumor develops, TAM starts to express genes typical 
of M2 phenotype to become M2-skewed TAM,  a predominant type of TAM 
(Fig. 17.2) [44].
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Although there is an overlap, generally two subpopulations of macrophages can 
be distinguished by immunohistochemistry. CD68 is a general macrophage marker, 
and CD163 and iNOS can be used as markers for M2 and M1, respectively. M1 
macrophages express IL-1, IL-12, and iNOS [31, 32]. M2 are characterized by 
CD204 and CD206 (Fig. 17.3) [35, 40].

a

b
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Fig. 17.3  Immunohistochemical 
presentation of squamous cell 
carcinoma (a) and adenocarci-
noma (b) with many CD206-
positive macrophages and solid 
area of another lung adenocar-
cinoma (c) with only few 
CD206-positive macrophages
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In a study by van Overmeire et  al. [49], the authors clearly demonstrated the 
importance of hypoxia for macrophage differentiation toward M1 or M2 line. 
Masumoto et al. [50] showed that increased metabolic activity in tumor, as well as 
not adequate vascularization, resulted in hypoxia (chronic or transient). And hypoxia 
is important for invasion of tumor cells, as well as for the resistance to therapy. 
Macrophages, especially M2 subpopulations, are present in hypoxic areas of the 
tumors. However, some authors [51] showed that improving hypoxic conditions, by 
regulation of blood vessel formation in tumor, does not decrease the number of 
M2 in the hypoxic areas, but only regulates the production of factors like VEGF A, 
GLUT 1, GLUT3, and iNOS, stimulating angiogenesis induced by TAMs [51].

17.4	 �Macrophages in Lung Cancer

Data on the importance of TAM in lung cancer has emerged, especially in the last 
15–20 years, since it has been found that they have an interesting, but not easily 
understandable role in lung cancer. For example, some studies have clearly shown 
that patients with higher numbers of macrophages in primary lung carcinomas 
have shorter survival, while, on the other hand, others showed total lack of signifi-
cance in correlation between TAM and survival. Studies concentrating on the 
localization of the macrophages, with regard to tumor cells and tumor stroma, 
showed favorable outcomes for the patients who had higher density of macro-
phages between tumor cells and an unfavorable one if the density was higher in 
the stroma [52, 53]. However, macrophage density was higher in adenocarcino-
mas than in other lung carcinomas analyzed (squamous and large cell) [52]. In one 
study comparing survival after platinum-based first-line therapy and macrophage 
infiltration in between tumor cells, the author found no association with the num-
ber of macrophages and survival [54], but also showed significantly better sur-
vival in patients with lower number of stromal macrophages. Only one of the 
previously mentioned studies [55] did not find any significance of stromal macro-
phages density in relation to the patient survival. Although studies used different 
approaches and methods, and in spite of studies demonstrating no relation of mac-
rophages and survival, we can conclude (based on the all available data) that a 
higher number of macrophages between tumor cells is prognostically better, while 
the opposite is true for the macrophage numbers in tumor stroma. It is evident that 
looking only into the number of macrophages infiltrating lung carcinomas is not 
enough, and that macrophage differentiation toward M1 and M2 has to be evalu-
ated. A single marker which can reliably and specifically detect M1 macrophages 
does not exist [30, 56], and in further studies, a panel of antibodies has to be used 
for distinction and characterization of macrophages in lung carcinomas. In a very 
nice and a clear-cut study by Ohri and his colleagues [32] using patients with long 
survival (mean 92.7  ±  7.2  months) and short survival (7.7  ±  0.7  months), the 
authors showed that in the prognostically better group, there are more M1 than 
M2 macrophages, and that patients whose M1 density was under the median had 
a 5-year survival rate of <5%, in comparison with the ones with M1 density over 
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the median whose 5-year survival rate was >75% [32]. Some studies showed that 
higher number of TAM (CD68+) is correlated with survival in NSCLC patients 
[53, 57], while others were not able to find this connection [58, 59]. M2 macro-
phages (CD204+), in a study by Ohtaki et al. [60], where only adenocarcinomas 
were included, demonstrated significant correlation with survival, but also with 
vascular and pleural invasion and stage.

On the other hand, Zhang and his colleagues [61] demonstrated that the number 
of M2 macrophages is to be an independent prognostic factor for overall survival. 
The confusion does not end here: while Ohri et  al. [32] clearly showed that M1 
macrophages (CD68 iNOS+) are significantly increased between tumor cells of the 
patients with longer survival, making them good prognostic markers, Almatroodi 
et al. [62] compared the same M1 population in tumor and non-tumor tissue, dem-
onstrating decreased iNOS expression in squamous cell lung carcinomas and ade-
nocarcinomas, but not in large cell carcinomas (in comparison with the matched 
non-tumorous tissue). Decreased iNOS expression is associated with deregulation 
of NF-KB signaling pathway having as a consequence non-adequate immunologi-
cal response [63]. M2 macrophages (CD163+) stimulate proliferation of tumor, 
mainly through angiogenesis activation [31]. Higher number of M2 inside tumor 
cell aggregates correlates with metastatic tumor potential [61] and is very high in 
progressive disease [64]. Almatroodi et al. [62] showed that in all NSCLC types 
(adenocarcinomas, squamous cell lung carcinomas, large cell lung carcinomas), 
CD163 macrophages are present in a greater number than in non-tumor tissue. M2 
have been in positive correlation with poor prognosis, TNM staging, and metastases 
to lymph nodes [60, 61]. This great variability of presented results is probably the 
consequence of a nonexistent specific marker for TAM (M2). They can be charac-
terized by cell surface proteins, transcription factors, enzyme, and cytokine produc-
tion. However, these markers change their expression over time, depending on cell 
activity, depending on the tumor type in which they are analyzed, and even depend-
ing on the smoking status of patient.

It is very important to stress once more that TAMs, like macrophages in general, 
are a very heterogeneous population and that there is a wide continuum of possible 
phenotypes between M1 and M2 macrophages. Many potential factors have influ-
ence on this differentiation process, among which tumor type and stage, as well as 
microenvironment, play an important role [30, 31].

M2 accelerates proliferation and migration of Lewis lung carcinoma (LLC1) 
cells [65] and activates lymphangiogenesis [61]. Zhang showed accelerated prolif-
eration and invasiveness of LLC cells after cultivation with mouse macrophages 
(cell line Raw264.7), equivalent to M2 macrophages [27, 28]. A possible mecha-
nism of M2 macrophage (CD206+ macrophages) activation according to the Unver 
experimental model [66] is also through chemokine ligand 7 (CXCL7) (which is a 
member of ELR+ CXCL chemokines promoting tumor progression mainly through 
angiogenesis [67]), indicating once again the importance of chemokine interplay in 
microenvironment that is crucial for early tumor development and progression. 
Furthermore, CCR2 and CX3CR1 are two receptors present on the macrophages 
and, when bonded to their ligand CCL2 and CX3CL1, influence signaling pathways 
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such as JAK-STAT, PI3-K, and MAPK [68–71]. In a very nice and comprehensive 
study by Schmall et al. [72], the authors showed importance of CCR and CX3CR1 
signaling for lung cancer progression. In mice without host CCR2 and CX3CR1, 
LLC1 tumor and progression decreased, and M2 macrophages were repolarized in 
M1 direction, influencing also angiogenesis and resulting in better survival. In the 
same study, they showed significant correlation between CCR2 expression with 
tumor stage and metastasis. They reconfirmed M2 as major player for tumor pro-
gression. They showed for the first time that through IL-10 secreted from macro-
phages, upregulation of CCR2 and CX3CR1 occurs in lung cancer cells. In this way, 
lung cancer cells behave like the macrophages, and with CCL2 and CX3CL1, secre-
tion attracts more macrophages creating amplification loop, resulting in cancer cell 
proliferation and migration, as well as metastasis and creation of new blood supply 
network for microenvironment.

17.5	 �Tumor-Associated Macrophages and Antitumor 
Therapy

Another emerging and interesting interaction exists between TAMs and applied anti-
tumor therapy, since it is now evident that TAMs influence response to chemother-
apy, both positively and negatively, depending on the cytotoxic agent. Doxorubicin 
promotes M1 population, having a positive antitumoral effect, while on the other 
hand, different therapeutical protocols might induce PD-L1 expression on macro-
phages, followed by CD8+ T lymphocyte inhibition and unsuccessful therapy out-
comes [73, 74]. On the other hand, there are some recent promising studies [75] in 
mouse models of breast carcinoma where TAMs were used as gene delivery vehicles 
for interferon alpha, activating immunity and inhibiting progression of the breast 
carcinoma. Another possible approach is reversing polarization of M2 toward M1, as 
in the study by Chen et al. [76], where M1 macrophages were induced by neuropep-
tide methionine enkephalin, resulting in antitumor activity or macrophage depletion 
as in study by Fritz et al. [77]. Latter macrophage depletion in mouse models of lung 
carcinoma was induced by clodronate-encapsulated liposomes, resulting in lower 
tumor burden and lower tumor cell proliferation. Especially interesting are immuno-
therapies using monoclonal antibodies against immune checkpoints [78, 79], where 
repolarization toward M1 might also improve efficacy [56].

�Conclusion

After the above, only shortly, presented overview of macrophages and their role 
in cancer, it is clear that macrophages have a great plasticity and impressive vari-
ety of secreted molecules, such as growth factors, enzymes, cytokines, and che-
mokines. Today, it is known that not only the majority of cancer types contain 
macrophages but that they also form a symbiotic relationship in which cancer 
cells recruit macrophages and support their growth in exchange for factors that 
promote angiogenesis and tumor growth produced by macrophages. Most of this 
complicated interplay is yet to be revealed and then transferred to lung carci-
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noma diagnosis and treatment. It is clear that macrophage polarization into M2 
is crucial for angiogenesis in tumor, tumor growth, and metastasis. The majority 
of the studies have demonstrated negative correlation with M2 macrophages and 
prognosis of patients with lung carcinoma. What makes the integration of pre-
sented as well as future studies’ results and cross-integration very hard is still 
nonexistent single marker for M2 population, resulting in many different combi-
nations of selected markers for presumably the same cells. However, even with 
the knowledge we have accumulated so far, new promising therapeutical options 
and treatment approaches are emerging.
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18Progression of Lung Cancer: Role 
of Hypoxia and the Metabolic Tumor 
Microenvironment

Katharina Leithner and Horst Olschewski

Abstract
Hypoxia and nutrient deprivation are frequently present in the microenvironment 
of solid tumors, like lung cancer. Poor perfusion due to aberrant tumor vessels 
and large diffusion distances, as well as high consumption (e.g., of glucose), are 
the underlying causes. In addition, lactate accumulates, creating an acidic tumor 
microenvironment. The cancer-promoting role of hypoxia and the underlying 
molecular mechanisms are quite well characterized: activation of angiogenesis 
via upregulation of vascular endothelial growth factor (VEGF), induction of 
apoptosis resistance, selection of resistant clones under severe hypoxia, and oth-
ers. In contrast, the impact of nutrient deprivation and lactate accumulation on 
cancer progression and cancer cell metabolism are less well understood. In the 
present chapter, we summarize recent clinical and preclinical data on hypoxia 
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and nutrient deprivation in cancer with special emphasis on lung cancer. The 
contribution of cofactors, like anemia, and the consequences for carcinogenesis 
and cell metabolism are discussed.

18.1	 �Lung Cancer

Lung cancer remains the leading cause of cancer deaths worldwide [1]. Lung cancer 
is often advanced at diagnosis, and 5-year survival among lung cancer patients is 
poor [1]. In advanced-stage lung cancer, platinum-based chemotherapy is the back-
bone of treatment [2, 3]. However, chemotherapy resistance, primary or acquired, is 
frequent [2, 3].

Histologic classification divides lung cancer into two major categories, non-
small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). NSCLCs 
include three major subtypes, adenocarcinoma, squamous cell carcinoma, and 
large-cell carcinoma. Further sub-differentiation is performed according to onco-
genic driver mutations, guiding targeted therapy, e.g., activating mutations of the 
epidermal growth factor receptor (EGFR) or chromosomal rearrangements, leading 
to echinoderm microtubule-associated protein-like 4 (EML)-anaplastic lymphoma 
kinase (ALK) fusion proteins [3].

18.2	 �The Metabolic Cancer Microenvironment

Nutrient and oxygen (O2) deprivation is frequent in solid cancers, like lung cancer [4, 
5]. Although angiogenesis is activated early in cancer growth, the newly formed 
vascular network is frequently aberrant, with leaky vessels and irregular blood flow 
[6]. In addition, cancers “outgrow” their supply by continuing proliferation and con-
sumption of glucose and O2 [6]. Cancer cells, therefore, face the challenge of limited 
and unreliable supply of O2 and nutrients [7]. Hypoxia, nutrient limitation, and lac-
tate accumulation all put environmental pressure on cancer cells. In the present chap-
ter, recent clinical and preclinical data on hypoxia and nutrient deprivation in cancer 
with special emphasis on lung cancer are summarized, and the consequences of these 
microenvironmental factors for carcinogenesis and cell metabolism are discussed.

18.2.1	 �Necrosis: Crisis at the Border of Supply

With increasing distance from blood vessels, O2 and glucose concentrations rapidly 
decline, often associated with the development of necrosis [4, 5, 8]. In lung cancer, 
necrosis resulting from nutrient and O2 limitation is frequently present, especially in 
squamous cell carcinoma, but also in giant-cell carcinoma and small-cell lung can-
cer, and to a lesser extent also in adenocarcinoma [9]. In contrast, preinvasive 
lesions, like squamous dysplasia/carcinoma in situ (CIS) or atypical adenomatous 
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hyperplasia, do not contain necrosis [9]. Likewise, in bronchioloalveolar carci-
noma, a form of adenocarcinoma in situ, necrosis is absent [9]. Since the limit of O2 
diffusion and the viable zone around microvessels have been shown to overlap in 
early studies, necrosis has been attributed primarily to critical hypoxia (anoxia), 
which does not permit cell survival (for review see [6]).

18.2.2	 �Hypoxia

18.2.2.1	 �Cause and Incidence of Hypoxia in Cancer
Hypoxia is caused by poor perfusion (“perfusion-limited hypoxia”) and by the dif-
fusion limit for O2 (“diffusion-limited hypoxia”) in solid cancers [6, 10]. Perfusion-
limited hypoxia results from fluctuations in tumor microvessel oxygenation and/or 
perfusion, e.g. if vessels are temporarily closed [11]. Also reverse flow can occur. 
This fluctuating flow can result in transient hypoxia. If closed vessels are reperfused 
after re-opening, this may result in hypoxia-reperfusion injury of affected tumor 
tissue and microvascular endothelial cells [6]. In contrast, diffusion-limited hypoxia 
occurs in tumor areas located near the diffusion limit for O2, which has been shown 
to be less than 200 μm [12]. Hypoxia is typically present in the vicinity of a necro-
sis; however, from a macroscopic point of view, hypoxic areas are heterogeneously 
distributed within a tumor [10]. Tumor hypoxia can be further enhanced by reduced 
O2 transport in the blood, as in anemia (found in roughly 30% of patients at diagno-
sis) [10], or reduced blood oxygenation due to lung diseases [13] (Fig. 18.1).
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Fig. 18.1  Causes and consequences of hypoxia in lung cancer. The oxygen (O2) supply of cancer 
cells is limited by diffusion, by irregular blood flow, and by an abnormal vascular architecture. 
Furthermore, anemia and lung diseases may reduce O2 availability. HIF hypoxia-inducible factor
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Direct O2 measurements in cancers revealed that the mean O2 levels are lower in 
cancers compared to corresponding normal tissues [8, 10]. The normal O2 concen-
tration is 80–100 mmHg in the blood and between approximately 25 and 70 mmHg 
in different normal tissues [8, 10]. Direct intraoperative O2 measurements using 
polarographic electrodes in two studies on NSCLC patients revealed median tumor 
pO2 values of 16.6 mmHg and 13.5 mmHg, respectively [14, 15]. The median tumor 
pO2 was consistently lower than values from adjacent normal lung tissues [14].

Additional information on lung cancer oxygenation was obtained from studies 
using hypoxic radiotracers, e.g., [18F]fluoromisonidazole ([18F]FMISO) or [18F]fluo-
roazomycin arabinoside, which allow the detection of hypoxia in vivo. [18F]FMISO 
enters the cells by diffusion and is reduced by nitroreductase enzymes to form 
reduction products that bind to intracellular macromolecules when the oxygen ten-
sion is less than 10 mmHg and is then trapped intracellularly, allowing the determi-
nation of the hypoxic fraction in tumors in vivo (for review see [16]). In NSCLC, 
the mean hypoxic fraction (defined as proportion of pixels with elevated [18F]
FMISO signal, i.e., a tumor-to-blood ratio of >1.2 or >1.4.) was found to be vari-
able, ranging from 1.3 to 94.7%. The median values were 48% and 58% in two 
different studies, respectively (for review see [16]). Overall, the oxygenation status 
in lung cancer varies from hypoxic to nearly normal; in general, hypoxia appears to 
be less pronounced than in, e.g., head and neck squamous cell carcinoma [15].

18.2.2.2	 �Role of Hypoxia in Cancer Progression and Therapy 
Resistance

Hypoxia exerts multiple effects in cancers, listed in Table 18.1. Importantly, it acti-
vates angiogenesis, enhances invasion and metastasis, and leads to radio- and che-
motherapy resistance. Radio- and chemotherapy resistance caused by hypoxia has 

Table 18.1  Effects of hypoxia in tumor biology

Effect Mechanism

Selection of hypoxia-resistant 
clones

Cell death under severe hypoxia or hypoxia reoxygenation 
and selection of genotypes favoring survival

Suppression of apoptosis Changes in gene expression, e.g., downregulation of 
proapoptotic Bid and Bax

Activation of autophagy Changes in gene expression

Activation of glycolysis HIF-induced overexpression of GLUT1, HK2, ENO1, and 
other glycolytic genes

Activation of angiogenesis HIF-induced overexpression of VEGF, FLT1, ANG1, ANG2, 
and TIE2

Increased invasion and 
metastasis

HIF-induced overexpression of c-Met, CXCR4, RIOK3, and 
LOX

Attraction of tumor-associated 
macrophages

Increased expression of monocytic chemotactic proteins

Loss of genomic stability Increased generation of reactive oxygen species

Decreased DNA repair Downregulation of DNA repair pathways

HIF hypoxia-inducible factor. For reference see [17, 20]
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different underlying mechanisms, but induction of apoptosis resistance is the best 
characterized one. The present view is that apoptosis resistance is either caused by 
selection of apoptosis-resistant clones or by suppression of apoptosis by alterations 
in gene expression [4, 17]. The latter seems to occur at rather mild hypoxia, while 
cell death and thus selection occur under severe hypoxia [4]. Apoptosis resistance 
under mild hypoxia (1% O2) was shown to be reversible after 24–48 hours of reoxy-
genation and was associated with downregulation of Bcl-2-associated X protein 
(Bax) in NSCLC cell lines [18].

Patients with reduced blood oxygenation due to airway obstruction, e.g., patients 
with chronic obstructive pulmonary disease (COPD), a common smoking-related dis-
order, are at elevated risk of developing lung cancer [19]. When mice were subjected 
to intermittent hypobaric hypoxia (10% O2) after lung cancer initiation with two dif-
ferent chemical carcinogens, a significantly increased tumor volume, but no increase 
in tumor frequency, was found [13]. Tumors from hypoxic mice showed increased 
proliferation and angiogenesis, and the pro-angiogenic growth factors VEGF and FGF 
were enhanced both in the lungs and tumors of hypoxic mice [13]. However, the exact 
role of lung diseases, such as COPD in lung carcinogenesis, is yet to be elucidated.

18.2.2.3	 �Hypoxia-Inducible Transcription Factors
Many of the responses to hypoxia are mediated by the transcription factors hypoxia-
inducible factor 1α (HIF1α) and HIF2α, which dimerize with HIF1β and bind to 
hypoxia-response elements to induce expression of many genes [6]. HIF1α and 
HIF2α are constitutively expressed. Under normoxic conditions, they are constantly 
degraded by prolyl hydroxylases, which require O2 as cofactor. Under hypoxia, 
HIF1α and HIF2α are stabilized. HIF1α and HIF2α can also be stabilized in a 
hypoxia-independent manner by growth factor-activated signaling cascades [6, 20].

HIFs play a role in the progression of lung cancer, but also other lung diseases, 
like pulmonary arterial hypertension and acute lung injury (for review see [21]). 
Both SCLC and NSCLC exhibit high levels of HIF1α and HIF2α, both of which are 
associated with poor prognosis [21]. A small molecule inhibitor of HIF1α, PX-478, 
was effective against tumor growth in an orthotopic mouse model of human lung 
cancer; however, silencing HIF1α in A549 lung adenocarcinoma cells impaired 
tumor vascularization and increased the necrotic area when grown as subcutaneous 
tumors, but did not reduce tumor cell proliferation and only slightly reduced tumor 
growth [21]. In contrast, reduction of HIF1α levels markedly impaired metastasis in 
murine models of human lung and mammary cancer [22].

18.2.3	 �Glucose Deprivation

18.2.3.1	 �Cause and Incidence of Glucose Deprivation in Cancer
Similar to oxygen, glucose levels decrease in underperfused tumor areas [5] 
(Fig. 18.2). In normal individuals, the average plasma glucose concentration is 
approximately 5.5 mM (100 mg/dL), ranging from approximately 3.2 mM (60 mg/
dL) to approximately 7.8  mM (140  mg/dL) after meals [23]. In lung cancer, 
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similar to other solid cancers, the glucose concentration is consistently lower than 
in corresponding normal lung tissue, as shown, e.g., by in vitro magnetic nuclear 
spectroscopy of excised tissues [24–26]. Similar results have been obtained in 
other solid human cancers [27–29]. The concentration of glucose was estimated 
to be 3–10 times lower in tumors compared to corresponding normal tissues [30].

Using imaging bioluminescence, which allows the histographical mapping of 
glucose and lactate concentrations in tissue sections at a high spatial resolution, 
glucose levels were shown to approach zero in the viable tumor area of some exper-
imental tumors [31, 32]. At present, it is poorly understood how changes in blood 
glucose affect tumor glucose levels. However, when given intravenously, glucose is 
trapped intracellularly as glucose 6-phosphate in many cancers. This is the underly-
ing mechanism of tumor imaging by 18F-deoxyglucose positron-emission tomogra-
phy (FDG-PET), a routinely used diagnostic imaging technique in the clinical 
staging of cancer patients [33].
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Fig. 18.2  Causes and consequences of glucose deprivation in lung cancer. The blood glucose is 
kept relatively constant by absorption from the intestine and by gluconeogenesis, which takes 
place mainly in the liver. Glucose is avidly consumed by cancer cells. High glucose consumption 
and reduced blood flow cause steep glucose gradients in solid cancers. In the low glucose micro-
environment, alternative carbon sources and energy fuels, like lactate, are used by cancer cells, or 
autophagy is initiated. Open circles symbolize autophagic vacuoles
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Glucose deprivation in cancers is regarded as a consequence of high glucose 
consumption. In 1968, ascites fluid in the peritoneal cavity of mice inoculated with 
Ehrlich ascites tumor cells was shown to virtually lack glucose, in contrast to peri-
toneal fluid from non-inoculated mice [34]. This had been attributed to the high 
glycolytic activity of tumor cells [34]. When two different human cervical cancer 
cell lines were grown as subcutaneous tumors in SCID mice, xenografts formed 
from the cell line with higher glycolytic activity and OC316 displayed significantly 
reduced glucose levels compared to xenografts from the less glycolytic IGROV-1 
cell line [35]. Similar to other aggressive cancers, invasive non-small cell lung can-
cers and small-cell lung cancers typically show a high maximum standardized 
uptake value (SUVmax) in FDG-PET, indicating high glucose uptake, while the 
noninvasive bronchioloalveolar carcinoma and seldom metastasizing typical carci-
noid tumors generally show low uptake of FDG [9, 36].

In cancer cells, glucose is metabolized primarily by glycolysis [37–40]. This “aer-
obic glycolysis,” described by the Nobel laureate Otto Heinrich Warburg as early as 
1924, is observed in cancer cells but also in other highly proliferative cells and 
ensures the generation of building blocks for cell growth. It enhances flux of glucose 
to glycolytic metabolites and further along to the oxidative and non-oxidative 
branches of the pentose phosphate pathway (PPP), thus providing NADPH (reduced 
nicotinamide adenine dinucleotide phosphate) and ribose [37–40]. Furthermore, glu-
cose is diverted to the synthesis of glycerol, serine, and hexosamines [41, 42].

Low availability of glucose dramatically reduces the flux via glycolysis. The fact 
that glucose consumption decreases with reduced glucose availability in tumor tis-
sue was already observed by Warburg [43]. However, since glucose was regarded as 
a major fuel for cancer cells, the mechanisms of adaptation of cancer cells to glu-
cose deprivation and a possible contribution of a glucose-deprived microenviron-
ment to carcinogenesis have long been neglected.

18.2.3.2	 �Impact of Glucose Deprivation on Carcinogenesis
It has been suggested that glucose deprivation, on the one hand, and hypoxia, on the other 
hand, select for particular genetic abnormalities in cancer cells [44]. In a study by Yun et 
al. [44], colon cancer cell lines that survived glucose limitation (0.5 mM) have been shown 
to possess activating mutations in the gene encoding KRAS (4.4% of the clones) or BRAF 
(0.8% of the clones). In contrast, no KRAS or BRAF mutations were identified in clones 
generated in the presence of high (25 mM) concentrations of glucose. When cells with 
mutant KRAS or BRAF alleles were mixed with an excess of cells containing wild-type 
KRAS or BRAF alleles, respectively, and were incubated in either low (0.5 mM) or high 
(25 mM) concentrations of glucose, cells with mutant KRAS or BRAF alleles overtook 
the population in low-glucose conditions, but not in high-glucose conditions [44].

In a study published by Schlappack et al. [45], murine cancer cells formed a 5 to 
more than 20 times higher number of lung metastases after injection into mouse 
veins after exposure to glucose starvation (0 mM) for 48 h. Exposure of cells to low 
pH also had a metastasis promoting effect in that study. This suggests that glucose 
deprivation may enhance metastasis formation in some cancers. However, further 
studies are warranted to clarify the role of glucose depletion in cancer progression.
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Only a limited number of studies assessed the correlation between glucose depri-
vation and tumor aggressiveness. Higher grade breast cancers exhibited lower glu-
cose levels compared to lower grade breast cancer [46]. In contrast, the glucose 
levels in human cervical cancer xenografts from two different cell lines either form-
ing spontaneous metastases or not forming spontaneous metastases were not signifi-
cantly different [47]. In this study, however, metastasis formation was associated 
with increased lactate levels in the primary tumor, which correlated with the hypoxic 
fraction [47]. To the best of our knowledge, no studies on the relation between glu-
cose levels in lung cancer tissue and survival have been published.

18.2.3.3	 �Survival of Cancer Cells Under Low Glucose
How cancer cells, which are reprogrammed to utilize high amounts of glucose, 
adapt to a decline in extracellular glucose levels is poorly understood. Recent 
studies show that cancer cell metabolism is more complex and intricate than previ-
ously thought and that metabolic flexibility allows cells to survive conditions of 
nutrient shortage [48]. Using a small interfering RNA (siRNA) screen, it has been 
found that cancer cell lines are dependent on respiratory chain proteins for sur-
vival and growth under chronically reduced glucose conditions (0.75  mM glu-
cose) [30]. On the other hand, storage of glucose in the form of glycogen, which 
is activated by hypoxia, was shown to protect cancer cells from acute glucose 
deprivation [49].

Alternative fuels are utilized by cancer cells for biomass and energy produc-
tion under glucose starvation, e.g., acetate, fatty acids, and amino acids. This is 
accomplished by altered expression of central metabolic enzymes but also by 
enhanced expression of membrane transporters (for review see [48]). Metabolic 
adaptation in tumors also involves metabolic symbiosis between cancer cells in 
different tumor compartments or between cancer cells and stroma cells, which 
excrete metabolites used by cancer cells (for review see [50, 51]). However, the 
use of alternative carbon sources for the generation of glycolysis-derived metabo-
lites, like ribose (for DNA synthesis) and glycerol, would require the action of a 
gluconeogenesis enzyme, phosphoenolpyruvate carboxykinase (PEPCK) [52, 
53]. We have recently shown that the mitochondrial isoform, of PEPCK and 
PCK2, is expressed and active in lung cancers, mediating the conversion of lac-
tate into the glycolytic/gluconeogenic intermediate phosphoenolpyruvate under 
glucose deprivation [54]. Subsequently, PCK2 has also been found to play a role 
in the survival of other cancer cell lines and to be activated by endoplasmic reticu-
lum stress and glutamine deprivation [55]. Silencing of PCK2 using shRNA led to 
significantly decreased growth of lung cancer cell xenografts in vivo [56].

Autophagy is a tightly regulated pro-survival pathway that captures, degrades, 
and recycles intracellular proteins and organelles in lysosomes [57, 59]. It involves 
the action of specific autophagy-executing proteins, e.g., microtubule-associated 
protein 1 light chain 3 (MAP1LC3, best known as LC3). Nutrient depletion is the 
most potent known physiological inducer of autophagy. Acute autophagy induction 
is critical for mammalian cells but also for yeast cells to survive nutrient depletion, 
which is attributed to the recycling of intracellular components into metabolic 
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pathways. However, the exact substrates that are degraded by autophagy and the 
metabolic pathways supported remain to be identified [57–59]. In cancer, autoph-
agy has both tumor-suppressing and tumor-promoting functions. Healthy cells are 
thought to be protected from malignant transformation by autophagic responses, 
and carcinogenesis may involve a temporary loss in autophagy competence. 
Conversely, autophagy promotes tumor progression and therapy resistance in a 
variety of models [57, 59].

The concept that glucose deprivation induces autophagy which promotes sur-
vival was challenged by a report showing that glucose deprivation did not induce 
autophagy in four different cancer cell lines, and autophagy inhibition did not 
alter apoptosis and necrosis induction by low glucose [60]. In some cancer mod-
els, the p53 status switches the role of autophagy during tumor development. 
Mutant p53 ameliorated the inhibition of tumor growth by autophagy inhibition in 
some models, including a genetically engineered lung cancer model with lung-
specific expression of mutant Kirsten rat sarcoma (KRAS), making tumors less 
autophagy dependent, but not in other models [57]. Thus, the protective role of 
autophagy under glucose starvation in cancers may depend on their genetic back-
ground or on other unknown factors like availability of alternative carbon and 
energy sources.

18.2.4	 �Lactate

Lactate, the glycolysis end product, is known to accumulate in cancers [61, 62]. It 
is produced primarily via glycolysis and exported into the extracellular space by 
monocarboxylate transporters, most importantly MCT4 [63]. Lactate has been 
shown to exert multiple effects on cancer cells, mostly by reducing the pH, includ-
ing enhancement of invasion and metastasis, induction of apoptosis resistance, and 
others (for review see [63]). Elevated lactate levels were shown to correlate with 
poor prognosis and poor disease-free survival in several epithelial cancers, such as 
cervical, head and neck, NSCLC, and breast cancers [63].

Lactate is not only a metabolic waste product but may be consumed by cancer 
cells, especially under low glucose concentrations. This phenomenon was 
described in SiHa cervix squamous cell carcinoma cancer cells [64] and p53−/− 
HCT116 colon carcinoma cells [65]. We have shown that this is also an important 
mechanism in lung cancer cells [54]. Lactate is transported into the cell via a 
bidirectional transporter and monocarboxylate transporter 1 (MCT1) [66] and 
oxidized to pyruvate via lactate dehydrogenase [64], the same enzyme that cata-
lyzes the reverse reaction during glycolysis. Thereafter, lactate may be converted 
to acetyl-CoA and serve as an energy fuel [64, 65] or feed into biosynthetic path-
ways. Due to the important role of MCTs in regulating local lactate accumulation 
and use, inhibitors of MCTs have been considered as anticancer therapeutic drugs. 
AZD3965, an MCT1 inhibitor, reduced SCLC tumor growth in a mouse model 
in vivo [67]. Clinical trials with AZD3965 in different cancers are on the way [67] 
(www.clinicaltrials.gov).
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18.2.5	 �Therapeutic Strategies Targeting Hypoxic and Metabolic 
Adaptation in Lung Cancer

Therapeutic approaches to target the cancer stroma or cancer metabolism or to 
affect the metabolic microenvironment are intensively studied. A detailed discus-
sion is beyond the scope of this chapter. Briefly, targeting metabolic tumor cell 
vulnerabilities present in rapidly growing tumors [48] or tumor cell vulnerabilities 
induced by anti-angiogenic therapies (e.g., activation of HIF) is under preclinical 
evaluation [20]. Furthermore, the use of hypoxia-activated prodrugs and HIF1α 
inhibitors in hypoxic cancers, like lung cancer, is a promising approach [20]. Cancer 
hypoxia, assessed by novel hypoxic tracers, is increasingly taken into account in the 
planning of radiotherapy [68]. On the other hand, tumor hypoxia may be potentially 
predictive for the efficacy of anti-angiogenic therapies, which is currently investi-
gated in clinical studies [20]. Thus, analysis of the metabolic cancer microenviron-
ment might not only help to uncover metabolic vulnerabilities in cancer cells but 
may also help in the clinical routine to predict response to therapy.

In summary, there is a remarkable heterogeneity among different tumors and 
within single tumors with respect to the access to O2, glucose, and maybe other 
essential substances. Cancer cells use specific enzymes like PEPCK allowing 
them to make use of fuels like lactate under glucose-deprived conditions. However, 
this makes them also vulnerable to specific approaches using such enzymes as 
therapeutic target. Cancer cells may use hypoxia-induced metabolic changes to 
attain resistance to chemotherapy. The investigation of the basic mechanisms 
in vivo, but also in well-defined in vitro models, mimicking the in vivo situation, 
will be essential for future research.
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