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Chapter 1

Introduction

Introduction to cancer
Cancer is the second leading cause of death worldwide with approximately 14 million new
cases and 8.2 million cancer deaths in 2012 [1]. A person’s risk of developing cancer depends
on natural factors such as age and genetics but also by life-style factors including smoking,
alcohol consumption and diet. An increased exposure to carcinogens causes DNA damage in
normal cells, which may lead to mutations and ultimately abnormal cellular growth. A bulk of
cells that rapidly divide and have the ability to invade surrounding tissues and migrate to
distant organs is often referred to as a cancer. The alteration of a normal cell to a neoplastic
state is driven by a multistep process which involves the defect of several cellular
mechanisms described in the hallmarks of cancer by Hanahan and Weinberg [2]. To note, it is
estimated that metastasis causes around 90% of deaths from cancer [3]. Treatment of cancer is
of great importance in order to increase survival and quality of life of cancer patients.

Introduction to resistance to cancer therapy
Most patients with cancer respond to initial therapy, but the responses are typically brief and
many patients experience relapse. Drug resistance is the ability of cells to become tolerant to
pharmaceutical treatments that would normally kill or limit their growth. This term started to
be used around 1940 after the observation that bacteria have the ability to become resistant to
certain antibiotics [4, 5]. Many of the mechanisms leading to drug resistance are conserved
from bacteria to man and occur in other diseases, including cancer [6]. Chemotherapy and
radiotherapy are two of the most common types of cancer treatment. Both of them are
designed to effectively kill proliferating cells, such as cancer cells, while sparing slower
proliferative cells. Chemotherapy delivers drugs to the entire body and selectively targets
rapidly dividing cells by interacting with regulators and molecules involved in cell division
such as the DNA [7]. Radiation therapy uses X-ray to locally kill cancer cells or cause genetic
instability resulting in cell death [8]. These treatment options have led to an increase in the
survival of cancer patients but also induce many side-effects which can seriously affect the
quality of life of patients and even cause their death. However, many of these patients show
drug resistance leading to progressive disease after initially responding to the treatment [9].
Resistance to therapy remains a major issue to achieve complete remission in cancer patients.
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Cancer stem cells
Recent investigations have shown that cancer cells are not all the same and have defined a
small sub-population of cells which possess characteristics associated with normal stem cells
(SC). The discovery of cancer stem cells (CSC) started with the observation of D. Bonnet in
1997 as she noticed that leukemia cells organize as a hierarchy that originates from a
primitive hematopoietic cell [10]. Future investigations confirmed her findings for other
cancer types [11, 12]. CSCs are thereby defined as a small subpopulation of cells capable of
self-renewal, dedifferentiation, tumorigenicity and intrinsically resistant to chemoradiotherapy. The ability of CSC to survive and proliferate under extreme conditions
ultimately results in tumor relapse by failure of conventional therapies [13]. CSCs display
many features of normal SCs such as activity of the Notch, Wnt and Hedgehog pathways,
which regulate the characteristics previously mentioned. When these pathways are
inappropriately activated, signals are transduced to trigger tumorigenic properties in cancer
cells [14]. SCs maintain their stemness in a specific microenvironment, the stem cell niche,
which preserves their undifferentiated state or promote their differentiation. Several molecular
pathways such as Delta-Notch, BMP and VEGF are associated with niche function and
thereby play an important role in stem cell maintenance [15]. Tumor hypoxia is the situation
where tumor cells have been deprived of oxygen and in consequence triggers resistance to
anti-cancer therapies by modulating several cellular pathways [16]. Previous investigations
have identified hypoxia as critical factor in promoting stem-like properties, partially by
enhancing the expression of stem cell factors. Thereby, targeting the hypoxic CSC niche may
be highly effective for controlling tumor growth, preventing metastasis and improve therapy
effectiveness in cancer patients [17, 18]. Different cell types within the CSC niche produce
factors to stimulate CSC properties and recruit immune cells, such as tumor-associated
macrophages (TAM), which secrete additional factors to promote tumorigenesis, metastasis
and resistance to therapy [19] (Figure 1).
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FIGURE 1: Schematic representation of Cancer Stem Cell niche. CSC niche is a complex
environment where many cellular components communicate using specific factors as
mediators such as Notch, WNT and PTCH1. Many CSC niches show low oxygen
concentrations as a results of inadequate oxygen supply, which contributes to the malignant
phenotype of cancer.

Hypoxia in cancer
Hypoxia is defined as an inadequate supply of oxygen (O2) which occurs very frequently
within solid tumors, mainly as a result of abnormal blood vessel formation, defective blood
perfusion and disturbed microcirculation [20]. In proliferating cancer cells, oxygen demand is
exceeded by oxygen supply. Also, as the tumor grows, the distance between cells and the
vasculature increases, preventing adequate oxygen diffusion and creating more hypoxic
regions [16]. Hypoxia is associated with worse prognosis in cancer patients [21] and promotes
treatment resistance to conventional therapy [22, 23]. The resistance to therapy is mostly
caused by limited drug perfusion into the tumor in combination with a decrease in drug
uptake [22]. Transient hypoxia triggers the expression of genes encoding P-glycoprotein and
dihydrofolate reductase, which induce hampered drug uptake into cells leading to multidrug
resistance [24, 25]. Decreased cellular uptake is also influenced by the low pH of the tumor
- 12 -
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microenvironment. Uncharged molecules diffuse passively across the cell membrane. Due to
a low extracellular pH, basic drugs that present an acid dissociation constant of 7.5-9.5 are
protonated and display decreased cellular uptake [26]. Active transport of some drugs such as
methotrexate is also hampered by acidic microenvironments [27]. Hypoxia and nutrient
deprivation inhibits cell proliferation and induces cell cycle arrest, conferring resistance to
therapy since anti-cancer drugs are more effective against fast proliferating cells [28]. Also,
ionizing radiation induces reduced DNA damage when oxygen is not present [23].

HIF pathway
One of the key regulators of hypoxic signalling are the hypoxia-inducible factors (HIFs)
proteins, which are responsible for the induction of genes that facilitate the survival of cells
under oxygen-limiting conditions (Figure 2) [29, 30]. HIF are transcription factors which have
an evolutionary conserved function to facilitate the response to decreases in availability of
oxygen in the cellular environment [31]. The HIF dimer is composed of an alpha and beta
subunit which are similar in structure. Both proteins contain an N-terminus domain (N-TAD)
for DNA binding, a central region which facilitates heterodimerization and a C-terminal
domain (C-TAD) which recruits coregulatory proteins essential for the transcriptional activity
of the dimer [32, 33]. Both N-TAD and C-TAD are responsible for HIF transcriptional
activity [34]. The HIF-α proteins consist of several members of which three, i.e. HIF-1α, HIF2α and HIF-3α, have been associated with cancer and are expressed in both the cytoplasm and
nucleus. In parallel, the HIF-1β protein is constitutively expressed and regulates the function
of HIF-α by binding to them and forming a transcriptionally active dimer [35, 36].
Independently of the oxygen levels, HIF-α are constitutively transcribed upon the activation
of a series of signalling events in cells [38]. Moreover, all HIF-α subunits contain an oxygendependent degradation domain (ODDD) in their structure which is important in mediating
oxygen regulation stability [37]. When oxygen is present, HIF-α undergoes rapid
ubiquitination and subsequent proteasomal degradation in a pathway involving the von
Hippel−Lindau protein (pVHL), which is member of the E3 ubiquitin protein ligase family
[39]. HIF-α contains two prolyl residues (P402/ P564) located in the ODD domain which were
found to be good substrates for prolyl-4-hydroxylases (PHDs) or HIF-1 prolyl hydroxylases
(HPH). These enzymes require oxygen for their hydroxylation action, besides other cosubstrates such as iron and ascorbate [37]. Moreover, an extra residue in the ODDD (lysine,
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K532) is acetylated by an acetyl transferase enzyme called arrest-defective-1 (ARD-1) [40].
Hydroxylated HIF-α subunits are recognized by pVHL and subsequently marked for
proteolytic degradation [41]. Under hypoxic conditions, the activity of the oxygen dependent
PHDs is inhibited and the ODD domain cannot be hydroxylated nor acetylated resulting in the
stabilization of the HIF-α subunit and dimerization with HIF1-β. Once active, the dimer can
travel into the nucleus and together with the co-factor P300 bind to the hypoxia response
elements (HREs) into the regulatory elements of target genes [42]. Active HIF complex in the
nucleus will trigger the expression of several hypoxia-related genes crucial for the adaptation
to low-oxygen levels [43]. For instance, glucose uptake increases by inducing the expression
of glucose transporter 1 (GLUT-1) and thus increases the intracellular levels of glycolytic
substrate [44]. Angiogenesis is also induced by the expression of vascular endothelial growth
factor (VEGF), which stimulates the generation of blood vessels increasing oxygen supply
[45]. Also, both carbonic anhydrase IX (CAIX) and monocarboxylate transporter 4 (MCT-4)
play a crucial role in regulating intracellular pH. High MCT-4 activity, in turn, removes the
elevated concentration of lactate produced during glycolysis [46].

FIGURE 2: Schematic representation of the HIF-pathway. The HIF pathway is regulated
by oxygen levels and triggers the expression of multiple hypoxia-related genes. In normoxic
conditions, HIF-1α binds to VHL at specific proline residues leading to proteosomal
degradation. During hypoxia, HIF-1α no longer binds to VHL and accumulates. This leads to
the binding with HIF-1β and together form a transcriptionally active dimer which triggers the
activation of several hypoxia-response genes such as CAIX, MCT and GLUT-1.
- 14 -
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Hypoxia and metabolic adaptation in cancer
In order to survive, hypoxic cells switch to a more glycolytic phenotype by upregulating
several enzymes from the glycolytic pathway, resulting in the acidification of the extracellular
environment (Figure 3) [47]. Due to the lack of oxygen, the production of adenosine
triphosphate (ATP) by oxidative phosphorylation (OXPHOS) is significantly decreased and
thereby has to be compensated by actively upregulating the glycolytic pathway. This
metabolic switch results in a decrease of ATP production per mol of glucose (glycolysis
produces 2 mol ATP/mol glucose, whereas OXPHOS produces 36 mol ATP/mol glucose)
[48]. The enhanced glycolytic rate increases the intracellular amounts of lactate and CO2,
contributing to an acidic pH. Hypoxic cells compensate the excess of intracellular
acidification by upregulating the expression and activity of certain lactate transporters, such
as the monocarboxylate transporter 4 (MCT4) [49]. Lactate is excreted from the cells
resulting in extracellular acidification that contributes to malignant phenotype in cancer [50]
[51]. Another key protein in acid/base regulation is CAIX, which catalyses the hydration of
CO2 to HCO3− + H+, leading to intracellular alkalization and extracellular acidification [52].
Glycolysis also stimulates the activity of the sodium-hydrogen exchanger 1 (NHE-1) which
enhances extracellular acidification by exporting protons out from cells. The extracellular
bicarbonate generated by CAIX is transported back into the cell by sodium bicarbonate
transporters (NBC) and anion exchangers (AE). CAII is an intracellular protein that uses the
intracellularly transported bicarbonate as a buffer forming a metabolon with CAIX, thus
converting the bicarbonate and intracellular protons back to water and carbon dioxide [53]
[54]. Glucose supply is critical for the maintenance of cancer cells not only to generate
cellular ATP, but also supply biosynthetic building blocks such as ribose-PP and precursors of
nucleotides and amino acids. Low glucose availability can be compensated by enhancing
glucose transport inside the cell, but also increasing the conversion of glycogen into glucose
in cancer cells which helps maintaining cell viability and proliferation [55]. In contrast with
the enhanced glycolytic activity, several studies have demonstrated that the stabilization HIF
proteins reduce both the tricarboxylic acid cycle (TCA) and OXPHOS, thereby protecting
cancer cells from the generation of reactive oxygen species (ROS) that cause DNA damage
[56]. Besides, HIF also negatively regulates mitochondrial biogenesis resulting in a further
decrease of OXPHOS capacity and ROS in hypoxic cells [57]. Mitochondrial autophagy is
one of the mechanisms proposed to explain the reduction of mitochondrial mass in cancer
cells [58]. The stabilization of HIF proteins originated by a lack of oxygen in cells thereby
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affect genes involving glucose uptake, glycolysis and other metabolic pathways necessary to
re-stablish the levels of ATP needed for cells to survive.
Recent studies demonstrated that both HIF-1α and HIF-2α proteins also play an important role
in lipid metabolism [59, 60]. As with glucose metabolism, cancer cells show an altered
regulation of many pathways involving lipid transport and metabolism. Lipids are molecules
which are important in all organisms due to their structural and functional roles in cells.
Lipids are not only the major components of cellular membranes but also an important source
of energy. In cancer, due to the active proliferation rate and high need of energy, cells require
more production of fatty acids necessary for the synthesis of cellular membranes and lipid
storage [61]. The accumulation of intracellular lipids in cells leads to the generation of a
cellular organelle, the lipid droplets (LD). LD are associated with various malignant
phenotypes such as endoplasmic reticulum (ER) stress, ROS scavenging and drug resistance
[62]. Under hypoxic conditions, the flux from Acetyl-CoA into fatty acid in the cytoplasm is
increased by the synthesis of carbohydrate precursors generated via the glycolytic pathway.
Furthermore, hypoxia has been shown to inhibit lipid catabolism thus increasing the
accumulation of LD in cells [63]. Disorders in lipid regulation has been seen in many types of
solid tumors, such as liver [59], pancreas [64] and colon [65] in which hypoxia is present.
Previous studies showed that hypoxia-induced lipid accumulation relies on HIF-1α and HIF2α in cancer cells [66, 67]. However it is still not clear what the real contribution of both
proteins is in these phenotypes.
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FIGURE 3: Schematic representation glucose and lipid metabolic pathways in relation
with HIF activation. HIF-1 activates transcription of transporters and enzymes regulating
glycolysis and other metabolic pathways. HIF-1–regulated transporters and enzymes are
shown in boxes. CAIX, carbonic anhydrase IX; GLUT1, glucose transporter 1; NHE1,
sodium-hydrogen exchanger 1; ROS, reactive oxygen species; TCA, tricarboxylic acid cycle;
HK, hexokinase; LDHA, lactate dehydrogenase A; MCT4, monocarboxylate transporter 4.

Hypoxia on radiation response
The first studies on radiation response were performed by Schwarz as far as back as the early
1990s, in which he demonstrated that radiotherapy was less effective in less perfused areas
from the skin. Later studies by Müller showed that tissues in which perfusion was stimulated
with diathermia (a commonly used muscle relaxer) were more responsive to radiotherapy.
These studies were the first proof indicating that a sufficient blood supply is needed for an
- 17 -
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adequate radiation response. Eventually this led researchers to confirm that hypoxia exists in
human cancer as a result of lack of oxygen [68] and that oxygen deficiency is the main cause
of radiotherapy failure [69].
Tumor hypoxic fraction has been negatively correlated with prognosis in cancer patients that
undergo radiotherapy [70, 71]. Oxygen is an electron-affinic molecule that participates in the
chemical reaction that stabilizes the damage in the DNA upon exposure with ionizing
radiation [72]. Irradiation primarily induces water ionization leading to the formation of OH•.
radicals which reacts with the DNA resulting in DNA damage. Oxygen, in turn, stabilizes the
damage produced in the DNA by changing its chemical composition. In the absence of
oxygen, damage produced by the free radicals may be repaired by the intrinsic DNA damage
response (DDR) [73]. Therefore, oxygenated cells during radiation show a more
radiosensitive phenotype than cells that are poorly oxygenated at the time of radiation.
Metabolic reprogramming caused by hypoxia contributes in the generation of metabolites and
other molecules, such as lactate [74] and pyruvate [75], that protect the cells from ionizing
radiation and promoting cell survival [76]. These molecules are capable of quenching ROS
and other reactive DNA damage molecules generated by radiation, thus decreasing their
harmful effects on the DNA. Certain antioxidant molecules generated during this metabolic
switch reduce the consequences of radiation exposure, reducing DNA damage and thus
increasing cell survival [77]. For instance, the substantial increase of lactate production during
hypoxia allows the scavenging of ROS molecules generated after radiation exposure due to
the antioxidant properties of lactate [78, 79] [74].

Another mechanism to explain this

phenomenon is that HIF proteins protect endothelial cells from apoptosis induced by
radiotherapy and promote their survival via induction of vascular endothelial growth factor
(VEGF) [80]. However, due to an excessive VEGF signal, tumor vessels are leaky and poor
functional which causes a further reduction of oxygen perfusion in tumor cells [81].
Previous research has also demonstrated that irradiation alone is capable of stabilizing the
HIF proteins even when oxygen is present. For instance, HIF stability may occur upon
irradiation through a direct interaction between the head shock protein 90 (Hsp90) and HIF1α [82]. Also, the activation of different proteins from the DNA damage response pathway,
such as ATR/ATM, leads to the phosphorylation of the HIF-1α protein which prevents its
degradation [83, 84]. Furthermore, it has been described that ROS itself is capable of inducing
HIF-1α stabilization by attenuating its degradation and enhancing its transcriptional activity
[85].
- 18 -
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HIF as a target for cancer treatment
Considering the multiple roles of the HIF pathway on several aspects of cancer, many years of
research have focused on developing HIF inhibitors and some of them are currently under
investigation in clinical trials. Many HIF inhibitors, mainly against HIF-1α and HIF-2α, are
therefore being designed, which are hypothesized to lead to total or partial suppression of the
HIF pathway and tumor-specific cell death [86]. These inhibitors are classified in different
types depending on their mechanism of action: Interfere with mRNA transcription, protein
translation, degradation and dimerization, DNA binding and transcriptional activity of HIF.
Some of the agents may target more than one mechanism and also both HIF-1α and HIF-2α
proteins at the same time. EZN-2698 is a commonly used anti-sense oligodeoxynucleotide
molecule comprised of 16 nucleotide residues which binds to the mRNA of HIF-1α with high
affinity causing its downregulation and consequent reduction of HIF-1α protein levels [87].
Although the mechanisms underlying HIF-1α translation are still poorly understood, several
agents have been shown to suppress the synthesis of HIF proteins via unknown or indirect
mechanisms. For instance, the inhibition of topoisomerase I and II [88, 89], receptor tyrosine
kinase [90], cyclin-dependent kinase [91] and microtubule disrupting agents [92] were shown
to promote HIF-1α inhibition through different mechanisms. Hsp90 is a cellular chaperone
essential for the correct folding and localization of proteins that when inhibited promote HIF
degradation in a VHL-independent manner [93]. Several other drugs are currently being
investigated for its inhibitory effect on HIF; unfortunately no drugs targeting HIF have been
approved for treating cancer patients due to safety and limited therapeutic efficacy.
Nevertheless, there are currently many HIF targeting drugs under clinical evaluation for
different kinds of cancer. Furthermore, the depletion of one HIF subunit could activate a
compensatory mechanism by increasing the levels of the other one, leading to a more
aggressive phenotype and drug resistance [94, 95]. Therefore, developing agents that
simultaneously target both HIF-1α and HIF-2α proteins might increase the therapeutic
efficacy of HIF inhibitors. The lack of patient selection also contributes to the failure in
clinical trials since many of these studies test the efficacy of HIF inhibitors regardless of the
expression levels of HIF in tumors.
In summary, the HIF pathway mediates the response to hypoxia and is required for cancer
stem cell function [96]. Another potential candidate for CSC maintenance is Notch, which
plays an important role in regulating functions and features of stem cells such as self-renewal
and differentiation [97]. Additionally, these pathways interact through different mechanisms.
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Firstly, HIF induces the expression the Notch ligand JAGGED2 [98] and Delta4 [99], leading
to the stimulation of the Notch signalling pathway. Secondly, HIF requires the activation of
Notch signalling to promote the undifferentiated cell state of some cell types such as
myogenic and neuronal progenitors. This process is effective through a direct binding of HIF1α with the intracellular domain of NOTCH in the nucleus, leading to its stabilization and
further activation of relevant target genes [100].

The Notch pathway
The Notch pathway is a highly conserved signalling system which operates in multicellular
eukaryotic organisms and it is important for spatial patterning, morphogenesis and
homeostasis. Notch signalling regulates activities that have key roles during embryonic
development and also in tissue maintenance of adult tissues [101]. In mammals, the NOTCH
pathway consists of 4 NOTCH receptors (NOTCH 1-4) which are located on the surface of
the cellular membrane. The 4 receptors interact with five membrane-anchored ligands from
the Delta (Dll1, 3 and 4) and Jagged (Jagged1 and 2) family which are expressed on
neighboring cells [102]. Cells communicate with each other via direct physical contact and
stimulate multiple cellular processes like differentiation, proliferation and apoptosis [101].
The Notch signalling pathways is often deregulated in many inherited developmental and
adult onset syndromes [103]. For instance, NOTCH is often mutated in certain types of cancer
leading to the over activation or repression of the pathway [104].
The NOTCH receptors encode single-pass transmembrane receptors that are located on the
cell surface. Maturation and activation of the NOTCH receptors (Figure 4) rely on the activity
of three distinct proteolytic processing steps which cleave NOTCH at distinct sites [105]
[106]. NOTCH receptor maturation begins in the cytoplasm. NOTCH receptor precursors
need to undergo cleavage at Site-1 (S1) in the trans-golgi network by a Furin-like protease.
This first cleavage results in the formation of a heterodimeric Type 1 receptor with the Notch
extracellular domain (NECD) bound non-covalently to a transmembrane and intracellular
fragment (TMIC) at the cell surface [107-109]. Subsequently, the mature NOTCH receptor is
transported to the cellular membrane which can bind to ligands expressed at the surface of
neighbouring cells [109]. In the absence of stimulation by ligand, NOTCH receptors are kept
in an off state called the auto-inhibitory state. This state keeps the NOTCH receptor in a
closed conformation which protects the receptor from proteolytic cleavage at the site 2 (S2)
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[110]. Upon ligand binding, the receptor changes into an unfolded state allowing the cleavage
at S2 by A Disintegrin And Metalloprotease 10 (ADAM10) and releasing the ectodomain of
the receptor (NECD) into the extracellular matrix [105]. Next, transendocytosis of NECD into
Delta-expressing cells occurs and results in notch proteolytic activation independently of
ADAM cleavage [111]. Immediately after the removal of the large NOTCH ectodomain by
ADAM10, NOTCH1 receptor is cleaved by the γ-secretase complex at site 3 (S3) which is
located at valine 1744 [112]. S3 cleavage can be prevented using γ-secretase inhibitors (GSI)
which specifically target the catalytic activity of the γ-secretase complex [113]. The γsecretase complex is responsible for the cleavage of a series of membrane proteins, such as
the Amyloid Precursor Protein (APP). An aberrant cleavage results in the generation of a
pathologic amyloid peptide Aβ (Aβ42), which is the main constituent of the amyloid plaques
in the brains of patients suffering from Alzheimer’s disease. The polytopic GS enzyme is
composed of four proteins Nicastrin (NCT), Presenilin (PSEN), Presenilin-enhancer 2 (PEN2) and Anterior Pharynx-Defective 1 (APH1). Both PSEN and APH1 subunits present two
different paralogs (PSEN1, PSEN2, APH1A, APH1B) that are encoded by different genes and
are capable of forming an active complex [114]. Different subunit combination result in four
possibilities of γ-secretase complexes, which may result in different affinities to their
substrates and different biological functions [115]. γ-secretase subunit composition regulates
the generation of different Aβ peptide profiles that will contribute to the accumulation of
pathological Aβ plaques [116]. NCT and PEN-2 are the only common subunits amongst the
different complex combinations. The PSEN subunit is essential for the proper assembly of the
complex, being also the catalytic subunit of the complex. PSEN is an enzyme with aspartyl
protease activity localized in the lipid bilayer that cleaves transmembrane domains of several
proteins such as NOTCH and APP [114]. The PEN-2 subunit controls the presenilinase
activity of PSEN. NCT participates in the assembly of the complex by stabilizing the PSEN
and PEN-2 subunits. The APH1 works as a scaffold protein binding the PSEN with the NCT
subunits. In particular, the PSEN subunit mediates the NOTCH cleavage at S3 leading to the
release of the Notch IntraCellular Domain (NICD) which translocates to the nucleus. Previous
findings showed that the γ-secretase complex cleavage at S3 can also occur in acidic
environments such as the endosomes and lysosomes [117]. Furthermore, recent findings
revealed that the PSEN2 isoform selectively cleaves endosomal localized substrates and
generates an intracellular Aβ pool which can contribute to Alzheimer pathogenesis [118]. The
location of the S3 cleavage determines the precision of cleavage and also the residue aimed by
the γ-secretase complex, which in acidic conditions occurs at serine 1747 [117] [119-121]. In
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the nucleus, the NICD binds to CSL and mediates the conversion from a transcriptional
repression complex to its activation resulting in transcriptional activation of the target genes
[122, 123].
NOTCH activation triggers the expression of several target genes involved in cell-cycle
regulation like cyclin D3 [124], cellular differentiation like Hes1 [125], stem cell maintenance
like Abcg2 [126] and metabolism like c-Myc [127]. The NOTCH pathway is thereby crucial
in regulating numerous down-stream signalling networks that if deregulated may generate a
pathologic phenotype such as cancer.

FIGURE 4: Schematic representation of Notch receptor proteolysis. The Notch receptor
is located in Golgi where S1 processing occurs by Furin. This results in the generation of a
heterodimeric receptor that is transported to the membrane as a mature form. When ligand is
present, the receptor undergoes a conformational change activating the Adam enzyme to
cleave the Notch receptor at S2, resulting in the shedding of the extracellular domain. S2
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cleavage is followed by a cleavage at S3 site mediated by the γ-secretase complex releasing
the intracellular domain of the receptor (NICD). S3 cleavage also occurs in acidic
environments such as the one in intracellular vesicles (IV), contributing to the total amount of
released NICD into the cytosol. The NICD will travel into the nucleus and activate several
Notch-related genes such as Hes1 and Hey1.

The role of Notch in lung development
Notch signalling is necessary in many tissues during embryonic development but also plays a
crucial role in adult tissue renewal and maintenance of several organs such as the intestine,
lung, nervous system and skin [128]. Understanding the roles of Notch regulation in these
organs is critical to comprehend the basic mechanisms of organ development and the possible
implications of Notch in disease.
Notch plays an essential role in coordinating events during lung development including
airway epithelial cell fate decision and alveogenesis. Notch promotes proximal cell fates in
early lung development, impacting on the differentiation of specific cellular lineages at the
different stages of human and mice development. For instance, Notch is a negative regulator
of pulmonary neuroendocrine cell (PNEC) differentiation by activating Hes1 which in turn
leads the differentiation of progenitors into other cell types [129]. Also, when constitutively
activated Notch1-NICD is expressed in distal lung epithelium, alveolar development is
completely abolished [130]. These processes are strictly regulated by the activation of the
different types of Notch receptor and ligand isoforms, such as Notch1, Notch2, Notch3,
Jagged1, Jagged2 and Delta1. Each of them is crucial for the induction of a specific cellular
lineage during the different stages of lung development. Multiple cell types participate in
giving and receiving signals that contribute in generating cellular responses related with
survival, proliferation, differentiation and cell fate [131]. Notch determines the cellular fate of
the cell populations covering the proximal airways in including club (formerly Clara cells),
goblet, ciliated and basal cells. The airway epithelium is maintained by progenitor cells from
which ciliated, goblet and club cells differentiate. Pulmonary function relies on the slow
renewal capacity of basal cells, which is required for ongoing maintenance of normal lung
structure. In turn, lung tissue needs rapid regenerative responses upon airway cell injury e.g
after radiation exposure. Abnormalities in the distribution and balance of the cell types
mentioned above affect the repair of airway epithelial cells leading to (irreversible)
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pathological processes such as pulmonary fibrosis, COPD and lung cancer. Notch signalling
is necessary for cell progenitor self-renewal and also for differentiation into secretory mucous
cells upon SO2 mediated airway epithelial injury. The effects of Notch signalling inducing
mucous cell differentiation is balanced by a reduction in the amount of ciliated cells [132,
133]. Other studies have shown that ROS is capable of activating Notch via Nrf2 signalling
[134]. The link Notch-ROS signalling is important for progenitor self-renewal by regulating
proliferative capacity, which is critical for maintaining a balance with the different cell types
in upper airways of human and mouse lungs.
Since Notch is necessary for proper tissue maintenance and cell fate, Notch inhibition affects
the ability of basal cells to differentiate into some cell types, hence inducing a pathological
balance of cell populations in the lung [135]. The proximal cartilagous respiratory tract
receives radiation in the course of treatment for lung, oesophageal, breast cancer and Hodgkin
lymphoma. Because Notch signalling has been shown to sensitize tumor cell to RT it would
be important to know what the response of normal irradiated tissue to Notch inhibition is. To
date there is not much information on how RT affects the regeneration of the upper airways
and how Notch signalling is involved.

Notch in cancer
Aberrant Notch signalling is documented to participate in various types of cancers through
activation or repression of the pathway. The first proof indicating that Notch plays a role in
cancer was described in patients with T cell acute lymphoblastic leukemia (T-ALL) [136]. TALL is a very aggressive form of cancer of the white blood cells which mainly occurs during
childhood. Gain of function mutations in NOTCH1 are frequently found in T-ALL (60% of
T-ALL patients) [137, 138]. Mutations in the HD domain of NOTCH lead to a conformational
change of the receptor, which allows an easier access to the S2 site to metalloproteases,
thereby resulting in the activation and cleavage of NOTCH independently of ligand [137].
Other mutations cause the disruption of the PEST domain in NOTCH, leading to a decreased
recycling and degradation of the active NICD fragment, prolonging an active NOTCH
signalling [137]. Other types of tumors such as lung adenocarcinoma [139] and glioblastoma
[140] also exhibit an oncogenic role of NOTCH. In contrast with the oncogenic activity of
Notch seen in T-ALL, solid tumors usually show a deregulated Notch signalling, which is due
to a loss of negative regulation or impaired expression of the Notch receptors and ligands.
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Furthermore, the cooperation of Notch with other signalling pathways like RAS, EGFR,
PI3K-AKT and JAK-STAT causes proliferative effects, malignant transformation and
promotes stem-cell like properties such as self-renewal and differentiation [104].
A role for aberrant Notch signalling has been characterized for many of the oncogenic
processes that take place in cancer [141]. The best-characterized oncogenic function of Notch
in human cancers is its ability to turn on programs of gene expression regulating cellular
energetics. In particular, Notch interacts with the pro-growth PI3K/AKT pathway in different
cell types conferring oncogenic activity. Akt phosphorylates a large number of substrates
regulating several oncogenic processes which include cell survival via inhibiting FOXO,
activating NF-κB and phosphorylating apoptotic regulators such as Bad [142]. Importantly,
mutations in the suppressor gene PTEN confer resistance to Notch inhibition treatment in Tcell leukemia [143]. Also, Notch directly regulates c-Myc expression, another master
regulator of progrowth metabolism. Interaction between Notch and c-Myc composes a feedforward-loop transcriptional regulatory motif regulating leukemic cell growth [127].
As explained above, Notch plays a crucial role in determining cell fate within multiple
progenitor cell types. Perturbation of Notch signalling might lead to hyperplasia of a specific
cell population, frequently at the expense of alternative fates [144]. Research from Lafklas, et
al. established a model for Notch regulating transdifferentiation of secretory cells into ciliated
cells upon Jagged inhibition. Additionally, due to its importance as a “stemness” factor,
several studies have found that Notch has a similar role in maintaining cancer stem cell
populations in different types of solid tumors such as brain [145], ovarian [146] and breast
cancer [147]. Notch signalling in solid tumors is also associated with cancer metastasis [148]
and therapy resistance [149, 150].

Notch as a target for cancer treatment
Notch inhibition is an interesting therapeutic strategy due to the observed deregulation in
many types of haematological malignancies and impaired expression and activity in solid
tumors. The NOTCH pathway can be inhibited at many levels by using different therapeutic
options. Blockade of total NOTCH signalling pathway can be achieved by inhibiting the
formation of NICD, which ultimately leads to the upregulation of downstream NOTCH target
genes. Thus, a pharmacological approach using GSIs to prevent the S3 cleavage of NOTCH
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will decrease total levels of NICD and consequently reduce the adverse effects due to
NOTCH deregulation [151]. This therapeutic strategy could be used either as a single agent or
in combination with targeted treatments, cytotoxic chemotherapy or radiotherapy for a subset
of cancer patients [152-154]. For instance, inhibition of human-Dll4 suppresses tumor growth
and synergizes with the antitumoral effect of the chemotherapeutic agent irinotecan in a
mouse model [155]. Dual Notch2 and Notch3 inhibition by tarextumab, as a single agent or in
combination with chemotherapeutic agents, exhibited tumor growth delay and decreased
tumor-initiating cell frequency [156]. Other promising strategies are currently being tested to
more efficiently inhibit Notch signalling diminishing its side-effects. Dll4-Notch signalling
mediated resistance to VEGF-inhibition treatment by inducing dysfunctional blood vessels in
tumors. The VEGF pathway interacts with DLL4-Notch signalling in regulating vasculature
generation. The abnormal blood vessels generated by DLL4 signalling no longer depend on
VEGF signalling leading to resistance against anti-VEGF treatment [157]. As a consequence,
the combination of specific DLL4-Notch blockade with radiotherapy improves the antitumoral effects of single therapies by promoting non-functional tumor angiogenesis and
extensive tumor necrosis [158]. Furthermore, monoclonal antibodies against DLL4 [159] and
NCT [160] can be used as an approach to target Notch signalling, showing at the same time
anti-tumoral effects. Other natural agents, such as 3, 3′-diindolylmethane (DIM), and
molecular inhibitors have been reported to be alternative strategies for cancer treatment via
repressing the Notch pathway [161, 162]. Targeting the Notch pathway could be a useful
strategy to enhance the efficacy of current treatment options. For example, Notch inhibition
combined with radiation therapy and the chemotherapeutic agent Temozolomide results in
anti-glioma stem cell effect which provides a survival benefit in orthotopic models of
glioblastoma [163]. Drug resistance is also a major cause for therapeutic failure in many types
of cancers, leading to recurrence, cancer progression and ultimately mortality. Monotherapy
anti-Notch treatment like for most treatments is not sufficient to induce tumor control or cure.
Combination therapies that have potent interactions with systemic treatments are more likely
to yield sustained anti-tumoral responses.
Although GSIs are efficient in blocking the NOTCH signalling pathway, animal studies have
demonstrated severe toxicity associated with inhibition of NOTCH signalling in the intestinal
epithelium [164]. Besides, prolonged Notch inhibitions can also lead to vascular
abnormalities and endothelium cancer [165]. A potential way to reverse intestinal toxicity is
to combine anti-NOTCH therapy with glucocorticoid treatment, thereby inhibiting the
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development of goblet cell metaplasia [166]. Another way to avoid GSI induced toxicity is by
targeting specific NOTCH receptors, thus reducing total NOTCH blocking [167]. Notch
inhibition therapy in combination with other therapeutic agents in selected patients might
result in a potentially improved cancer treatment by balancing anti-tumoral effect with doselimiting normal tissue complication.

Thesis outline
The aim of this thesis was to investigate the role of Notch and HIF proteins as targets for anticancer treatment and the possible implementation in a personalized treatment approach. HIF
expression is closely associated with the hypoxic areas of a tumor and is important for cell
survival at low nutrient and oxygen conditions. Together with the hypoxic-specific
expression, HIF might be a promising target for targeting CSC within the tumor. HIF
inhibition can modulate treatment efficiency through interacting with surviving and DDR
pathways, thereby it is very interesting to study the biological effects of inhibiting HIF in
combination with radiotherapy. In the second part of the thesis, new insights were obtained on
how Notch receptor is regulated by the γ-secretase complex and how its inhibition affects
normal tissue homeostasis. In Chapter 1, a general introduction is given on the general roles
of hypoxia and notch signalling in cancer, the mechanisms by which cells achieve resistance
to therapy as well as their potential role as therapeutic targets. In Chapter 2 the prognostic
significance of HIF-2α expression is first evaluated, since conflicting data exists in literature
about its prognostic value. Therefore, a meta-analysis has been performed, which included
selected literature based on specific criteria, to make a general conclusion about the
prognostic value of HIF-2α expression in cancer cells. In Chapter 3, we studied the roles of
HIF-1α and HIF-2α in radiation sensitivity and metabolic dependence in non-small cell line
cancer (NSCLC) cells. Therefore, we generated a genetically-engineered H1299 cell models
deficient on HIF-1α, HIF-2α or both proteins to obtain information on the ability of HIF
proteins in regulating different aspects of cancer disease and resistance to therapy. We
observed that HIF-1α and HIF-2α show overlapping and unique roles as regulators of several
aspects of tumor metabolism, such as OXPHOS, glycolysis or lipid metabolism. Besides,
single inhibition of HIF-1α expression increases clonogenic survival and reduces doublestrand break formation in cells irradiated under hypoxic conditions. Double- HIF-1α and HIF2α inhibition confers a radiosensitive phenotype in H1299 cells.
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γ -secretase dependent S3 cleavage activates Notch signalling at the cellular membrane. This
leads to the release of a transcriptional active-intracellular domain which travels to the
nucleus and mediates the transcription of Notch target genes. The γ-secretase complex
consists of four individual subunits that present different isoforms and affects the execution of
the proteolytic cleavage. In chapter 4 we focused on the ability of different isoform
combination of the γ-secretase complex in cleaving wild type and mutant Notch receptors.
Here, we observed that the different subunit composition of the γ-secretase complex generates
characteristic Notch cleavage profiles, which may aid in the development of Notch specific γ secretase inhibitors. To note, we showed that PSEN2:APH1B γ-secretase complex
combination cleaves oncogenic mutant Notch1 receptors more efficiently than wildtype Notch
receptors. This finding might lead to the development of specific inhibitors targeting
pathological Notch, leaving physiological notch signal intact. Notch signalling is necessary in
lung development but also plays a crucial role during tissue maintenance and repair e.g. after
radiation exposure. Therefore, in Chapter 5 we investigated the effects of inhibiting Notch in
irradiated primary bronchial lung epithelial cells derived from patients. Finally, Chapter 6
summarizes the previous findings from the earlier chapters and outlines the remaining
challenges to be addressed in future research.
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Abstract
Hypoxia-inducible factor-2α (HIF-2α) plays an important role in tumor progression and
metastasis. A number of studies have evaluated the correlation between hypoxia-inducible
factor-2α (HIF-2α) overexpression and clinical outcome in cancer patients but yielded
inconsistent results. To comprehensively and quantitatively summarize the evidence on the
capability of HIF-2α to predict the prognosis of cancer patients with solid tumors, a metaanalysis was carried out. Renal cell carcinoma (CC-RCC) was separately analyzed due to an
alternative mechanism of regulation. Systematic literature searches were performed in
PubMed and Embase databases for relevant original articles until Feb 2018. Forty nine studies
with 6,052 patients were included in the present study. The pooled hazard ratios (HRs) with
corresponding confidence intervals (CIs) were calculated to assess the prognostic value of
HIF-2α protein expression in tumor cells. The meta-analysis revealed strong significant
negative associations between HIF-2α expression and five endpoints: overall survival (HR =
1.69, 95% confidence interval (95%CI) 1.39–2.06), disease-free survival (HR = 1.87, 95%CI
1.2–2.92), disease-specific survival (HR = 1.57, 95%CI 1.06–2.34), metastasis-free survival
(HR = 2.67, 95%CI 1.32–5.38) and progression-free survival (HR = 2.18, 95%CI 1.25–3.78).
Subgroup analyses revealed similar associations in the majority of tumor sites. Overall, this
data demonstrate a negative prognostic role of HIF-2α in patients suffering from different
types of solid tumors.

- 42 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

Introduction
Hypoxia is a common feature of most of solid tumors resulting from an imbalance between
oxygen supply and consumption by tumor cells. Hypoxic tumor areas are characterized by a
disrupted vasculature causing inefficient oxygen and nutrient supply to neighboring cells [1].
Hypoxia is one of the key factors in inducing the development of resistant cells with an
aggressive phenotype [2], which leads to poor prognosis in patients and decreases the efficacy
of chemoradiotherapy [3, 4]. Accurate measurement of tumor hypoxia in patients together
with the design of novel anti-hypoxia treatments has largely been a major goal in cancer
research [5-8].
Hypoxia triggers important cellular stress responses allowing tumor cells to survive under
extreme conditions, including the stabilization of the hypoxia inducible factor (HIF) proteins
[9, 10]. Under normoxic conditions, prolyl-hydroxylation promotes HIF-α degradation via the
von Hippel-Lindau (VHL) ubiquitin/proteasome pathway. Under hypoxia, this regulation is
suppressed, leading to the stabilization of three independent HIF-α subunits (HIF-1α, HIF-2α
and HIF-3α) that dimerize with the constitutively expressed HIF-1β and activate the
transcription of genes via HREs (Hypoxia Responsive Elements) in their promoter region.
The HIF-2α protein, also named endothelial PAS domain protein-1 (EPAS1), is equally
oxygen-regulated as its counterpart HIF-1α, and both present over 50% similarity in their
amino acid sequence identity [11]. In physiologic conditions, HIF-1α has a broad activity in
several tissues which contain hypoxic regions while HIF-2α is more restricted to specific cell
types from e.g. kidney, lung and heart [12]. HIF proteins distinctly contribute to the upregulation of genes involved in proliferation, glucose metabolism and angiogenesis and genes
involved in invasion and metastasis in different types of cancer [13]. HIF isoforms also differ
in their ability to promote treatment resistance in cancer by playing highly divergent or even
opposite roles, leading to distinct clinicopathologic features and prognosis [14]. Specific
activity of HIF-2α differently contributes to total HIF target gene expression among many
types of cancers, which may influence the characteristics of these tumors and the outcome of
patients [15]. To date, much effort has been made to better understand the roles of HIF-2α in
cancer and the consequences for patients suffering from high-HIF-2α expressing tumors. So
far, there is clear evidence suggesting that HIF-2α is a crucial protein for the development and
progression of many types of cancer. Indeed, HIF-2α seems to be crucial in regulating
multiple aspects in cancer, including cell proliferation, apoptosis, epithelial to mesenchymal
transition, cell metabolism, angiogenesis and resistance to therapy [16, 17]. Hypoxia-induced
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HIF-2α expression and its subsequent chain of events make this protein a relevant marker of
tumor hypoxia and a promising target for anti-cancer therapies with novel inhibitors.
Several clinical studies describe the prognostic value of HIF-1α in cancer, including the
elaboration of many meta-analyses for several kinds of cancer and different HIF-1α
polymorphisms [18-20]. For some of the clinical studies included in these meta-analyses,
prognostic data on HIF-2α can be found which often differed from HIF-1α data [21]. In
addition, other studies specifically looked at the role of HIF-2α independently of HIF-1α
expression. Nonetheless, many discrepancies are seen among the investigations that were
performed during the last years, in which HIF-2α has been reported to be either a positive or
negative prognostic factor in cancer. The purpose of this meta-analysis was to provide an
updated comprehensive analysis regarding the prognostic value of HIF-2α expression in solid
tumors.
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Methods
Literature Search
The research question of this meta-analysis was defined as follows: “what is the prognostic
value of tumoral HIF-2α expression in patients with solid tumors?” Meta-analysis included
patients with solid tumors of different types (Table 1) independent of stage and/or grade or
treatment modality. Various treatment outcomes (see below) were compared between patients
with high and low tumoral HIF-2α expression. PubMed and Embase were used to identify
studies that investigated the prognostic significance of HIF-2α in solid tumors to be included
in the present meta-analysis. The search for literature was performed including papers
published until 1st of February 2018. Three main key words were identified to address the
research question of this meta-analysis, i.e., prognosis, cancer and HIF2. Several
combinations of the selected keywords (in any of the formulations or truncations) were tested
as free text searches to identify potential articles to be included in this meta-analysis
(Supplementary file 1). A total of 636 papers were identified from both databases (Figure 1).
Screening of Papers
Three independent reviewers assessed the eligibility of the studies. The first round of
screening was based on the title and abstract (EMR and AG). 99 review articles without
original data, conference records, commentaries, meta-analyses, editorials, or book chapters
were excluded, as were 10 over-lapping or non-English papers. The total number of papers for
further screening was thereby reduced to 527 (Figure 1). The second round consisted of a
detailed evaluation of the full-text (EMR and AY).
In order to be included in the meta-analysis, a study had to fulfil predetermined
inclusion/exclusion criteria: 1) only solid primary tumors of various types were included, 2)
all endpoints were included with the minimal median follow-up of 1 year, 3) all treatments
were included, 4) none of the patient populations were excluded by distinctive diagnosis,
tumor grade or stage and 5) pre-treatment protein expression by immunohistochemistry was
the only technique for HIF-2α detection included. Discrepancies between the included papers
by both reviewers were discussed and consensus was reached on all. A total of 49 papers were
included in the meta-analysis (Figure 1) [21-69].
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Data extraction
Reported parameters were extracted from each paper, i.e., the number and origin of patients,
treatment modalities, tumor organ, tumor stage, tumor type, group dichotomization, antibody
supplier, expression pattern, cellular localization, positivity in macrophages and outcome
variables (see below). The univariate hazard ratio (HR) and 95% confidence interval (95%
CI) were directly obtained from the information available in the text. If not reported, the
method from Tierney et al. was used to calculate HR and thereby assess prognostic value of
HIF-2α expression [70]. Multivariate HR was only considered when the univariate HR could
not be estimated. Authors were contacted to obtain additional data when not all the
information was reported for estimating HR.
Kidney cancer was excluded from the main analysis because the loss of the von HippelLindau (VHL) gene, a common mutation in CC-RCC, results in the stabilization of HIFs
independent of oxygen, i.e. an alternative mechanism of HIF-2α activation in cancer absent in
the majority of other solid tumors [74]. Therefore prognostic value of HIF-2α in this tumor
type has been analyzed separately.
Quality assessment
The methodological quality of the included papers was evaluated with an adjusted version of
the Newcastle–Ottawa scale (NOS) to better suit the study design of the included papers
(Supplementary file 2) [71]. The NOS was proposed in the 2011 version of the Cochrane
Collaboration handbook being an easy method to evaluate the methodological quality of
cohort studies (available at http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp).
Statistical Analysis and Sensitivity Analysis
Distribution and frequencies of the extracted data parameters were analyzed using SPSS
(version 22). Meta-analysis was performed using R statistical software with the Metafor
Library (version 2.0-0) [72]. Fixed-effect modeling was performed when no statistical
significant heterogeneity between studies was observed. When the heterogeneity between
studies was statistically significant (p<0.05), random-effects modeling was applied based on
the DerSimonian and Laird method [73]. The inverse variance of each study was used to
assign an independent weight value. Six different endpoints were considered for the analysis:
overall survival (OS), disease-free survival (DFS), locoregional control (LC), disease-specific
survival (DSS), metastasis-free survival (MFS), and progression-free survival (PFS). OS is
- 46 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

based on death at any cause. In DFS the event is relapse rather than death and is used to
analyze the results of the treatment for the localized disease. LC evaluates the mobility and
control of the primary tumor site. When assessing DSS, we evaluate the amount patients
which died from a specific disease in a defined period of time. In MSF is the event of
metastasis rather than death for patients diagnosed with cancer. Finally, the event of PFS
refers to the progression of the disease meaning that it gets worse or progresses, or the patient
dies from any cause.
Sensitivity analysis was performed by analyzing subgroups of studies based on organ site. We
assessed the possibility of publication bias and heterogeneity among studies by generating and
visually analyzing funnel plots. Asymmetric funnel plots and studies outside the pyramid
suggest heterogeneity between them.
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Results
This meta-analysis includes a total number of 6,052 patients across 49 independent studies
[21-69]. The median follow-up time ranged between 27 and 391 months and mostly included
only a small number of patients (median 90, range 21 – 695). Selected papers were published
between 2001 and 2017 of which 56% were published after 2010. Depending on the study,
patients followed different treatment schedules. In most of the selected studies patients were
treated with surgery alone (56%), in combination with either chemotherapy (8%) or standard
radiotherapy (10%), or a combination of all three modalities (14%). Other treatment
alternatives such as hormonal therapy and tyrosine-kinase inhibitors were used in 8% of the
studies. Overall, the majority of the patients (61%) were treated with surgery alone. Most
studies report on head and neck and kidney cancer patients (both 18%) followed by colon,
liver, pancreas and lung cancer patients (all of them 8%). By contrast, cancers of the bladder,
cartilage, cervix, endometrium, ovarium and salivary glands were only described once.
Immunohistochemical staining of HIF-2α was most commonly performed using the EP190b
Ab (38%) from Novus Biologicals. Other studies used anti-HIF2α antibodies obtained from
other suppliers. Cytoplasmic expression of HIF-2α was described in 14% of the studies and
18% were positive in the nucleus. A combination of both positive cytoplasmic and nuclear
staining was reported in 46% of the studies. HIF-2α expression was quantified using different
methods and patient stratification into groups with low and high tumoral HIF-2α expression
was performed using different thresholds. Taken together, 45% of the total tumors were
classified as expressing high levels of HIF-2α. Also, 26% of these studies stated positive
staining in macrophages.
Overall, patients suffering from tumors with high HIF-2α expression had a worse treatment
outcome (Figure 2). This association was significant for OS (p<0.0001), DFS (p=0.0057),
DSS (p=0.0249), MFS (p=0.0061) and PFS (p=0.0058). No association was found between
HIF-2α expression and locoregional control (p=0.1281). Sub-group analyses based on tumor
type and treatment option were not performed due to the low number of studies. Studies on
renal cell cancer were eliminated from the overall HR estimation as HIF-2α plays a different
role in this cancer type [74]. Funnel plots demonstrated systematic heterogeneity for almost
all the endpoints. This can be due to publication bias, variation across the reports or small
number of studies (Supplementary Figure 1).
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Overall Survival
A total of 38 from the selected 49 studies investigated the association between HIF-2α and
OS. All the necessary information to estimate the HR could not be obtained from 2 papers and
were therefore not included in the analysis (Supplementary Table 1) [21, 23, 24, 26-31, 33-35,
37-39, 41-43, 45, 46, 48, 49, 51, 52, 54-57, 59, 60, 62-69]. Based on these studies, high HIF2α expression was statistically significantly associated with a decreased OS (HR = 1.69,
95%CI 1.39–2.06, p < 0.0001, Figure 3). Sub-group analysis based on the different organ sites
indicated a similar negative association between tumoral HIF-2α expression and OS: head and
neck (HR = 1.55, 95%CI 1.24–1.92, p<0.0001), lung (HR = 2.15, 95%CI 1.65–2.81,
p<0.0001), stomach (HR = 1.71, 95%CI 1.25–2.32, p=0.0007) and pancreas (HR = 2.11,
95%CI 1.38–3.24, p=0.0006). In contrast, no association between tumoral HIF-2α expression
and OS was observed for breast (HR = 1.18, 95%CI 0.95–1.47, p=0.1225), colon (HR = 1.46,
95%CI 0.7–3.07, p=3121), liver (HR = 1.06, 95%CI 0.43–2.61, p=0.89) and kidney (HR =
0.61, 95%CI 0.27–1.35, p=0.2239) cancer (Table 1).
Disease-Free Survival
Effect of pre-treatment expression of HIF-2α on DFS could be evaluated in 6 studies [36, 37,
54, 66, 67, 69]. Overall, high HIF-2α expression was significantly associated with a decreased
DFS (HR = 1.87, 95%CI 1.2–2.92, p = 0.0057, Figure 4). Sub-group analysis indicated that
elevated HIF-2α levels were marginally significantly associated with DFS in head and neck
cancer (HR = 1.41, 95%CI 0.99–2, p=0.0577) (Table 1).
Disease-Specific Survival
A total of 12 studies evaluated the association of HIF-2α expression with DSS, of which 2
studies provided incomplete data to estimate the HR (Supplementary Table 1) and 3 were
excluded for being CC-RCC. In the remaining 7 studies, patients suffering from tumors with
high HIF-2α had significantly shorter DSS (HR = 1.57, 95%CI 1.06–2.34, p = 0.0249, Figure
5) [24, 25, 32, 34, 35, 47, 49, 50, 53, 58, 61, 66]. Sub-group analysis by organ site revealed
not association between high HIF-2α expression and worse DSS in tumors of the head and
neck (HR = 1.45, 95%CI 0.8–2.64, p=0.2219) and kidney (HR = 1.21, 95%CI 0.57–2.6,
p=0.6138) cancer (Table 1).
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Locoregional-Control
Ten studies were included to analyze the association of HIF-2α expression with risk of
locoregional control. High tumoral HIF-2α expression was not associated with a higher risk of
locoregional recurrences compared to patients with low expression of HIF-2α in tumors (HR
= 1.31, 95%CI 0.92–1.86, p = 0.1281, Figure 6) [35, 40, 44-46, 52, 56-59]. However, subgroup analysis for the association between high HIF-2α expression in tumors and worse LC
was significant in head and neck tumors (HR = 1.94, 95%CI 1.43–2.63, p<0.0001). No
significant association was observed in kidney tumors (HR = 0.54, 95%CI 0.11–2.57,
p=0.4409) (Table 1).
Metastasis-Free Survival
Based on the available data reported in 2 studies, we analyzed the relationship of HIF-2α
expression with MFS [53, 57]. We found that the pooled HR for MFS was 2.67 (95%CI 1.32–
5.38, p = 0.0061), indicating that HIF2α expression is a negative prognostic factor for MFS in
patients with prostate and salivary gland cancer (Figure 7). In kidney cancer, one paper
reported an inverse correlation between HIF-2α positivity and metastasis-free survival (HR =
0.08, 95%CI 0.03–0.27, p<0.001 [23].
Progression-Free Survival
Progression-free survival was reported in 5 out the 49 included studies, of which 1 study
provided incomplete data (Supplementary Table 1) and 2 described patients with renal cell
cancer [29, 39, 48, 51, 53]. Similar to the other endpoints, PFS was significantly shorter (HR
= 2.18, 95%CI 1.25–3.78, p = 0.0058) in patients with tumors expressing high levels of HIF2α (Figure 8). In kidney cancers, this data showed no association between HIF-2α expression
and PFS (HR = 0.75, 95%CI 0.32–1.72, p=0.498) (Table 1).
High-Quality Papers
This meta-analysis used an adjusted version of the NOS to evaluate the quality of a study. The
scores of this quality assessment ranged between 1 and 7 stars, i.e. the maximum, awarded per
study. Approximately 78% of these studies were considered as high-quality studies, i.e., with
a number of stars greater or equal to 5.
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Discussion
There is growing evidence that overexpression of HIF-2α in cancer can contribute to
differences in treatment outcome between patients. Although HIF-2α oncogenic activity has
been proven, there is significant variability in its value as a biomarker for patient’s prognosis.
In view of its role in regulating oncogenic processes triggered by hypoxia, the evaluation of
its prognostic value in cancer is of great clinical importance, which may lead to a more
accurate patient prognosis and the generation of targeted therapies in the future. This metaanalysis is the first complete overview to summarize all reported clinical studies investigating
the impact of HIF-2α expression on treatment outcome in solid tumors.
Here we show that high HIF-2α levels in cancer are correlated with worse prognosis for OS,
DFS, DSS, MFS and PFS. No association between HIF-2α expression and locoregional
control was found. This data suggests that HIF-2α might not be involved in treatment
resistance directly but is indicative of more malignant phenotype with greater metastatic
potential. Sub-group analyses were performed to explore the source of heterogeneity based on
different organ sites. We found that this variable did not alter the prognostic value of HIF-2α
for most of the endpoints assessed.
We excluded CC-RCCs from the main analysis due to a different regulatory mechanism of
HIF-2α, which might affect the final outcome. A common mutation in CC-RCC is the loss of
the von Hippel-Lindau (VHL) gene, which results in the stabilization of HIFs upon normoxia.
This oncogenic process is specific for CC-RCC with an abundance of 80% in patients,
resulting in an alternative mechanism of HIF-2α activation in cancer [74]. However, the
negative prognostic value of HIF-2α does not change when CC-RCC is included in the overall
meta-analysis (data not shown). In CC-RCC, we found that HIF-2α is a positive prognostic
biomarker for metastasis-free survival only (Table 1). Subcellular localization might also
affect the prognostic significance of HIF-2α in CC-RCC as previously noted [75]. Their data
show that high cytoplasmic expression of HIF-2α was significantly associated with poor DSS
which is consistent with our findings. In contrast, high nuclear expression of HIF-2α is
associated with better DSS in patients (Supplementary Table 2). Therefore, it might be that
subcellular localization of HIF-2α is crucial in determining the prognostic value in CC-RCC
patients, which requires further investigation. Another study demonstrated that HIF-2α can be
used as a predictive biomarker related to drug selection for CC-RCC patients treated with
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Sunitinib and Sorafenib [51]. Therefore, assessment of sub-group categories is necessary to
better evaluate the prognostic and predictive value of HIF-2α in CC-RCC.
Previous studies have shown that increased infiltration of tumor-associated macrophages
(TAMs) in cancer patients is associated with worse overall survival [76]. In comparison with
normal macrophages, TAMs express high levels of HIF-2α, which seems to be an indicator of
poor prognosis in cancer patients [77]. Using in vivo models of acute inflammation, it has
been shown that HIF-2α expression in macrophages is essential for inflammatory responses
by regulating proinflammatory cytokine expression [78]. Together, these studies show that
HIF-2α tightly regulates macrophage functions, which in turn may impact the patient
prognosis. We excluded studies in which only macrophage data was reported, since the main
goal of this meta-analysis is to determine the prognostic role of HIF-2α expression in tumor
cells. To note, 26% of the studies included in this meta-analysis stated HIF-2α reactivity in
macrophages together with tumor cells.
The papers included in the current meta-analysis were all published between 2001 and 2018,
which is likely attributed to the fact that HIF-2α was first identified by independent groups a
few years earlier [79, 80]. First studies showed the importance of HIF-2α on the transcription
of hypoxia-regulated genes such as VEGF in endothelial cells, fibroblasts and epithelial cells.
In addition, researchers described the novel role of HIF-2α in comparison with the already
studied HIF-1α, its counteractive protein, in hypoxia and tissue homeostasis [80-83]. The
discovery of this new hypoxia-activated transcription factor encouraged research to further
evaluate the role of HIF-2α in vivo and during development in mice. Their data show that
HIF-2α displays a specific pattern of developmental expression at different embryonic stages
[84]. HIF-2α was thereby defined as a novel bHLH-PAS protein involved in the response to
hypoxia showing overlapping but also independent roles with HIF-1α. Basic HLH (helix–
loop–helix)–PER–ARNT–SIM (bHLH–PAS) proteins are a family of transcription factors,
which respond to environmental signals such as low oxygen levels. This family of proteins
is involved in dimerization, DNA binding and signal transduction [85]. Future studies
demonstrated that HIF-2α was expressed in a much larger number of cell types [86]. Apart
from its regulatory role in normal tissue homeostasis, HIF-2α was seen to be commonly
upregulated in a broad range of cancers and to contribute to multiple aspects of
tumorigenesis such as altered metabolism, angiogenesis, epithelial–mesenchymal transition
(EMT) and metastasis. This is supported by data showing that HIF-2α is involved in
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promoting resistance of tumor cells to several treatment modalities and increased patient
mortality [87]. The important role of HIF-2α in cancer prognosis is also supported by the
results of the current meta-analysis, which shows that patients with high HIF-2α expression
have shorter overall survival. HIF-1α protein, in turn, has been shown to induce more
aggressive phenotype in tumors cells by regulating similar cellular mechanisms [88].
Therefore, assessment of oxygen-sensing proteins in tumors prior and/or during therapy
may represent a powerful prognostic and predictive biomarker as well as important targets
for new anti-cancer treatments, which warrants further investigations.
Importantly, there is also the risk of encountering publication bias since positive results are
more likely to be published than negative ones. This meta-analysis identified a total of 49
studies of which 4 could not be included in final analysis because the HR could not be
estimated due to incomplete reporting. Three out of four studies stated non-significant
association between HIF-2α and outcome (Supplementary Table 1). Including these 4
papers in the analysis might therefore decrease the magnitude of the prognostic value of
HIF-2α expression reported here. Nevertheless, since the prognostic value of HIF-2α
expression is highly statistically significant and the number of excluded studies is very
low, we believe that the possible effect of publication bias on this association is negligible.
There are also other limitations in this meta-analysis. The approach of extrapolating the
HRs could potentially introduce the source of bias. First, when it was not possible to
extract HR directly from the article, survival curves were used to extract data to estimate
HR following the method of Tierney, et al. [70]. Second, significant heterogeneity was
found for most of the endpoints tested, which might confirm the high variability among
studies. Reduced variability could be achieved by better stratifying tumors into high and
low expressing. Third, the use of different antibodies with varying dilutions to detect HIF2α, different staining protocols, different scoring methods, sub-cellular localization and
cut-off values may contribute to heterogeneity. Finally, due to the lack of papers referring
to each specific endpoint, treatment modality and/or organ site, it is difficult to set a robust
outcome and achieve significant data for different sub-groups. Therefore, more highquality, large-sample, prospectively designed studies are needed to strengthen the prognostic
and predictive relevance of HIF-2α in solid cancers.
The results presented here clearly indicate that HIF-2α expression is associated with worse
prognosis in a global patient population and in some tumor sites. Altogether, the results of
- 53 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

this meta-analysis support the development of a clinical test to determine patient prognosis
and/or predict treatment outcome based on HIF-2α expression, although standardized
protocols remains to be developed and validated. While potent inhibitors targeting HIF-2α
are being translated into clinical trials for renal cancer [89] such predictive tests would be
crucial in advancing anti-HIF2 inhibitors not only in renal cancer but also in other solid
cancers.
Acknowledgements
This work was supported by a H2020 grant from the European Research Council (ERC-CoG,
617060) and the Kankeronderzoekfonds Limburg from the Health Foundation Limburg.

Author contributions
Study was conceived and designed by EM, AY and MV. Screening of papers and data
extraction was performed by EMR, AY and AJ. Statistical analyses were performed by RH.
Writing of the first draft of the manuscript was performed by EM. AY, RH, AJ, LD and MV
contributed to the writing of the manuscript.

Conflict of Interest Statement: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

- 54 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

References
1. Vaupel, P. and A. Mayer, Hypoxia in cancer: significance and impact on clinical
outcome. Cancer Metastasis Rev, 2007. 26(2): p. 225-39.
2. Gort, E.H., A.J. Groot, E. van der Wall, P.J. van Diest, and M.A. Vooijs, Hypoxic
regulation of metastasis via hypoxia-inducible factors. Curr Mol Med, 2008. 8(1): p. 60-7.
3. Rockwell, S., I.T. Dobrucki, E.Y. Kim, S.T. Marrison, and V.T. Vu, Hypoxia and
radiation therapy: past history, ongoing research, and future promise. Curr Mol Med,
2009. 9(4): p. 442-58.
4. Walsh, J.C., A. Lebedev, E. Aten, K. Madsen, L. Marciano, and H.C. Kolb, The clinical
importance of assessing tumor hypoxia: relationship of tumor hypoxia to prognosis and
therapeutic opportunities. Antioxid Redox Signal, 2014. 21(10): p. 1516-54.
5. Dubois, L.J., R. Niemans, S.J. van Kuijk, K.M. Panth, N.K. Parvathaneni, S.G. Peeters,
C.M. Zegers, N.H. Rekers, M.W. van Gisbergen, R. Biemans, N.G. Lieuwes, L.
Spiegelberg, A. Yaromina, J.Y. Winum, M. Vooijs, and P. Lambin, New ways to image
and target tumour hypoxia and its molecular responses. Radiother Oncol, 2015. 116(3): p.
352-7.
6. Hammond, E.M., M.C. Asselin, D. Forster, J.P. O'Connor, J.M. Senra, and K.J.
Williams, The meaning, measurement and modification of hypoxia in the laboratory and
the clinic. Clin Oncol (R Coll Radiol), 2014. 26(5): p. 277-88.
7. Pettersen, E.O., P. Ebbesen, R.G. Gieling, K.J. Williams, L. Dubois, P. Lambin, C.
Ward, J. Meehan, I.H. Kunkler, S.P. Langdon, A.H. Ree, K. Flatmark, H. Lyng, M.J.
Calzada, L.D. Peso, M.O. Landazuri, A. Gorlach, H. Flamm, J. Kieninger, G. Urban, A.
Weltin, D.C. Singleton, S. Haider, F.M. Buffa, A.L. Harris, A. Scozzafava, C.T. Supuran,
I. Moser, G. Jobst, M. Busk, K. Toustrup, J. Overgaard, J. Alsner, J. Pouyssegur, J.
Chiche, N. Mazure, I. Marchiq, S. Parks, A. Ahmed, M. Ashcroft, S. Pastorekova, Y. Cao,
K.M. Rouschop, B.G. Wouters, M. Koritzinsky, H. Mujcic, and D. Cojocari, Targeting
tumour hypoxia to prevent cancer metastasis. From biology, biosensing and technology to
drug development: the METOXIA consortium. J Enzyme Inhib Med Chem, 2015. 30(5): p.
689-721.
8. Yaromina, A., M. Granzier, R. Biemans, N. Lieuwes, W. van Elmpt, G. Shakirin, L.
Dubois, and P. Lambin, A novel concept for tumour targeting with radiation: Inverse
dose-painting or targeting the "Low Drug Uptake Volume". Radiother Oncol, 2017.
124(3): p. 513-520.
9. Eales, K.L., K.E. Hollinshead, and D.A. Tennant, Hypoxia and metabolic adaptation of
cancer cells. Oncogenesis, 2016. 5: p. e190.
10. Wouters, B.G. and M. Koritzinsky, Hypoxia signalling through mTOR and the
unfolded protein response in cancer. Nat Rev Cancer, 2008. 8(11): p. 851-64.
11. Ke, Q. and M. Costa, Hypoxia-inducible factor-1 (HIF-1). Mol Pharmacol, 2006.
70(5): p. 1469-80.
12. Akeno, N., M.F. Czyzyk-Krzeska, T.S. Gross, and T.L. Clemens, Hypoxia induces
vascular endothelial growth factor gene transcription in human osteoblast-like cells
through the hypoxia-inducible factor-2alpha. Endocrinology, 2001. 142(2): p. 959-62.
- 55 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

13. Carroll, V.A. and M. Ashcroft, Role of hypoxia-inducible factor (HIF)-1alpha versus
HIF-2alpha in the regulation of HIF target genes in response to hypoxia, insulin-like
growth factor-I, or loss of von Hippel-Lindau function: implications for targeting the HIF
pathway. Cancer Res, 2006. 66(12): p. 6264-70.
14. Shah, T., B. Krishnamachary, F. Wildes, Y. Mironchik, S.M. Kakkad, D. Jacob, D.
Artemov, and Z.M. Bhujwalla, HIF isoforms have divergent effects on invasion,
metastasis, metabolism and formation of lipid droplets. Oncotarget, 2015. 6(29): p.
28104-19.
15. Imamura, T., H. Kikuchi, M.T. Herraiz, D.Y. Park, Y. Mizukami, M. Mino-Kenduson,
M.P. Lynch, B.R. Rueda, Y. Benita, R.J. Xavier, and D.C. Chung, HIF-1alpha and HIF2alpha have divergent roles in colon cancer. Int J Cancer, 2009. 124(4): p. 763-71.
16. Wigerup, C., S. Pahlman, and D. Bexell, Therapeutic targeting of hypoxia and
hypoxia-inducible factors in cancer. Pharmacol Ther, 2016. 164: p. 152-69.
17. Bertout, J.A., A.J. Majmundar, and J.D. Gordan. HIF2α inhibition promotes p53
pathway activity, tumor cell death, and radiation responses. in Proceedings of the ….
2009.
18. Li, Y., C. Li, H. Shi, L. Lou, and P. Liu, The association between the rs11549465
polymorphism in the hif-1alpha gene and cancer risk: a meta-analysis. Int J Clin Exp
Med, 2015. 8(2): p. 1561-74.
19. Ren, H.Y., Y.H. Zhang, H.Y. Li, T. Xie, L.L. Sun, T. Zhu, S.D. Wang, and Z.M. Ye,
Prognostic role of hypoxia-inducible factor-1 alpha expression in osteosarcoma: a metaanalysis. Onco Targets Ther, 2016. 9: p. 1477-87.
20. Zheng, S.S., X.H. Chen, X. Yin, and B.H. Zhang, Prognostic significance of HIF1alpha expression in hepatocellular carcinoma: a meta-analysis. PLoS One, 2013. 8(6):
p. e65753.
21. Wu, X.H., C. Qian, and K. Yuan, Correlations of hypoxia-inducible factor1α/hypoxia-inducible factor -2α expression with angiogenesis factors expression and
prognosis in non-small cell lung cancer. Chinese Medical Journal, 2011.
22. Abel, E.J., T.M. Bauman, M. Weiker, F. Shi, T.M. Downs, D.F. Jarrard, and W.
Huang, Analysis and validation of tissue biomarkers for renal cell carcinoma using
automated high-throughput evaluation of protein expression. Hum Pathol, 2014. 45(5): p.
1092-9.
23. Szendrői, A., A.M. Szász, M. Kardos, A.M. Tőkés, R. Idan, M. Szűcs, J. Kulka, P.
Nyirády, M. Szendrői, Z. Szállási, B. Győrffy, and J. Tímár, Opposite prognostic roles of
HIF1a and HIF2a expressions in bone metastatic clear cell renal cell cancer. Oncotarget,
2016.
24. Baba, Y., K. Nosho, K. Shima, N. Irahara, A.T. Chan, J.A. Meyerhardt, D.C. Chung,
E.L. Giovannucci, C.S. Fuchs, and S. Ogino, HIF1A overexpression is associated with
poor prognosis in a cohort of 731 colorectal cancers. Am J Pathol, 2010. 176(5): p. 2292301.
25. Biswas, S., P.J. Charlesworth, G.D. Turner, R. Leek, P.T. Thamboo, L. Campo, H.
Turley, P. Dildey, A. Protheroe, D. Cranston, K.C. Gatter, F. Pezzella, and A.L. Harris,
CD31 angiogenesis and combined expression of HIF-1alpha and HIF-2alpha are
prognostic in primary clear-cell renal cell carcinoma (CC-RCC), but HIFalpha
- 56 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

transcriptional products are not: implications for antiangiogenic trials and HIFalpha
biomarker studies in primary CC-RCC. Carcinogenesis, 2012. 33(9): p. 1717-25.
26. Chen, C., Q. Ma, X. Ma, Z. Liu, and X. Liu, Association of elevated HIF-2alpha levels
with low Beclin 1 expression and poor prognosis in patients with chondrosarcoma. Ann
Surg Oncol, 2011. 18(8): p. 2364-72.
27. Ebru, T., O.P. Fulya, A. Hakan, Y.C. Vuslat, S. Necdet, C. Nuray, and O. Filiz,
Analysis of various potential prognostic markers and survival data in clear cell renal cell
carcinoma. Int Braz J Urol, 2017. 43(3): p. 440-454.
28. Gao, Z.J., Y. Wang, W.D. Yuan, J.Q. Yuan, and K. Yuan, HIF-2alpha not HIF1alpha overexpression confers poor prognosis in non-small cell lung cancer. Tumour
Biol, 2017. 39(6): p. 1010428317709637.
29. Garcia-Donas, J., L.J. Leandro-Garcia, A. Gonzalez Del Alba, M. Morente, I.
Alemany, E. Esteban, J.A. Arranz, M.A. Climent, E. Gallardo, D.E. Castellano, J.
Bellmunt, B. Mellado, J. Puente, F. Moreno, A. Font, S. Hernando, M. Robledo, and C.
Rodriguez-Antona, Prospective study assessing hypoxia-related proteins as markers for
the outcome of treatment with sunitinib in advanced clear-cell renal cell carcinoma. Ann
Oncol, 2013. 24(9): p. 2409-14.
30. Bangoura, G., Z.S. Liu, Q. Qian, C.Q. Jiang, G.F. Yang, and S. Jing, Prognostic
significance of HIF-2alphaEPAS1 expression in hepatocellular carcinoma. World Journal
of Gastroenterology, 2007.
31. Giatromanolaki, A., E. Sivridis, N.E. Bechrakis, G. Willerding, G. St Charitoudis,
M.H. Foerster, K.C. Gatter, A.L. Harris, and M.I. Koukourakis, Phosphorylated
pVEGFR2/KDR receptor expression in uveal melanomas: relation with HIF2alpha and
survival. Clin Exp Metastasis, 2012. 29(1): p. 11-7.
32. Giatromanolaki, A., E. Sivridis, C. Kouskoukis, K.C. Gatter, A.L. Harris, and M.I.
Koukourakis, Hypoxia-inducible factors 1alpha and 2alpha are related to vascular
endothelial growth factor expression and a poorer prognosis in nodular malignant
melanomas of the skin. Melanoma Res, 2003. 13(5): p. 493-501.
33. Giatromanolaki, A., M.I. Koukourakis, E. Sivridis, H. Turley, K. Talks, F. Pezzella,
K.C. Gatter, and A.L. Harris, Relation of hypoxia inducible factor 1 alpha and 2 alpha in
operable non-small cell
lung cancer to angiogenicmolecular profile of tumours and survival. British Journal of
Cancer, 2001.
34. Griffiths, E.A., S.A. Pritchard, S.M. McGrath, H.R. Valentine, P.M. Price, I.M.
Welch, and C.M. West, Hypoxia-associated markers in gastric carcinogenesis and HIF2alpha in gastric and gastro-oesophageal cancer prognosis. Br J Cancer, 2008. 98(5): p.
965-73.
35. Helczynska, K., A.M. Larsson, L. Holmquist-Mengelbier, E. Bridges, E. Fredlund, S.
Borgquist, G. Landberg, S. Pahlman, and K. Jirstrom, Hypoxia-inducible factor-2alpha
correlates to distant recurrence and poor outcome in invasive breast cancer. Cancer Res,
2008. 68(22): p. 9212-20.
36. Higashi, K., T. Yamagishi, Y. Ueda, Y. Ishigaki, M. Shimasaki, Y. Nakamura, M.
Oguchi, T. Takegami, M. Sagawa, and H. Tonami, Correlation of HIF-1alpha/HIF- 57 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

2alpha expression with FDG uptake in lung adenocarcinoma. Ann Nucl Med, 2016.
30(10): p. 708-715.
37. Yoshimura, H., D.K. Dhar, H. Kohno, H. Kubota, T. Fujii, S. Ueda, S. Kinugasa, M.
Tachibana, and N. N., Prognostic impact of hypoxia-inducible factors 1alpha and 2alpha
in colorectal cancer patient..pdf>. Clinical Cancer Research, 2004.
38. Holmquist-Mengelbier, L., E. Fredlund, T. Lofstedt, R. Noguera, S. Navarro, H.
Nilsson, A. Pietras, J. Vallon-Christersson, A. Borg, K. Gradin, L. Poellinger, and S.
Pahlman, Recruitment of HIF-1alpha and HIF-2alpha to common target genes is
differentially regulated in neuroblastoma: HIF-2alpha promotes an aggressive phenotype.
Cancer Cell, 2006. 10(5): p. 413-23.
39. Hui, E.P., A.T. Chan, F. Pezzella, H. Turley, K.F. To, T.C. Poon, B. Zee, F. Mo, P.M.
Teo, D.P. Huang, K.C. Gatter, P.J. Johnson, and A.L. Harris, Coexpression of hypoxiainducible factors 1alpha and 2alpha, carbonic anhydrase IX, and vascular endothelial
growth factor in nasopharyngeal carcinoma and relationship to survival. Clin Cancer
Res, 2002. 8(8): p. 2595-604.
40. Ioachim, E., M. Michael, M. Salmas, M.M. Michael, N.E. Stavropoulos, and V.
Malamou-Mitsi, Hypoxia-inducible factors HIF-1alpha and HIF-2alpha expression in
bladder cancer and their associations with other angiogenesis-related proteins. Urol Int,
2006. 77(3): p. 255-63.
41. Fuady, J.H., K. Gutsche, S. Santambrogio, Z. Varga, D. Hoogewijs, and R. Wenger,
Estrogen-dependent downregulation of hypoxia-inducible factor (HIF)-2` in invasive
breast cancer cells. Oncotarget, 2016.
42. Yang, J., D.M. Zhu, X.G. Zhou, N. Yin, Y. Zhang, Z.X. Zhang, D.C. Li, and J. Zhou,
HIF-2α promotes the formation of vasculogenic mimicry in pancreatic cancer by
regulating the binding of Twist1 to the VE-cadherin promoter. Oncotarget, 2017.
43. Jubb, A.M., H. Turley, H.C. Moeller, G. Steers, C. Han, J.L. Li, R. Leek, E.Y. Tan, B.
Singh, N.J. Mortensen, I. Noguera-Troise, F. Pezzella, K.C. Gatter, G. Thurston, S.B. Fox,
and A.L. Harris, Expression of delta-like ligand 4 (Dll4) and markers of hypoxia in colon
cancer. Br J Cancer, 2009. 101(10): p. 1749-57.
44. Kim, M.K., T.J. Kim, C.O. Sung, C.H. Choi, J.W. Lee, D.S. Bae, and B.G. Kim,
Clinical significance of HIF-2alpha immunostaining area in radioresistant cervical
cancer. J Gynecol Oncol, 2011. 22(1): p. 44-8.
45. Koukourakis, M.I., S.M. Bentzen, A. Giatromanolaki, G.D. Wilson, F.M. Daley, M.I.
Saunders, S. Dische, E. Sivridis, and A.L. Harris, Endogenous markers of two separate
hypoxia response pathways (hypoxia inducible factor 2 alpha and carbonic anhydrase 9)
are associated with radiotherapy failure in head and neck cancer patients recruited in the
CHART randomized trial. J Clin Oncol, 2006. 24(5): p. 727-35.
46. Koukourakis, M.I., A. Giatromanolaki, V. Danielidis, and E. Sivridis, Hypoxia
inducible factor (HIf1alpha and HIF2alpha) and carbonic anhydrase 9 (CA9) expression
and response of head-neck cancer to hypofractionated and accelerated radiotherapy. Int J
Radiat Biol, 2008. 84(1): p. 47-52.
47. Kroeger, N., D.B. Seligson, S. Signoretti, H. Yu, C.E. Magyar, J. Huang, A.S.
Belldegrun, and A.J. Pantuck, Poor prognosis and advanced clinicopathological features
- 58 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

of clear cell renal cell carcinoma (ccRCC) are associated with cytoplasmic subcellular
localisation of Hypoxia inducible factor-2alpha. Eur J Cancer, 2014. 50(8): p. 1531-40.
48. Li, W., C. Chen, X. Zhao, H. Ye, Y. Zhao, Z. Fu, W. Pan, S. Zheng, L. Wei, T. Nong,
Z. Li, and R. Chen, HIF-2alpha regulates non-canonical glutamine metabolism via
activation of PI3K/mTORC2 pathway in human pancreatic ductal adenocarcinoma. J Cell
Mol Med, 2017. 21(11): p. 2896-2908.
49. Liang, X., M. Zheng, J. Jiang, G. Zhu, J. Yang, and Y. Tang, Hypoxia-inducible
factor-1 alpha, in association with TWIST2 and SNIP1, is a critical prognostic factor in
patients with tongue squamous cell carcinoma. Oral Oncol, 2011. 47(2): p. 92-7.
50. Liu, Y., X. Tan, W. Liu, X. Chen, X. Hou, D. Shen, Y. Ding, J. Yin, L. Wang, H.
Zhang, Y. Yu, J. Hou, T.C. Thompson, and G. Cao, Follistatin-like protein 1 plays a
tumor suppressor role in clear-cell renal cell carcinoma. Chin J Cancer, 2018. 37(1): p. 2.
51. Ma, X., L. Wang, H. Li, Y. Zhang, Y. Gao, G. Guo, K. Liu, Q. Meng, C. Zhao, D.
Wang, Z. Song, and X. Zhang, Predictive Immunohistochemical Markers Related to Drug
Selection for Patients Treated with Sunitinib or Sorafenib for Metastatic Renal Cell
Cancer. Sci Rep, 2016. 6: p. 30886.
52. Koukourakis, M.I., A. Giatromanolaki, E. Sivridis, C. Simopoulos, H. Turley, K.
Talks, K.C. Gatter, and A.L. Harris, Hypoxia-inducible factor (HIF1A and HIF2A),
angiogenesis, and chemoradiotherapy outcome of squamous cell head-and-neck cancer.
Clinical Investigation, 2002.
53. Nanni, S., V. Benvenuti, A. Grasselli, C. Priolo, A. Aiello, S. Mattiussi, C. Colussi, V.
Lirangi, B. Illi, M. D'Eletto, A.M. Cianciulli, M. Gallucci, P. De Carli, S. Sentinelli, M.
Mottolese, P. Carlini, L. Strigari, S. Finn, E. Mueller, G. Arcangeli, C. Gaetano, M.C.
Capogrossi, R.P. Donnorso, S. Bacchetti, A. Sacchi, A. Pontecorvi, M. Loda, and A.
Farsetti, Endothelial NOS, estrogen receptor beta, and HIFs cooperate in the activation of
a prognostic transcriptional pattern in aggressive human prostate cancer. J Clin Invest,
2009. 119(5): p. 1093-108.
54. Beasley, N.J.P., R. Leek, M. Alam, H. Turley, G.J. Cox, K. Gatter, P. Millard, S.
Fuggle, and A.L. Harris, Hypoxia-inducible Factors HIF1 and HIF2 in Head and Neck
Cancer. Cancer Research, 2002.
55. Osada, R., A. Horiuchi, N. Kikuchi, J. Yoshida, A. Hayashi, M. Ota, Y. Katsuyama,
G. Melillo, and I. Konishi, Expression of hypoxia-inducible factor 1alpha, hypoxiainducible factor 2alpha, and von Hippel-Lindau protein in epithelial ovarian neoplasms
and allelic loss of von Hippel-Lindau gene: nuclear expression of hypoxia-inducible
factor 1alpha is an independent prognostic factor in ovarian carcinoma. Hum Pathol,
2007. 38(9): p. 1310-20.
56. Rasheed, S., A.L. Harris, P.P. Tekkis, H. Turley, A. Silver, P.J. McDonald, I.C.
Talbot, R. Glynne-Jones, J.M. Northover, and T. Guenther, Hypoxia-inducible factor1alpha and -2alpha are expressed in most rectal cancers but only hypoxia-inducible
factor-1alpha is associated with prognosis. Br J Cancer, 2009. 100(10): p. 1666-73.
57. Roh, J.L., K.J. Cho, G.Y. Kwon, S.H. Choi, S.Y. Nam, and S.Y. Kim, Prognostic
values of pathologic findings and hypoxia markers in 21 patients with salivary duct
carcinoma. J Surg Oncol, 2008. 97(7): p. 596-600.
- 59 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

58. Roh, J.L., K.J. Cho, G.Y. Kwon, C.H. Ryu, H.W. Chang, S.H. Choi, S.Y. Nam, and
S.Y. Kim, The prognostic value of hypoxia markers in T2-staged oral tongue cancer. Oral
Oncol, 2009. 45(1): p. 63-8.
59. Yang, S.L., L.P. Liu, L. Niu, Y.P. Sun, X.R. Yang, J. Fan, J.W. Ren, G.G. Chen, and
P.B. Lai, Downregulation and pro-apoptotic effect of hypoxia-inducible factor 2 alpha in
hepatocellular carcinoma. Oncotarget, 2016.
60. Sivridis, E., A. Giatromanolaki, K.C. Gatter, A.L. Harris, M.I. Koukourakis, Tumor,
and G. Angiogenesis Research, Association of hypoxia-inducible factors 1alpha and
2alpha with activated angiogenic pathways and prognosis in patients with endometrial
carcinoma. Cancer, 2002. 95(5): p. 1055-63.
61. Smeland, E., T.K. Kilvaer, S. Sorbye, A. Valkov, S. Andersen, R.M. Bremnes, L.T.
Busund, and T. Donnem, Prognostic impacts of hypoxic markers in soft tissue sarcoma.
Sarcoma, 2012. 2012: p. 541650.
62. Sun, H.X., Y. Xu, X.R. Yang, W.M. Wang, H. Bai, R.Y. Shi, S.K. Nayar, R.P.
Devbhandari, Y.Z. He, Q.F. Zhu, Y.F. Sun, B. Hu, M. Khan, R.A. Anders, and J. Fan,
Hypoxia inducible factor 2 alpha inhibits hepatocellular carcinoma growth through the
transcription factor dimerization partner 3/ E2F transcription factor 1-dependent
apoptotic pathway. Hepatology, 2013. 57(3): p. 1088-97.
63. Tong, W.W., G.H. Tong, X.X. Chen, H.C. Zheng, and Y.Z. Wang, HIF2alpha is
associated with poor prognosis and affects the expression levels of survivin and cyclin D1
in gastric carcinoma. Int J Oncol, 2015. 46(1): p. 233-42.
64. Wang, H.X., C. Qin, F.Y. Han, X.H. Wang, and N. Li, HIF-2alpha as a prognostic
marker for breast cancer progression and patient survival. Genet Mol Res, 2014. 13(2):
p. 2817-26.
65. Wang, M., M.Y. Chen, X.J. Guo, and J.X. Jiang, Expression and significance of HIF1alpha and HIF-2alpha in pancreatic cancer. J Huazhong Univ Sci Technolog Med Sci,
2015. 35(6): p. 874-9.
66. Winter, S.C., K.A. Shah, C. Han, L. Campo, H. Turley, R. Leek, R.J. Corbridge, G.J.
Cox, and A.L. Harris, The relation between hypoxia-inducible factor (HIF)-1alpha and
HIF-2alpha expression with anemia and outcome in surgically treated head and neck
cancer. Cancer, 2006. 107(4): p. 757-66.
67. Yang, S.L., L.P. Liu, J.X. Jiang, Z.F. Xiong, Q.J. He, and C. Wu, The correlation of
expression levels of HIF-1alpha and HIF-2alpha in hepatocellular carcinoma with
capsular invasion, portal vein tumor thrombi and patients' clinical outcome. Jpn J Clin
Oncol, 2014. 44(2): p. 159-67.
68. Zhang, Q., Y. Lou, J. Zhang, Q. Fu, T. Wei, X. Sun, Q. Chen, J. Yang, X. Bai, and T.
Liang, Hypoxia-inducible factor-2alpha promotes tumor progression and has crosstalk
with Wnt/beta-catenin signaling in pancreatic cancer. Mol Cancer, 2017. 16(1): p. 119.
69. Zhu, G.Q., Y.L. Tang, L. Li, M. Zheng, J. Jiang, X.Y. Li, S.X. Chen, and X.H. Liang,
Hypoxia inducible factor 1alpha and hypoxia inducible factor 2alpha play distinct and
functionally overlapping roles in oral squamous cell carcinoma. Clin Cancer Res, 2010.
16(19): p. 4732-41.
70. Tierney, J.F., L.A. Stewart, D. Ghersi, S. Burdett, and M.R. Sydes, Practical methods
for incorporating summary time-to-event data into meta-analysis. Trials, 2007. 8: p. 16.
- 60 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

71. van Kuijk, S.J., A. Yaromina, R. Houben, R. Niemans, P. Lambin, and L.J. Dubois,
Prognostic Significance of Carbonic Anhydrase IX Expression in Cancer Patients: A
Meta-Analysis. Front Oncol, 2016. 6: p. 69.
72. Viechtbauer, W., Conducting meta-analyses in R with the metafor package. Journal of
Statistical Software, 2010. 36(3): p. 1-48.
73. DerSimonian, R. and N. Laird, Meta-analysis in clinical trials. Control Clin Trials,
1986. 7(3): p. 177-88.
74. Razorenova, O.V., E.C. Finger, R. Colavitti, S.B. Chernikova, A.D. Boiko, C.K.
Chan, A. Krieg, B. Bedogni, E. LaGory, I.L. Weissman, M. Broome-Powell, and A.J.
Giaccia, VHL loss in renal cell carcinoma leads to up-regulation of CUB domaincontaining protein 1 to stimulate PKC{delta}-driven migration. Proc Natl Acad Sci U S
A, 2011. 108(5): p. 1931-6.
75. Fan, Y., H. Li, X. Ma, Y. Gao, L. Chen, X. Li, X. Bao, Q. Du, Y. Zhang, and X.
Zhang, Prognostic Significance of Hypoxia-Inducible Factor Expression in Renal Cell
Carcinoma: A PRISMA-compliant Systematic Review and Meta-Analysis. Medicine
(Baltimore), 2015. 94(38): p. e1646.
76. Leek, R.D., C.E. Lewis, R. Whitehouse, M. Greenall, J. Clarke, and A.L. Harris,
Association of macrophage infiltration with angiogenesis and prognosis in invasive breast
carcinoma. Cancer Res, 1996. 56(20): p. 4625-9.
77. Leek, R.D., K.L. Talks, F. Pezzella, H. Turley, L. Campo, N.S. Brown, R. Bicknell,
M. Taylor, K.C. Gatter, and A.L. Harris, Relation of hypoxia-inducible factor-2 alpha
(HIF-2 alpha) expression in tumor-infiltrative macrophages to tumor angiogenesis and
the oxidative thymidine phosphorylase pathway in Human breast cancer. Cancer Res,
2002. 62(5): p. 1326-9.
78. Imtiyaz, H.Z., E.P. Williams, M.M. Hickey, S.A. Patel, A.C. Durham, L.J. Yuan, R.
Hammond, P.A. Gimotty, B. Keith, and M.C. Simon, Hypoxia-inducible factor 2alpha
regulates macrophage function in mouse models of acute and tumor inflammation. J Clin
Invest, 2010. 120(8): p. 2699-714.
79. Ema, M., S. Taya, N. Yokotani, K. Sogawa, Y. Matsuda, and Y. Fujii-Kuriyama, A
novel bHLH-PAS factor with close sequence similarity to hypoxia-inducible factor 1alpha
regulates the VEGF expression and is potentially involved in lung and vascular
development. Proc Natl Acad Sci U S A, 1997. 94(9): p. 4273-8.
80. Tian, H., S.L. McKnight, and D.W. Russell, Endothelial PAS domain protein 1
(EPAS1), a transcription factor selectively expressed in endothelial cells. Genes Dev,
1997. 11(1): p. 72-82.
81. Flamme, I., T. Frohlich, M. von Reutern, A. Kappel, A. Damert, and W. Risau, HRF,
a putative basic helix-loop-helix-PAS-domain transcription factor is closely related to
hypoxia-inducible factor-1 alpha and developmentally expressed in blood vessels. Mech
Dev, 1997. 63(1): p. 51-60.
82. Ladoux, A. and C. Frelin, Cardiac expressions of HIF-1 alpha and HLF/EPAS, two
basic loop helix/PAS domain transcription factors involved in adaptative responses to
hypoxic stresses. Biochem Biophys Res Commun, 1997. 240(3): p. 552-6.
83. Wiesener, M.S., H. Turley, W.E. Allen, C. Willam, K.U. Eckardt, K.L. Talks, S.M.
Wood, K.C. Gatter, A.L. Harris, C.W. Pugh, P.J. Ratcliffe, and P.H. Maxwell, Induction
- 61 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

of endothelial PAS domain protein-1 by hypoxia: characterization and comparison with
hypoxia-inducible factor-1alpha. Blood, 1998. 92(7): p. 2260-8.
84. Jain, S., E. Maltepe, M.M. Lu, C. Simon, and C.A. Bradfield, Expression of ARNT,
ARNT2, HIF1 alpha, HIF2 alpha and Ah receptor mRNAs in the developing mouse. Mech
Dev, 1998. 73(1): p. 117-23.
85. Bersten, D.C., A.E. Sullivan, D.J. Peet, and M.L. Whitelaw, bHLH-PAS proteins in
cancer. Nat Rev Cancer, 2013. 13(12): p. 827-41.
86. Wiesener, M.S., J.S. Jurgensen, C. Rosenberger, C.K. Scholze, J.H. Horstrup, C.
Warnecke, S. Mandriota, I. Bechmann, U.A. Frei, C.W. Pugh, P.J. Ratcliffe, S.
Bachmann, P.H. Maxwell, and K.U. Eckardt, Widespread hypoxia-inducible expression of
HIF-2alpha in distinct cell populations of different organs. FASEB J, 2003. 17(2): p. 2713.
87. Keith, B., R.S. Johnson, and M.C. Simon, HIF1alpha and HIF2alpha: sibling rivalry
in hypoxic tumour growth and progression. Nat Rev Cancer, 2011. 12(1): p. 9-22.
88. Liao, D., C. Corle, T.N. Seagroves, and R.S. Johnson, Hypoxia-inducible factor1alpha is a key regulator of metastasis in a transgenic model of cancer initiation and
progression. Cancer Res, 2007. 67(2): p. 563-72.
89. Chen, W., H. Hill, A. Christie, M.S. Kim, E. Holloman, A. Pavia-Jimenez, F.
Homayoun, Y. Ma, N. Patel, P. Yell, G. Hao, Q. Yousuf, A. Joyce, I. Pedrosa, H. Geiger,
H. Zhang, J. Chang, K.H. Gardner, R.K. Bruick, C. Reeves, T.H. Hwang, K. Courtney, E.
Frenkel, X. Sun, N. Zojwalla, T. Wong, J.P. Rizzi, E.M. Wallace, J.A. Josey, Y. Xie, X.J.
Xie, P. Kapur, R.M. McKay, and J. Brugarolas, Targeting renal cell carcinoma with a
HIF-2 antagonist. Nature, 2016. 539(1476-4687 (Electronic)): p. 112-117.

- 62 -

Chapter 2

Prognostic role of Hif2a tumor cell expression in patients: a Meta-analysis

Figures and Tables

FIGURE 1: Flowchart of selecting articles describing the association between tumoral
HIF-2α expression and prognosis.

FIGURE 2: Summary of the overall hazard ratios (HRs) for different endpoints.
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FIGURE 3: Forest plot of Hazard Ratios (HR) with 95% CI (horizontal bars) for the association of HIF-2α expression and overall
survival (OS). Symbol size represents the assigned weight of the study [21, 24, 26, 28, 30, 31, 33-35, 37, 38, 41-43, 45, 46, 48, 49, 52, 54-57,
59, 60, 62-64, 66-69].
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FIGURE 4: Forest plot of Hazard Ratios (HR) with 95% CI (horizontal bars) for the association between HIF-2α expression and
disease-free survival (DFS). Symbol size represents the assigned weight of the study [36, 37, 54, 66, 67, 69].

FIGURE 5: Forest plot of Hazard Ratios (HR) with 95% CI (horizontal bars) for the association between HIF-2α expression and
disease-specific survival (DSS). Symbol size represents the assigned weight of the study [24, 32, 34, 35, 58, 61, 66].
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FIGURE 6: Forest plot of Hazard Ratios (HR) with 95% CI (horizontal bars) for the association between HIF-2α expression and
locoregional control (LC). Symbol size represents the assigned weight of the study [35, 40, 44-46, 52, 56-59].
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FIGURE 7: Forest plot of Hazard Ratios (HR) with 95% CI (horizontal bars) for the association between HIF-2α expression and
metastasis-free survival (MFS). Symbol size represents the assigned weight of the study [53, 57].

FIGURE 8: Forest plot of Hazard Ratios (HR) with 95% CI (horizontal bars) for the association between HIF-2α expression and
progression-free survival (PFS). Symbol size represents the assigned weight of the study [48, 53].
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OS

DFS

DSS

Bladder

LC

PFS

0.51 (0.33 – 0.77)*

Brain

3.78 (1.64 – 8.75)*

Breast

1.18 (0.95 – 1.47)

Cartilage

4.13 (1.47 – 11.58)*

2.3 (1.3 – 4.1)*

Cervix

1.6 (1 – 2.4)*

1.53 (1.14 – 2.03)*

Colorectal

1.46 (0.7 – 3.04)

Endometrium

5.72 (1.51 – 21.6)*

Head and Neck

1.55 (1.24 – 1.92)

Kidney

0.61 (0.27 – 1.35)

Liver

1.06 (0.43 – 2.61)

1.52 (0.82 – 2.84)*

Lung

2.15 (1.65 – 2.81)

8.47 (3.26 – 22.06)*

Ovarium

2.72 (1.27 – 5.83)*

Pancreas

2.11 (1.38 – 3.24)

1.86 (0.89 – 3.92)*

0.8 (0.61 – 1.05)*

0.54 (0.25 – 1.17)*

1.41 (0.99 – 2)

1.45 (0.8 – 2.64)

1.94 (1.43 – 2.63)

1.21 (0.57 – 2.6)

0.54 (0.11 – 2.57)

0.08 (0.03 – 0.27)*

1.67 (1.26 – 2.21)*
2.44 (1.07 – 5.57)*

Salivary Glands

4.52 (1.06 – 19.3)*

Skin

3.21 (1.15 – 8.97)*

Soft tissues

0.75 (0.32 – 1.73)

1.22 (0.87 – 1.83)*

Prostate

Stomach

MFS

3.64 (0.72 – 18.42)*

2.94 (1.99 – 4.36)*

3.36 (0.89 – 12.66)*

3.81 (1.66 – 8.78)*
1.53 (1.03 – 2.28)*

1.7 (1.25 – 2.32)

1.6 (1 – 2.4)*

TABLE 1: Summary of results of sub-group meta-analyses of different organ sites. The
HR with 95%CI is shown. Highlighted numbers indicate statistically significant association
between HIF-2α expression and prognosis (p < 0.05). *When HR was available from only one
paper, the values were adopted from that single paper [21-69].
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SUPPLEMENTARY FIGURE 1: Funnel plots of papers reporting on OS (A), DFS (B),
DSS (C), LC (D), MFS (E), and PFS (F). The x-axis represents the HR for each paper with
the corresponding standard error on the y-axis. Heterogeneity is significant for OS (A), DFS
(B), LC (C), DSS (D), and PFS (F) [21-69].
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Study

Endpoint

Organ

Patients

Comments

Nanni 2009

DSS

Prostate

88

‘’While no correlation was found between HIF-2α expression and DSS’’.

Liang 2011

DSS

Head and Neck

89

‘’However, HIF- 2a had no significant association with either overall survival (P = 0.195, Fig. 1b) or
disease-free survival (P = 0.356).’’
Only OS data shown.

Wang 2015

OS

Pancreas

90

Only P value reported (0.0078).

Hui 2002

OS

Head and Neck

89

‘’No significant association between HIF-2, CA IX, or VEGF expression with respect to OS or PFS was
found”.

Hui 2002

PFS

Head and Neck

89

‘’No significant association between HIF-2, CA IX, or VEGF expression with respect to OS or PFS was
found”.

SUPPLEMENTARY TABLE 1: Summary of papers that reported inadequate or insufficient data to estimate the HR. A brief description of the
available data is given in the comments [39, 49, 53, 65].

Study

Subcellular localization

HR(95%CI)

Biswas 2012

Nuclear

0.77 (0.44 – 1.33)

Kroeger 2014

Nuclear

0.61 (0.39 – 0.97)

Kroeger 2014

Cytoplasm

2.33 (1.6 – 3.39)

Liu 2018

Cytoplasm

2.27 (0.84 – 6.17)

SUPPLEMENTARY TABLE 2: Summary of papers that reported association between HIF-2α expression and disease-specific survival (DSS)
depending on subcellular localization in clear cell renal cell carcinoma patients. Highlighted numbers indicate statistically significant
associations [25, 47, 50].
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Research question: What is the prognostic value of tumoral HIF2α expression in patients
with solid tumors?
Keywords identified as search terms:
Prognosis, Cancer, and HIF2
Search algorithm Pubmed:
Prognosis:
(Prognos*) OR (prognostic value) OR (clinicopathological) OR (surviv*) OR (hazard) OR
(disease-free) OR (“disease free”) OR (progression-free) OR (“progression free”) OR
(Kaplan-meier) OR (“Kaplan meier”) OR (predict*) OR (outcome) OR (efficacy) OR
(effective*)
Cancer:
(tumor) OR (tumors*) OR (tumor’s) OR (tumoral*) OR (“tumor associated”) OR (tumorassociated) OR (“tumor related”) OR (tumor-related) OR (tumorigen*) OR (tumorous*) OR
(tumour*) OR (cancer) OR (cancers) OR (cancer’s) OR (cancerogen*) OR (cancera*) OR
(cancer-associate*) OR (cancerigen*) OR (cancerno*) OR (cancero*) OR (cancerp*) OR
(“cancer related”) OR (cancer-related) OR (*carcinoma) OR (*sarcoma) OR (neoplas*) OR
(malignanc*) OR (melanoma)
HIF2:
(HIF2) OR (HIF-2) OR (EPAS1) OR (Endothelial PAS domain-containing protein 1) OR
(Endothelial PAS domain protein 1) OR (HIF-2α) OR (HIF2α) OR (hypoxia-inducible factor
2α) OR (hypoxia-inducible factor-2α)
Prognosis AND Cancer AND HIF2:
((Prognos*) OR (prognostic value) OR (clinicopathological) OR (surviv*) OR (hazard) OR
(disease-free) OR (“disease free”) OR (progression-free) OR (“progression free”) OR
(Kaplan-meier) OR (“Kaplan meier”) OR (predict*) OR (outcome) OR (efficacy) OR
(effective*)) AND ((tumor) OR (tumors*) OR (tumor’s) OR (tumoral*) OR (“tumor
associated”) OR (tumor-associated) OR (“tumor related”) OR (tumor-related) OR
(tumorigen*) OR (tumorous*) OR (tumour*) OR (cancer) OR (cancers) OR (cancer’s) OR
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(cancerogen*) OR (cancera*) OR (cancer-associate*) OR (cancerigen*) OR (cancerno*) OR
(cancero*) OR (cancerp*) OR (“cancer related”) OR (cancer-related) OR (*carcinoma) OR
(*sarcoma) OR (neoplas*) OR (malignanc*) OR (melanoma)) AND ((HIF2) OR (HIF-2) OR
(EPAS1) OR (Endothelial PAS domain-containing protein 1) OR (Endothelial PAS domain
protein 1) OR (HIF-2α) OR (HIF2α) OR (hypoxia-inducible factor 2α) OR (hypoxiainducible factor-2α))
Hits: 626

Search algorithm Embase:
Prognosis:
(Prognos$) OR (prognostic value) OR (clinicopathological) OR (surviv$) OR (hazard) OR
(disease-free) OR (“disease free”) OR (progression-free) OR (“progression free”) OR
(Kaplan-meier) OR (“Kaplan meier”) OR (predict$) OR (outcome) OR (efficacy) OR
(effective$)
Cancer:
(tumor) OR (tumors$) OR (tumor’s) OR (tumoral$) OR (“tumor associated”) OR (tumorassociated) OR (“tumor related”) OR (tumor-related) OR (tumorigen$) OR (tumorous$) OR
(tumour$) OR (cancer) OR (cancers) OR (cancer’s) OR (cancerogen$) OR (cancera$) OR
(cancer-associate$) OR (cancerigen$) OR (cancerno$) OR (cancero$) OR (cancerp$) OR
(“cancer related”) OR (cancer-related) OR ($carcinoma) OR ($sarcoma) OR (neoplas$) OR
(malignanc$) OR (melanoma)
HIF2:
(HIF2) OR (HIF-2) OR (EPAS1) OR (Endothelial PAS domain-containing protein 1) OR
(Endothelial PAS domain protein 1) OR (HIF-2α) OR (HIF2α) OR (hypoxia-inducible factor
2α) OR (hypoxia-inducible factor-2α)
Prognosis AND Cancer AND HIF2:
((Prognos$) OR (prognostic value) OR (clinicopathological) OR (surviv$) OR (hazard) OR
(disease-free) OR (“disease free”) OR (progression-free) OR (“progression free”) OR
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(Kaplan-meier) OR (“Kaplan meier”) OR (predict$) OR (outcome) OR (efficacy) OR
(effective$)) AND ((tumor) OR (tumors$) OR (tumor’s) OR (tumoral$) OR (“tumor
associated”) OR (tumor-associated) OR (“tumor related”) OR (tumor-related) OR
(tumorigen$) OR (tumorous$) OR (tumour$) OR (cancer) OR (cancers) OR (cancer’s) OR
(cancerogen$) OR (cancera$) OR (cancer-associate$) OR (cancerigen$) OR (cancerno$) OR
(cancero$) OR (cancerp$) OR (“cancer related”) OR (cancer-related) OR ($carcinoma) OR
($sarcoma) OR (neoplas$) OR (malignanc$) OR (melanoma)) AND ((HIF2) OR (HIF-2) OR
(EPAS1) OR (Endothelial PAS domain-containing protein 1) OR (Endothelial PAS domain
protein 1) OR (HIF-2α) OR (HIF2α) OR (hypoxia-inducible factor 2α) OR (hypoxiainducible factor-2α))
Hits: 10
Literature search was performed in Pubmed and Embase on the 1th of February 2018.
SUPPLEMENTARY FILE 1. Literature search strategy to identify papers for the metaanalysis that describe an association between tumoral HIF2α expression and prognosis.
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Abstract
Nutrient and oxygen deprivation (hypoxia) are a widespread feature of rapidly proliferating
tumors, caused by aberrant tumor vasculature and associated with a poor outcome and
response to treatment. The hypoxia inducible transcription factor (HIF-α) is one of the main
oxygen sensors which regulate the adaptation to intratumoral hypoxia. In mammals there are
three highly conserved HIF-α orthologs (HIF1-3) of which HIF-1α and HIF-2α are most
frequently implicated in tumorigenesis. To directly assess the unique and overlapping
functions of HIF-1α and HIF-2α, we use CRISPR gene-editing to generate isogenic H1299
non-small cell lung carcinoma (NSCLC) cells lacking HIF-1α (H1KO), HIF-2α (H2KO) or
both (dHKO). We found that in H1KO cells, HIF-2α was strongly induced by hypoxia
compared to wild type H1299 but the reverse was not seen in H2KO cells. Cells lacking HIF1α were more radiation resistant than H2KO and wild type cells upon hypoxia (0.2% O2) and
this was associated with a reduced recruitment of γ-H2AX foci directly after irradiation and
not due to differences in proliferation. Conversely, dHKO cells were most radiation sensitive
and had increased γ-H2AX recruitment and cell cycle delay. There were no differences in the
activation of the DNA damage response proteins pATM and CHK2. When grown under
hypoxia, HIKO cells uniquely had a strong increase in lactate production and decrease in
extracellular pH.

Moreover, HIF-1α and HIF-2α deficiency impacted in the glycolytic

capacity under hypoxia. Finally, the absence of HIF-1α reduced the number of lipid droplets
(LD) in cells. Taken together, using genetically identical HIF-α isoform-deficient cells we
identified a strong effect of HIF-1α but not HIF-2α on the radiation response, which was
associated with a reduced extracellular pH and reduced glycolysis. We propose that HIF-2α
upregulation, in HIF-1α null cells is in part responsible for these effects.
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Introduction
Regions of oxygen deprivation (hypoxia) are a common feature of many solid cancers and are
caused by an aberrant tumor vasculature. Hypoxic tumor cells activate stress response
pathways in order to adapt to these low oxygen levels [1]. Within the tumor, some cells react
to hypoxic stress with adaptive responses that, by changing their gene expression, confer an
aggressive phenotype and resistance to therapy [2, 3]. Importantly, hypoxic tumors are more
resistant to chemotherapy because they are poorly perfused, proliferate slower and also
upregulate drug efflux pumps. Hypoxic tumor cells are also more radiation resistant.
Irradiation primarily induces water ionization leading to the formation of OH. radicals, which
impact and damage the DNA. In oxygenated cells, the OH. radical-induced DNA damage is
irreversibly converted to a carboxyl group, thus stabilizing the DNA damage, whereas in
hypoxic cells, damage produced by the free radicals is scavenged and consequently repaired
[4]. Decreased treatment sensitivity of hypoxic tumor cells leads to chemo-radiotherapy
treatment failure in cancer patients [5]. Despite the limited success of hypoxia modification
therapy strategies in several clinical trials, hypoxia is still a promising tumor-selective
therapeutic target. Accurate methods to evaluate the extent of hypoxic regions and their
biological behavior in tumors however are essential to discriminate which patients will benefit
from hypoxic modification [6, 7].
Mammalian cells encode for three hypoxia inducible factors (HIF)-α orthologs (HIF1-3)
which all have been demonstrated to be oxygen-regulated. HIFs are bHLH-PAS domain
heterodimers composed of a constitutively expressed β-subunit and an O2-regulated α-subunit,
which is hydroxylated at two proline residues under aerobic conditions by O2-dependent
prolyl hydroxylase domain proteins (PHDs) [8]. Factor inhibiting HIF-1α (FIH) is an
asparagine hydroxylase protein that suppresses HIF activity under normoxic conditions [9].
Other ways to induce HIF activity independently of the oxygen levels include the oncogene
activation or tumor suppressor gene deletion for example the PI3K/AKT and PTEN signalling
pathways [10]. When oxygen is present, prolyl-hydroxlylated HIF-α undergoes rapid
ubiquitination and subsequent proteasomal degradation involving the von Hippel−Lindau
protein (pVHL), which is a member of the E3 ubiquitin protein ligase family. Under hypoxic
conditions, the O2-dependent PHD/FIH are inhibited, HIF-α accumulates, forms a
heterodimer with HIF-β and induces transcriptional activation of canonical HIF target genes
such as carbonic anhydrase IX (CAIX), glucose transporter 1 (GLUT1) and vascular
endothelial growth factor (VEGF) [11]. Additionally, HIF proteins interact with important
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cell cycle and cell fate determination pathways such as Myc or Notch, to control malignant
tumor cell behaviour [12]. HIF-1α and HIF-2α proteins bind to the same common hypoxia
response elements (HRE) [13], but their transcriptional activities are determined by multiple
factors including the presence of repressors, differential sensitivity to PHD/FIH hydroxylation
and differential recruitment of co-activators [14]. In particular, differences in tissue-specific
and temporal induction patterns of each isoform suggest that HIF-1α and HIF-2α may have
distinct transcriptional targets that regulate specific aspects of hypoxic signalling and
adaptation in different cell types [15] [16, 17]. This specific gene expression profile in
hypoxic cells by either HIF-1α and/or HIF-2α can contribute differently to a malignant
phenotype in cancer cells. For instance, genes with a role in Oct4-regulated cell pluripotency
and therefore often deregulated in cancer are principally induced by HIF-2α [18]. HIF
stabilization is frequently observed in cancers associated with malignant phenotype and is an
important prognostic factor for poor outcome in most solid cancers [19] [20, 21].
Preclinical studies have demonstrated the potential to pharmacologically block both HIF-1α
and/or HIF-2α causing tumor growth delay and improved local control [22-24].
Pharmacological inhibition of HIF-1α increases the therapeutic efficacy of radiation treatment
both in vitro and in vivo [25, 26]. Following radiotherapy, cancer cells increase HIF-1α
accumulation in the nucleus, which leads to the secretion of survival factors that enhance
endothelial cell radioresistance [27]. In particular, cells lacking HIF-1α are markedly more
sensitive to altered redox activity and glucose deprivation, suggesting a protective role upon
stress conditions in tumors [28]. The metabolic switch towards increased glycolysis in
hypoxic environments also affects the ability of these cells to survive therapy. For instance,
the enhanced glycolytic rate increases the intracellular amounts of lactate and CO2, which are
transported out of the cell contributing to an extracellular acidic pH [29] and an increased
therapy resistance [30, 31]. In addition, lactate can also be produced by elevated
glutaminolysis activity, whereby glutamine is used as a metabolic source to generate pyruvate
in the cytosol, which is ultimately reduced by lactate dehydrogenase A (LDH-A), producing
lactate and NAD+ [32]. It has been demonstrated that HIF-1α and HIF-2α bind to the
promoter region of LDH-A leading to its expression in human pancreatic cancer cells [33].
The substantial increase of lactate production during hypoxia allows the scavenging of ROS
molecules generated after radiation exposure due to the antioxidant properties of lactate [34]
[35, 36]. This metabolic reprogramming also leads to an increased accumulation of LD in the
cytoplasm to cope with the higher energy demand of cancer cells [37]. LD accumulation in
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cancer is associated with higher tumor aggressiveness by promoting epithelial-mesenchymal
transition [38].
Previous studies using different tumor models have implicated HIF-1α in radiation resistance
via cell autonomous and non-cell autonomous mechanisms. As described above, activation of
HIF-1α in tumor cells alters metabolic response following radiation through mediating
changes in lactate production and mitochondrial function [39]. Moreover, activation of HIF1α in tumor cells increases the secretion of surviving factors such as VEGF to promote the
proliferation of tumor endothelial cells [27]. In turn, HIF-2α expression has been seen to be
crucial to promote aggressive phenotype and tumor growth of clear cell renal cell carcinoma
(ccRCC) [40, 41] and neuroblastoma tumors [16]. Importantly, radiation enhances HIF-1α
stabilization and consequently its binding to the CXCR4 promoter, which induces an invasive
and metastatic phenotype in NSCLC cells [42]. HIF proteins are important regulators of the
tumorigenic capacity and therapy sensitivity of cancer cells; however, the regulatory
mechanism of HIF-1α and HIF-2α mediating the response of NSCLC to radiation therapy
needs further investigation. Previous studies have shown that the expression of HIF-1α and
HIF-2α differently impact on patient prognosis and other clinicopathological characteristics in
several cancers such as human NSCLC [43, 44]. Moreover, HIF-2α is highly expressed in
cancer stem cells, which has been associated with a radioresistant phenotype in lung cancer.
Consequently, HIF-2α negatively correlates with prognosis in patients treated with radiation
[45].
Taken together, mounting evidence implicates both HIF-1α and HIF-2α proteins in a highly
context dependent but orchestrated manner in tumor cell survival, hypoxia tolerance and
treatment response. Here we used CRISPR/Cas9 gene-editing to generate loss-of-function
deletions in HIF-1α, HIF-2α or both HIF-1α and HIF-2α in H1299 NSCLC cells. Using these
cells, we assessed the contribution of HIF-1α and HIF-2α factors as important mediators of
hypoxia response, radiation response and metabolic adaptation.
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Materials and methods
Cell culture and hypoxia exposure
Human non-small cell lung carcinoma (NSCLC) H1299 (ATCC CRL-5803) cells were grown
in RPMI 1640 (Westburg) supplemented with 10% FBS (Sigma-Aldrich), penicillin (10
U/ml) and streptomycin (10ug/ml). Normoxic cells were incubated in a humidified
atmosphere with 5% CO2/21% O2 at 37 °C. Cells were exposed to hypoxic conditions in a
hypoxic chamber (MACS VA500 microaerophilic workstation, Don Whitley Scientific, UK)
to stabilize HIF proteins. The composition of the atmosphere in the incubator consisted of 5%
CO2, 0.2% O2 and residual N2. The identity of H1299 cells was verified by STR genotyping
(Identicell Denmark).
CRISPR/Cas9-mediated knockout of human HIF1α and HIF2α genes
In order to generate HIF-1α and HIF-2α knockouts, H1299 cells were transfected with
CRISPR/Cas9 using pSpCas9(BB)-2A-GFP (PX458) or pSpCas9(BB)-2A-Puro (PX459), a
gift from Feng Zhang (Addgene plasmid #48139) [46]. Two small guide RNA (sgRNA)
targeting the HIF-1α and HIF-2α locus were designed using the CRISPR Design Tool
(http://crispr.mit.edu). Transfections were performed with Lipofectamine 2000 (Thermo
fisher) and Puromycin resistant cells were detected after 3 days of puromycin selection
(1µg/ml) followed by a recovery period of two weeks. Surviving cells were single cell seeded
and expanded for further analysis. Genomic DNA was extracted from the potential candidates
and the targeted regions of the HIF-1α and HIF-2α genes were PCR amplified. The product
was cloned into TOPO-TA vector to isolate every single allele from the whole cell
population. DNA fragments were sequenced and analysed for further selection of total HIF-1α
and HIF-2α knockout clones. Multiple independent H1299 cell lines carrying mutations in
HIF-1α (H1KO) and HIF-2α (H2KO) genes were established. Additionally, the H1KO-B5
clone was used as a cellular template to target the HIF-2α proteins and thus create a double
knockout cell line (dHKO) (Supplementary Figure 1).
Western blot
To validate HIF expression in the genetically modified cell lines, immunoblotting was
performed after 24h of hypoxia exposure (0.2% O2). Cells were washed with PBS quickly
after either hypoxic or normoxic incubation and lysed in ice-cold RIPA buffer. Samples were
kept on ice for 30 minutes and frozen in liquid N2 for 1 minute. Protein lysates were collected
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after thawing and spinning down the samples to discard cell debris. The protein
concentrations were measured by using the Bradford protein assay (Bio-Rad). The proteins
were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (6 to 10%
polyacrylamide), transferred onto nitrocellulose membranes and blocked for 1 hour in 5%
skim milk in PBS or TBS, 0.2% Tween-20. Membranes were probed overnight at 4°C with
primary antibodies and bound antibodies were visualized using HRP-linked secondary
antibodies (Cell signalling) and ECL Luminescence (Pierce Biotechnology). Primary
antibodies used included the anti-HIF1α antibody (BD-biosciences), anti-HIF2α antibody
(Novus Biologicals), HIF1β antibody (BD-biosciences), pATM pS 1981 (abcam), phosphoChk2 (Thr68) (Bioke), Chk2 (Bioke) and anti-Lamin A/C (Sigma-Aldrich) as a loading
control. Secondary anti-mouse and anti-rabbit antibodies (1:2500) were from Cell Signaling.
RNA isolation and quantitative PCR analysis
mRNA was extracted using the NucleoSpin RNA II kit (Bioke) and cDNA conversion was
performed using the iScript cDNA Synthesis kit (BioRad) according to the manufacturers’
instructions. Quantitative PCR was performed on the CFX96 (BioRad). The expression of the
genes of interest was detected with SYBR Green I (Eurogentec). Values for each gene were
normalized to HPRT expression levels. Primer sequences are listed in the S1 table.
Proliferation and clonogenic survival assay
Proliferation was monitored during 2 days by counting cells in an automatic cell counter. For
clonogenic survival, cells were counted and seeded on day 0. Cells were placed under 0.2%
O2 the day after for 24h. Irradiation was performed using a 225kV Philips X-ray tube on day
2. Subsequently, cells were trypsinized and plated in triplicate for clonogenic survival. Cells
were allowed to form colonies during 12 days, fixed and stained with a 0.4% methylene blue
(Sigma-Aldrich) in 70% ethanol solution. Colonies were defined as >50 cells.
Cell viability – Hypoxia tolerance
Crystal violet staining was performed to assess cell viability. Cells were incubated in 6-well
plates at 1.0×104 cells per well and cell viability was measured at 5 days after hypoxic
incubation. Culture medium was removed and cells were fixed with 4% paraformaldehyde at
room temperature for 10 min and then stained with 0.05% crystal violet for 30 min. The cells
were then washed with tap water, after which the water was removed and the cells were dried
out on filter paper. After the plates were photographed, blue dye was dissolved in 500 µl of
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methanol and emission spectra were measured at an excitation wavelength of 540 nm using a
Multimode Microplate Reader.
γ-H2AX immunocytochemistry
Cells were fixed with ice-cold 100% methanol. Subsequently cells were permeabilized with
0.2% Triton-X solution (in PBS) and normal goat serum was used as blocking agent. Cells
were stained with a primary anti-phospho(Ser139)-H2AX antibody (1:500, Millipore)
followed by anti-rabbit Alexa Fluor 488 (1:500, Invitrogen) as secondary antibody. Hoechst
33342 (20ug/ml, Sigma-Aldrich) was used as nuclear counter stain.
Image analysis
For evaluation of γ-H2AX staining, fluorescent images were captured at 64x objective using a
Leica TCS SPR confocal microscope. Images were taken in 2 µm planes along the Z-axis and
foci analysis was performed in maximal intensity projection Z-stacks using ImageJ software
(v. 1.50, National Institutes of Health) in a semi-automated way. Nine images have been
acquired per treatment condition resulting in 100 ± 20 total number of cells analyzed. First,
DAPI positive nuclei were selected using a manual segmentation procedure based on signal
intensity and background staining and nucleus area was recorded. Only complete intact nuclei
per image field were evaluated. Second, raw integrated density (RID) of γ-H2AX per nucleus,
i.e. the sum of the gray values of the pixels, was calculated. To correct for variability in
nucleus size, RID was normalized to the nucleus area for each cell. Data are presented as
mean ± SD of normalized RID per cell line and treatment group. To validate the method for γH2AX quantification, γ-H2AX foci were manually counted in randomly selected images in a
manner blinded to the cell line and treatment group. Comparison of γ-H2AX foci with
normalized RID shows significant correlation (r=0.9608, p= 0.000146) indicating that
normalized RID reflects the number of γ-H2AX foci.
Cell cycle analysis
For cell cycle analysis, cells were incubated either under normoxic or hypoxic conditions for
24 hours, exposed to radiation and placed under normoxia for 4 hours. Cells were washed
with PBS, treated with trypsin and fixed in ice-cold 70% ethanol for at least 24h. Before
analysis, cells were washed with PBS and stained with propidium iodide (PI) for 30 minutes
at room temperature. Analysis was performed using a FACS CANTO II. Data obtained from
the cell cycle distributions were analysed using a FlowJo_10.
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pH and extracellular L-lactic acid measurements
Changes in extracellular pH were monitored using a pH meter (Beckman Coulter pH 350).
Cells were seeded at different cell numbers and incubated for 24 hours under 0.2% O2. Levels
of extracellular L-Lactic acid were measured using the L-Lactic acid kit (Biosentec)
according to manufacturer’s guidelines. Both pH and L-Lactic acid levels were corrected for
cell counts.
Metabolic profiling
Cells were seeded at an optimized cell density of 3x104 cells/well. Metabolic profiles were
generated by replacing the growth medium for assay media 1 hour before using the Seahorse
XF96 extracellular Flux analyzer (Seahorse Bioscience) according to manufacturer’s
guidelines [47]. Cells were pre-incubated (24h) with 100 nM desferrioxamine (DFO), an iron
chelator that stabilizes HIF, as well as during the Seahorse measurements. The glycolysis
stress test was performed by measuring the extracellular acidification rate (ECAR) after
sequential addition of 10 mM glucose, optimized oligomycin concentration 1.0 µM (all cell
lines) and 0.1 M 2-deoxyglucose (2-DG) (Sigma-Aldrich). Calculations of the glucose
metabolism and glycolytic reserve were done according to the Seahorse Bioscience
guidelines. Baseline OCR or ECAR was determined prior to the first compound injection
using a mixing period of 5 minutes and a measurement period of 3 minutes followed by 3
loops of mixing and measuring for 3 minutes each. Every injection was followed by the same
measurement protocol of a mixing period of 5 minutes and a measurement period of 3
minutes followed by 3 loops of mixing and measuring for 3 minutes.
Nile staining
To visualize LD after usual immunofluorescence microscopy procedure cells were stained
with Nile Red (Sigma; 0.1 µg in PBS) for 15 minutes, washed with PBS and mounted on
slides [48].
Statistics

All assays were performed at least three times, and results are expressed as
means ± standard deviations. Analyses were performed with GraphPad Prism 5. Unpaired
two-tailed Student’s t tests or Mann-Whitney U test were performed to determine
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significance. Sum-square testo for curve comparison was performed to determine
significance of clonogenic data. p values ≤0.05 were considered significant.

- 84 -

Chapter 3

HIF1a and HIF2a differently regulate the radiation sensitivity of NSCLC cells

Results
To examine the radiobiological and metabolic properties of HIF-1α and HIF-2α, we generated
HIF-1α and HIF-2α loss-of-function mutants in H1299 cells using the type II CRISPR/Cas9
gene editing system. Single allele sequencing confirmed that H1KO, H2KO and dHKO cells
carried mutations that led to premature termination of the HIF-α open reading frame. Each
knockout harboured two or three different mutated alleles leading to one or several STOP
codons (Supplementary Figure 2). We verified that H1299 clones did not have the Cas9
plasmid integrated (data not shown). Western blotting confirmed the absence of HIF proteins
(Figure 1A). Interestingly, we observed a prominent increase in HIF-2α stabilization
following hypoxia incubation in H1KO cells, however without elevated HIF-2α mRNA
expression levels (Supplementary Figure 3). On the contrary, HIF-2α-deficiency did not
influence the hypoxic induction of HIF-1α protein expression. In addition, the overall
expression levels of HIF-1β were decreased in all the knockout models in comparison with
wild type cells (Figure 1A). Next we determined the mRNA expression levels of the
canonical hypoxia-induced genes CAIX, GLUT1, CITED2 and TWIST1. We observed that
the induction of these genes was severely compromised in the absence of HIF-1α and/or HIF2α proteins under hypoxia (Figure 1B). Furthermore, only small differences were seen in the
proliferative capacity of single HIF mutants in comparison with wild type cells, both under
normoxic and low oxygen conditions. However, dHKO cells showed a significant (p=0.0124)
proliferative delay under normoxic conditions (Figure 1C). Additionally, only dHKO cells
demonstrated a small but significant (p=0.0494) reduction in survival under hypoxic
conditions, whereas single HIF-

disrupted cells did not differ in their response to hypoxia

(Figure 1D).
Next, we assessed the impact of HIF-1α and HIF-2α deletion on clonogenic survival
following irradiation. Under normoxic conditions, no differences in survival were observed
between wild type and H1KO or H2KO cells, while overall survival was significantly
(p=0.0006) reduced for dHKO cells (Figure 2A). Additionally, clonogenic survival assays
revealed that under hypoxic conditions the overall surviving fraction of H1KO cells was
significantly (p<0.0001) higher than wild type cells (Figure 2B). Similar results were
observed for an independently derived H1KO clone (Supplementary Figure 4). We also
observed a more radiosensitive phenotype in dHKO cells irradiated under hypoxic conditions
although to a lesser extent. Next, we investigated whether differences in the DNA damage
response (DDR) or DNA repair were responsible for these differences in radiation sensitivity.
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No DNA damage was observed in the absence of irradiation under normoxic or hypoxic
conditions using g-H2AX staining. Upon irradiation of cells under normoxia, γH2AX
recruitment increased in all genotypes, but significantly more in dHKO cells (p=0.0007)
(Figure 3A). Upon hypoxia we observed a strong and significant decrease (85%, (p=0.002))
of γH2AX labelling in irradiated H1KO cells compared to wild type and H2KO cells (Figure
3B). γH2AX recruitment was highest in dHKO cells. These differences disappeared 24h after
irradiation independently of the oxygen concentration. The γH2AX labelling in irradiated
cells under hypoxia and normoxia is consistent with the long-term survival outcome of dHKO
and H1KO cells.
To identify the immediate effects of HIF-1α and HIF-2α on the expression and activation of
important DDR proteins, we examined the expression of pATM and its downstream target
p(Thr68)-CHK2 after irradiation (Figure 4). Levels of pATM were equally induced upon
radiation independent of the oxygenation status and HIF genotype. Exposure to radiation
enhanced pCHK2 levels both upon normoxia and hypoxia for all cells, except for dHKO cells
where under normoxia a slight decrease was observed. Strikingly, levels of total and
phosphorylated CHK2 protein were upregulated in single and double-HIFKO cells in
comparison with wild type cells. Similar results were observed in an independent series of
experiments (Supplementary Figure 5).
Flow cytometry was used to determine the effect on cell cycle distribution in irradiated cells
lacking HIF-1α, HIF-2α or both. dHKO cells showed a slight delay in cell proliferation
(Figure 1C), which was supported by a significant (p=0.0305) reduction in the G1 population
(Figure 5A). As expected, irradiation induced a G2/M cell cycle arrest in all cells regardless
of the presence of HIF. In line with the survival data, this effect was more prominent
(p=0.0074) in dHKO (45%) in comparison with wild type (36%) cells. The increase in
percentage of cells in G2/M was accompanied by a significant (p=0.0180) decrease in cells in
S phase (Figure 5B). In addition, wild type and HIF-deficient cells incubated under hypoxic
conditions for 24 hours showed an overall decrease in S phase and accumulation in the G2/M
phase. Under hypoxia, a decrease (p=0.0441) in G1 phase was observed for the dHKO cells in
comparison with wild type cells, which is consistent with an enhanced (p=0.0297)
accumulation in G2/M phase (Figure 5C). However, when irradiation was performed under
hypoxia, no additional effects on cell cycle distribution were observed (Figure 5D).
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To determine whether changes in extracellular acidification are involved in the radiation
response of HIF-deficient cells under hypoxia, we performed in vitro extracellular pH
measurements and assessed lactic acid release into the medium both under normoxic and
hypoxic conditions. No differences in extracellular pH and lactic acid concentration were
observed under normoxic conditions (Figure 6A, C). After hypoxic incubation, the pH
dropped for all cellular models, but extracellular pH was significantly (p=0.0017) more
reduced in H1KO cells (Figure 6B), with a concomitant increase (p=0.0008) of lactic acid in
medium (Figure 6D). In order to investigate whether lactate transporters are differently
regulated in the genetic models, we measured the mRNA expression levels of the
monocarboxylate transporter 1 (MCT-1) and 4 (MCT-4). While the expression levels of
MCT-4 were regulated by hypoxia in H1299 cells, MCT-1 levels were unaffected in H1299
cells (Figure 6E). The hypoxia-induced expression of MCT4 expression was perturbed in all
HIF-deficient cells and strongly reached significance (p=0.0009) in H1KO cells (Figure 6F).
To investigate the impact of HIF-1α and HIF-2α deletion on cellular respiratory metabolism,
we measured extracellular acidification rate (ECAR) and LD accumulation. Basal ECAR was
measured under control conditions and in the presence of desferrioxamine (DFO), an iron
chelator that induces pseudo-hypoxia by blocking PHDs and stabilizing HIF proteins. Our
results demonstrated that HIF-deficient cells did not show significant differences in ECAR
compared to wild type cells under control conditions (Figure 7A). On the other hand, when
cells were treated with DFO, dHKO cells showed a significant (p=0.0286) reduction in basal
ECAR compared to wild type cells (Figure 7B). No differences in mitochondrial respiration
were found when assessing basal oxygen consumption rate (OCR) levels (Supplementary
Figure 6). Further analyses on the glycolytic profile of the genetic models was performed by
measuring ECAR during a glycolytic stress test. As expected, the absence of HIF proteins did
not result in changes in ECAR regulation under normoxic conditions (Figure 7C). In contrast,
H1KO and H2KO cells induced a gain in glycolytic reserve accompanied by reduced
glycolytic activity (p=0.0024 and p=0.00199 respectively) when stimulated with DFO. These
results are consistent with the known role of HIF in anaerobic glycolysis. ECAR regulation of
dHKO cells in comparison with wild type cells during a glycolytic stress test was not
significant (Figure 7D). Furthermore, baseline levels of intracellular LD were significantly
decreased in H1KO and H2KO cells (p=0.0087 and p=0.0043 respectively). Compared to
wild type cells, lipid levels after hypoxia (0.2% O2) were significantly lower in both H1KO
(p=0.0325) and dHKO (p=0.0127) cells. Under anoxic (0% O2) conditions, significantly
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(p=0.0001) fewer LD were observed in dHKO cells compared to control cells. Under these
conditions, H1KO and H2KO cells did not show differences compared to wild type cells
(Figure 8B). Moreover, we tested the capacity of H1299 cells to trigger LD deposition after
radiation treatment under normoxia. Interestingly, we observed that only HIF-1α expressing
cells were capable of increasing the amount of intracellular lipids upon radiation (Figure 8C).
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Discussion
Hypoxic tumor cells upregulate the HIF pathway which causes radiation resistance in many
types of cancer including non-small cell lung carcinoma (NSCLC) [49, 50]. Furthermore, HIF
stabilization promotes tumor progression and aggressiveness by altering blood vessel
architecture and shifting the metabolic profile of tumor cells. Clinically, high levels of HIF-1α
and HIF-2α positively correlate with tumor progression and poor patient outcome in NSCLC
[43, 44]. In the present study, we investigated the role of HIF-1α and HIF-2α on the
radiobiological and metabolic properties of the NSCLC cell line H1299. Therefore, we
generated a novel in vitro genetically engineered model of NSCLC with intact or deleted HIF1α/HIF-2α proteins. Deletion of HIF-1α caused a compensatory increase in the levels of HIF2α when oxygen was limited. In contrast, the same effect has not been seen when knocking
out HIF-2α suggesting that HIF-1α is sufficient to trigger the signalling pathways that regulate
response to hypoxia. It was previously reported that cancer cells expressing both HIF-1α and
HIF-2α proteins might mutually compensate by upregulating HIF-1α under HIF-2α
knockdown conditions [51], favouring a malignant phenotype [52]. Conversely, other studies
observed that HIF-1α knockdown cells increased HIF-2α protein levels compared with the
non-silencing control [24]. In line with our data, the compensatory regulation of HIF proteins
can be explained by an enhanced translation activity rather than increased mRNA production
[53].
Previous studies have focused on unravelling the differential roles of HIF-1α and HIF-2α in
hypoxic gene regulation. Both proteins seem to display distinct, non-overlapping biological
functions and independently regulate specific target genes in a cell type-specific manner [16]
[54]. For instance, hypoxic induction of HIF-1α target genes is repressed in HIF-1α-deficient
endothelial cells, suggesting that its loss cannot be compensated by HIF-2α or other hypoxiainducible proteins [55]. Other hypoxia-regulated genes such as OCT-4, a transcription factor
essential for maintaining stem cell pluripotency, is strictly regulated by HIF-2α and not by
HIF-1α [56]. Here we show that the absence of either HIF-1α or HIF-2α is sufficient to block
canonical HIF target gene expression, suggesting that both proteins are strictly necessary for
the activation of the HIF pathway. Furthermore, we observed that endogenous HIF-1β levels
are also reduced in the knockout cells in comparison with HIF-expressing cells. HIF-1β is
necessary for the assembly and functionality of an active HIF complex [11], meaning that its
downregulation could contribute to the reduction of hypoxia-related gene activation.

- 89 -

Chapter 3

HIF1a and HIF2a differently regulate the radiation sensitivity of NSCLC cells

Our results raise some interesting questions about how HIF proteins regulate the
radiobiological effects in NSCLC cells. First, it was shown that HIF-1α- deficient cells preincubated and irradiated under hypoxic conditions exhibit a more radioresistant phenotype
than wild type cells. This was a surprising finding, especially in light of data from other
studies showing that HIF-1α controls hundreds of genes involved in radioprotection in tumors
[57]. It is widely accepted that HIF-1α increases the radioresistance of a large variety of tumor
types by inducing cell cycle arrest [58], inhibiting apoptosis [59], promoting angiogenesis
[60] and enhancing glycolytic metabolism [61]. To note, only a few studies attempted to
understand the biological mechanisms behind HIF-2α regulating radiation response in cancer.
A negative prognostic role of HIF-2α has been seen in patients with different types of cancer
[43] and is also associated with a poor response to radiotherapy [62, 63]. Pietras, et al.
reported that the stem cell marker CD44 promoted cancer stem cell phenotypes and radiation
resistance via the direct regulatory role of HIF-2α in a murine glioblastoma model [64].
Moreover, HIF-2α inhibition enhanced radiation sensitivity in a cellular model of lung cancer
by promoting apoptotic activity via the p53 pathway [65]. We thereby hypothesise that the
substantial accumulation of HIF-2α seen in hypoxic HIF-1α-deficient cells may be
responsible for the radioresistant phenotype. Conversely, there were no differences in
clonogenic survival between wild type and HIF-2α-deficient cells treated with radiation,
suggesting that HIF-1α is able to compensate the lack of HIF-2α without altering their
radiobiological properties. In order to validate our hypothesis, we used HIF-1α/2α-deficient
cells to demonstrate that the radioprotective effect seen in H1KO cells is dependent on HIF2α upregulation. As expected, deleting both HIF proteins rescued the radioprotective
phenotype seen in HIF-1α-deficient cells. Moreover, dHKO cells displayed a more
radiosensitive phenotype in comparison with wild type cells, indicating an important role of
both proteins when working together in determining the radiation response of tumor cells.
Such an effect was also observed when dHKO cells were irradiated under normal oxygen
conditions, suggesting a role for HIF proteins in determining radiation response also in
normoxic tumor cells. As a result, we suggest that dual HIF-1α/HIF-2α inhibitors are
potentially clinically relevant enhancers of tumor radiosensitivity. This approach has to be
evaluated in order to assess the consequences of systematically inhibiting HIF-1α and HIF-2α
in normal cells such as macrophages and endothelial cells.
It is shown here that in HIF-deficient cells, there is a substantial increase of the basal CHK2
protein levels without changes in activation of its upstream regulator ATM were observed.
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Previously studies described the role of the DDR in relation with specific cellular stress
modulators such as hypoxia and HIF. It appears that ATM is active in hypoxia and increases
HIF-1α stability through phosphorylation at serine 696, which in turn leads to a reduction in
mammalian target of rapamycin complex 1 (mTORC1) signalling [66]. Given the high degree
of crosstalk between ATM and hypoxia it is perhaps not surprising that CHK2 can be
modulated by HIF expression. Further research is needed to better understand the link
between these proteins. Interestingly, the activation of the DDR in relation with the status of
HIF did not correlate with our cell survival outcome and double-strand break (DSB)
formation results. ATM is considered the major regulator of H2AX protein phosphorylation
in response to DSB formation, which consequently leads to cell cycle arrest and cell death
[67]. Our data demonstrates that ATM regulation is not responsible for the differences seen in
radiation sensitivity of the knock out cells versus wild type cells, suggesting an alternative
mode of HIF regulating radiation response in cells. Importantly, it has been demonstrated that
p53-deficient cells, such as H1299, rely on a different cell-cycle checkpoint pathway
involving p38MAPK/MK2 for cell-cycle arrest and survival after DNA damage [68].
Furthermore, the influence of combined HIF-1α and HIF-2α subunits on radiation response
was further validated by analysing the cell cycle distribution. The findings reported here
indicate that irradiated dHKO cells undergo a higher G2/M phase arrest than control cells. To
note, this effect was only significant when irradiation was performed under normoxic
conditions. Other studies have observed an increased cell cycle arrest in irradiated cells under
hypoxia when deleting HIF-1α [58] and HIF-2α [65], whereas our data show that the
inhibition of both proteins is necessary for an increased cell cycle abrogation. Moreover, in
line with the hypoxia tolerance experiments, H1299 cells abrogate G2/M cell cycle arrest
when the levels of oxygen are low, which was more pronounced in dHKO cells. This data
suggests that the combination of both HIF proteins contribute to an appropriated adaptation of
cells to hypoxia.
To date, multiple lines of evidence support that certain metabolites, such as lactate, confer
cells with a malignant behaviour and a pro-metastatic phenotype in cancer patients, resulting
in a potential prognostic biomarker in cancer [69]. Tarnawski et al. have shown that lactate
levels detected in glioma tumors are a prognostic parameter for predicting recurrence and
overall survival after postoperative radiotherapy [70]. Lactate regulates different biological
activities within the cell, which ultimately lead to an increased angiogenesis capacity,
antioxidative and immunosuppressive effects, contributing to tumor evasion and resistance to
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therapy [35, 71]. Moreover, decreasing the levels of lactate in tumors enhances response to
high-dose single-fraction radiotherapy in solid tumors [72]. The high levels of lactic acid and
consequently low pH seen in the medium of H1KO cells are a potential explanation for the
radioresistant phenotype seen in these cells. The specific mechanisms explaining the
increased lactate secretion in H1KO cells need further investigation. However, we
hypothesise that the compensatory upregulation of HIF-2α proteins in H1KO cell promotes an
increased lactate production and consequently confers a radioresistant phenotype. Future
experiments should examine the individual contribution of HIF-2α in mediating these effects
and may be a viable target for therapeutic interventions. Despite this, the lactate transporter
MCT-4 was strongly downregulated in HIF-1α-deficient cells, suggesting that elevated
extracellular lactic acid levels are not caused by increased expression of MCT-4. Nonetheless,
other studies previously reported anti-proliferative effects when blocking lactate influx by
MCT-1 and MCT-4, truncating the capacity to take up lactate as an energetic fuel [73].
Therefore, reduced levels of the lactate transporter MCT-4 might also influence the capacity
of H1299 cells to recycle extracellular lactate back into cells and thus cause its accumulation.
The same phenotype was seen when investigating other hypoxia-related genes involving pH
and metabolite balance such as CAIX and GLUT1. Here, we also show that combined HIF1/2α deficiency caused a substantial decrease in the baseline ECAR levels, also named as
non-glycolytic acidification, in DFO-treated cells, possibly contributing to the enhanced
radiation sensitivity observed in dHKO cells. However, the real glycolytic activity measured
in DFO-treated cells was diminished by HIF-1α deficiency in comparison with the other
genetic models. Previous reports have investigated the effects of lactic acidosis in relation
with the capacity of cells to metabolize glucose. These studies demonstrated that cells with
increased lactic acidosis and higher proton density became less glycolytic by impairing
several enzymes of the glycolytic pathway [74]. The above results suggest that HIF-1αdeficient cells have a defect in the glycolytic pathway possibly caused by elevated lactate
levels, which in turn leads to a more radioresistant phenotype. However, the specific
mechanism regarding the role of HIF-2α in regulating the levels of lactate needs further
investigation.
HIF-1α and HIF-2α may have an important role in regulating lipid metabolism in cancer [75].
Indeed, it was noted that the net number of LD was reduced in HIF-deficient cells under basal
levels, suggesting again a role of the HIF proteins under normoxic conditions. In line with our
data, Liu et al showed that HIF-1α and HIF-2α are involved in hypoxia-induced lipid
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accumulation in hepatocyte cells through reducing PGC-1α mediated fatty acid β-oxidation
[76]. Besides, here we show that the capacity of HIF proteins to increase lipid storage differs
depending on the levels of oxygen restriction, suggesting a differential response of HIF under
various stressing conditions. These experiments also demonstrate that there is a response
dependent on HIF-1α in the ability of radiation to increase intracellular lipid storage, probably
as a mechanism to protect cells against ROS molecules generated upon radiation treatment
[77]. Unfortunately, there is currently no data available on the relation between radiation and
cellular LD accumulation.
Overall, our work may have relevant implications how HIF-1α inhibitors are currently used in
the clinic. Our data suggest that HIF-1α inhibition in combination with radiation might be
antagonistically effective if used to target hypoxic cells within the tumor. As an alternative,
we propose that HIF-1α blockade should be used concurrently with the inhibition of HIF-2α
in order to radiosensitize tumor cells, partly by reducing their basal-glycolytic activity.
Importantly, the specific inhibition of HIF-1α accounts for critical changes in the metabolic
profile of H1299 cells, including an increase in extracellular lactate which might result in a
defect in the using of glucose as an energetic fuel.
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Figure and Tables

FIGURE 1: (A) Western blot of HIF-1α, HIF-2α and HIF-1β expression in H1299 cells
under normoxic (21%) and hypoxic (0.2%) conditions. Lamin A/C was used as loading
control. (B) mRNA expression of HIF target genes CAIX, GLUT1, CITED2 and TWIST1
after 24h hypoxia incubation. (C) Automated cell counting of H1299 cells under normoxia
and hypoxia at 24h and 48h after seeding. (D) Cell viability was measured by crystal violet
staining assay.
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FIGURE 2: Clonogenic cell survival of H1299 cells irradiated under (A) normoxia (21% O2)
and (B) hypoxia (0.2% O2). Surviving fraction was normalized to vehicle control. Average ±
SD of three independent biological repeats is shown. Asterisks indicate statistical significance
(*p<0.05; ***p<0.001; ****p<0.0001).
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FIGURE 3: Representative merged fluorescent images of γ-H2AX foci (red) and nuclei
(blue) upon irradiation under (A) normoxia and (B) hypoxia in H1299 cells. Quantification of
γ-H2AX staining in cells. Average ± SD of three independent biological repeats is shown.
Asterisks indicate statistical significance (**p<0.01; ***p<0.001).

FIGURE 4: Western blot of pATM, pCHK2 and CHK2 expression in H1299 cells irradiated
with 2Gy under normoxic (21%) and hypoxic (0.2%) conditions. Lamin A/C was used as
loading control.
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FIGURE 5: Flow cytometry analysis of cell cycle distribution of H1299 cells after radiation
under normoxic (21%) and hypoxic (0.2%) conditions. Fraction of cells in G1, S and G2-M
phase in non-irradiated cells under normoxia (A) and hypoxia (C) and 4hr post-irradiation
(2Gy) in normoxic (B) and hypoxic (D) cells. Average ± SD of three independent biological
repeats is shown. Asterisks indicate statistical significance (*p<0.05; **p<0.01).
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FIGURE 6: (A-B) Measurement of extracellular pH and (C-D) extracellular lactic acid
accumulation upon normoxia or hypoxia. mRNA expression of HIF target genes MCT1(E)
and MCT4 (F) after hypoxia incubation. Average ± SD of three independent biological
repeats is shown. Asterisks indicate statistical significance (*p<0.05; **p<0.01; **p<0.001 ).
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FIGURE 7: Basal glycolytic function of H1299 cells under normoxia without (A) or with
DFO (B) was quantified by measuring extracellular acidification rate (ECAR). Stacked plot of
glycolysis and glycolytic reserve under normoxia without (C) or with DFO 100nM (D).
Average ± SD of three independent biological repeats is shown. Asterisks indicate statistical
significance (*p<0.05; **p<0.01).
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FIGURE 8: LD - Nile Red staining in H1299 cells in (A) non-treated cells, (B) hypoxia
(0.2% O2) / anoxia (0.0% O2) incubated cells and irradiated cells (C). Average ± SD of three
independent biological repeats is shown. Asterisks indicate statistical significance (*p<0.05;
**p<0.01; ***p<0.001).
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SUPPLEMENTARY FIGURE 1: Schematic representation of HIF-1α and HIF-2α genes
encoded by exons 1-15 and 1-7 respectively and the localization of the guide RNAs (sgRNA)
used to target both genes.
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SUPPLEMENTARY FIGURE 2: The PCR amplified DNA fragments containing the HIF1α and HIF-2α sgRNA target site from positive clones was analysed by DNA sequencing.
Example of sequence chromatogram is shown.
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SUPPLEMENTARY FIGURE 3: mRNA expression of HIF-2α after 24h hypoxia
incubation.

SUPPLEMENTARY FIGURE 4: Clonogenic cell survival of H1KO and H2KO
independent clones (IC) compared to wt cells irradiated under (A-C) normoxia (21% O2) and
(B-D) hypoxia (0.2% O2). Surviving fraction was normalized to vehicle control.
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SUPPLEMENTARY FIGURE 5: Western blot of pCHK2 expression in H1299 cells
irradiated under normoxic (21%) and hypoxic (0.2%) conditions. Lamin A/C was used as
loading control.

SUPPLEMENTARY FIGURE 6: Basal respiration expressed as oxygen consumption rate
(OCR) under normoxia without (A) or with DFO (B).
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SUPPLEMENTARY TABLE 1: Antibodies used in this study
Antibody

Dilution

Vendor

HIF-1α

1:500

BD Biosciences

HIF-2α

1:1000

Novus Biologicals

HIF-1β

1:1000

BD Biosciences

Lamin-A

1:1000

Sigma-Aldrich

pATM

1:1000

Abcam

pCHK2

1:1000

Bioke

CHK2

1:1000

Bioke

SUPPLEMENTARY TABLE 2: Primers used in this study
Genes

Primers

Sequence

CAIX

Forward

CATCCTAGCCCTGGTTTTTGG

CAIX

Reverse

GCTCACACCCCCTTTGGTT

GLUT1

Forward

GATTGGCTCCTTCTCTGTGG

GLUT1

Reverse

TCAAAGGACTTGCCCAGTTT

CITED2

Forward

ACGCCTTCAACGCCCTAATGG

CITED2

Reverse

ATGCCTGATGCCGCTCGTG

TWIST1

Forward

GGAGTCCGCAGTCTTACGAG

TWIST1

Reverse

TCTGGAGGACCTGGTAGAGG

MCT1

Forward

TATGGTGGAGGTCCTATCAGC

- 110 -

Chapter 3

HIF1a and HIF2a differently regulate the radiation sensitivity of NSCLC cells

MCT1

Reverse

TGTACGGTGTTACAGAAAGAAGC

MCT4

Forward

TTTGTGCTTTACGCCGTGG

MCT4

Reverse

CTGAAGAGGTAGACGGAGTAGG

HIF-2α

Forward

TGCTCCCACGGCCTGTAC

HIF-2α

Reverse

TTGTCACACCTATGGCATATCACA

HPRT

Forward

TATTGTAATGACCAGTCAACAG

HPRT

Reverse

GGTCCTTTTCACCAGCAAG
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Abstract
Radiotherapy alone and in combination with other agents, such as chemotherapy, is the
standard of care treatment for most lung cancer patients. Nevertheless, both may cause severe
side effects, which limits tumor control and quality of life because of treatment induced lung
toxicity. Radiation-related toxicity occurs in up to 30% of patients and may be short-term or
permanent. The Notch signaling pathway is important in cell fate determination in the lung
and regulates self-renewal and differentiation of epithelial progenitors in the adult upper
airway epithelium. In this study, we assessed whether Notch signaling is involved in the
response of the lung epithelium to radiation-induced injury. We found that pharmacological
inhibition of the NOTCH signaling pathway by the γ-secretase inhibitor dibenzazepine (DBZ)
increased survival of irradiated progenitor cells in organotypic air-liquid interface (ALI)
culture of patient-derived primary bronchial epithelial cells (PBECs). NOTCH inhibition
resulted in the induction of ciliated cell fate and increased the amount of progenitor cells,
whereas the number of secretory cells was reduced. Radiation treatment alone reduced the
survival of progenitor cells at early time points, whereas the combination with NOTCH
inhibition induced a radioprotective effect. Mechanistically, NOTCH blockade increased the
DNA damage response (DDR) and reduced double-strand break (DSB) formation in lung
primary cells after irradiation. Our findings reveal a novel role of NOTCH signaling pathway
in irradiation-induced lung toxicity and suggest a new application of Notch inhibitors in
promoting progenitor cell survival when used in combination with radiotherapy.
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Introduction
A major factor that limits long-term survival and quality of life of lung cancer patients is the
maximum tolerated dose of radiation to the thorax [1]. Up to 30% of patients develop
radiation-induced toxicity, which requires treatment de-intensification or termination
negatively affecting tumor control probability (TCP) and quality of life. Exposure of the
thorax to ionizing radiation during cancer treatment results in DNA damage, cell loss, tissuerepair and remodeling [2]. Long-term irreversible effects of thoracic irradiation include
esophagitis and irreversible remodeling including lung fibrosis and the formation of fistulae
[3]. The probability of developing radiation-induced lung damage (RILD) is determined by
both physical factors (i.e. dose, irradiated volume) as well as biological factors [4, 5]. These
side-effects are further exacerbated by combination treatments with chemotherapy and
targeted therapies [6]. At present, radiomitigators and radioprotectors are possible strategies
that lessen radiation-related damage to the normal lung epithelium in the treatment of
malignancies [7]. Most of these agents have been tested in preclinical models and are
currently been tested in several clinical trials [8]. Because the lung is highly sensitive to
radiation damage and its resulting long-term adverse effects, there is an urgent need to reduce
radiation damage to prevent delay or reverse early and late toxicities.
The human bronchial airway epithelium is composed of a luminal layer containing the
differentiated mucous producing secretory cells, ciliated cells and a basal compartment
containing self-renewing progenitors [9]. Progenitor cell dysfunction impairs lung repair and
regeneration upon chemical injury [10, 11]. During normal bronchial epithelial homeostasis,
the basal cells give rise to both ciliated and secretory cells which are responsible for the
muco-ciliary clearance. Exposure of the lung to irradiation inhibits proliferation of progenitor
cells placing a proliferative demand among the remaining progenitors to replace the damaged
tissue [12]. Clonal capacity of progenitor cells is limited, which underlines a functional
impairment and inability of the remaining stem cells to repair the damaged tissue [12]. The
remaining basal stem cells have the ability to repair DNA damage upon injury using the error
prone non-homologous end joining pathway. Thus, subsets of airway progenitors may
accumulate DNA damage upon irradiation. Such cells are more likely to contribute to
pulmonary disease and have potential to convert into malignant cells [13]. Furthermore, the
molecular pathways involved in the damage response and repair after irradiation in basal cells
of the airway epithelium are not clear. It has been demonstrated that irradiation induces EGFR
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phosphorylation and increases interaction with caveolin involved in EGFR nuclear transport
[14]. A better understanding of the signaling pathways contributing to RILD may provide
opportunities for intervention.
The NOTCH signaling pathway is important in cell fate determination in many tissues during
development and in adults including the lung. NOTCH receptors are transmembrane
glycoproteins that interact with membrane bound ligands on adjacent cells. Mammalian cells
encode for four NOTCH receptors (N1-4) and five ligands of the Delta (1-3)-Jagged (1-2)
family (DSL) [15-17]. NOTCH inhibition alters the balance between basal, ciliated,
neuroendocrine and secretory cell fates in the upper airway epithelium [18, 19] indicating that
the NOTCH pathway promotes cell fate decisions. In the postnatal lung, NOTCH restricts
basal cells to the secretory cell fate suppressing ciliated differentiation [20]. Furthermore,
NOTCH signaling is also required to maintain the differentiated state of secretory cells in the
upper airways and blocking JAGGED1/2-NOTCH signaling leads to transdifferentiation of
club cells into ciliated cells [21]. NOTCH2 regulates differentiation of lineage-restricted
progenitors into bronchial club cells and ciliated cells as well as contributes to alveolar
morphogenesis and integrity of epithelial and smooth muscle layers of airways [17, 22].
NOTCH1/3 contributes additively to regulate pulmonary neuroendocrine cell fate [22] while
NOTCH1 is dispensable for airway epithelial development upon lung epithelial injury [23].
Previous studies have shown that the NOTCH signaling pathway regulates basal stem cell
self-renewal upon chemical injury [24] suggesting a key role of the NOTCH pathway in
survival upon genotoxic damage. Similar results have been reported in lung cancer patients
were deregulated NOTCH signaling was associated with worse disease-free survival [25, 26],
treatment resistance [27, 28] and radio-resistance in non-small cell like cancer (NSCLC)
tumor-bearing mice [29, 30].
NOTCH signaling has recently been shown to directly regulate the DNA damage response by
competing with FOXOA3 for binding to ATM kinase and thereby suppressing its
phosphorylation. Inactivation of ATM/FOXO interaction by NOTCH expression is crucial for
proliferation of T cell leukaemia with mutated NOTCH [31, 32]. Moreover, radiation has
been shown to induce NOTCH signaling in breast cancer cells [33] which may be mediated
via activation by the DNA repair BRCA1/p63 complex [34]. Given the fact that radiation
selects for radiation resistant sub-populations of airway progenitor cells [35] that may require
NOTCH signaling for their survival we assessed whether the combined effects of irradiation
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and NOTCH pathway inhibition alters homeostasis of the bronchial epithelium in the upper
airways. In the present study we therefore investigated the effect of NOTCH inhibition on
proliferation and differentiation of irradiated primary human bronchial epithelium using an
organotypic air-liquid interface culture system.
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Materials and methods
Primary bronchial epithelial cells
PBECs were kindly provided by the Primary LUng Culture (PLUC) facility MUMC+,
Maastricht, The Netherlands. Lung tissue used for the isolation of PBECs was obtained from
the Maastricht Pathology Tissue Collection (MPTC) and originated from tissue resected
during lobectomies or pneumonectomies of patients who underwent surgery for lung cancer
(3 different donors PUL 112, 119, 109). Collection, storage and use of tissue and patient data
were performed in agreement with the "Code for Proper Secondary Use of Human Tissue in
the Netherlands" (http://www.fmwv.nl). The scientific board of the MPTC approved the use
of materials for this study under MPTC2010-019. PBEC cells-passage 1 were grown in
KSFM medium supplemented with 1mM isoproterenol, mycozap, 2.5ng EGF and BPE.
Soybean Trypsin inhibitors from Glycine max were used to resuspend the cells after
trypsinization. Cells were collected by centrifugation, 5 minutes at 150 RCF and counted with
an automatic counter (Beckman Coulter).
Airway Epithelium Differentiation in Air-liquid Interface (ALI) Culture
Isolated PBECs were seeded onto 12mm transwell with 0.4µm pore polyester membrane
inserts (Corning Incorporated, Corning, NY) (90.000 cells/transwell in 500 µL) using the
stimulation medium. Stimulation medium consisted of Bronchial Epithelial Cell Growth
Medium (BEGM) (Lonza ee-3171) and Dulbecco's Modified Eagle Medium (no glucose)
(DMEM, no glucose) (Gibco 11366-025), supplemented with pen/strep, Hepes, BEGM
SingleQuot Kit (except the gemtamycin) and BSA. PBECs were submerged by adding 500
µL of cells in the insert and 1.5 mL stimulation medium in the bottom. PBECs were cultured
in stimulation medium at 37°C in 5% CO2 humidified incubator. Stimulation medium was
replaced every 2 days until cells reached confluence. After cells reached confluence, medium
was removed from the insert and only supplied in the basal chamber. Retinoic Acid in a final
concentration of 50nM was supplemented to the medium. Cells received ALI treatment by
only adding stimulation medium (+RA) to the bottom of each well (1ml/well).

NOTCH blockade and radiation therapy
The gamma secretase inhibitor dibenzazepine (DBZ) (Syncom, The Nederlands) at 1uM was
used as NOTCH inhibitor. DMSO was added to samples as a vehicle control. PBECs at airlift
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were irradiated with a single 2-4 Gy dose using a MCN 225 X-ray tube (Phillips) operated at
225 keV and 10 mA. Samples were collected 1h, 24h or 2 weeks after irradiation and
processed for RNA isolation, immunofluorescent stainings or western blotting.
Western blotting
Western blot was performed according to standard protocol. RIPA buffer was used for protein
extraction. Protein concentrations were determined with Bradford Protein Assay (Bio-Rad).
Proteins (30 ug) were separated on a 7.5% SDS-PAGE and transferred to Nitrocellulose or
PVDF membranes. Membranes were blocked with 5% non-fat dry bovine milk and
subsequently incubated (O/N, 4°C) with primary antibodies (Supplementary table 1) and
visualized using HRP-linked secondary antibodies (goat anti mouse and goat anti-rabbit,
1:2500, Cell-Signaling) and Super ECL Luminescence.
Whole mount immunostaining and confocal microscopy
PBECs were fixed in 4 % paraformaldehyde for 10 minutes, permeabilized with PBStriton100 0,3% for 3 hours and blocked with PBS triton100 0,1%, BSA 3 % and normal goat
serum 10 % (Bio-Connect, Cat# s1000) for 2 hours. Primary antibodies MUC5AC (Abcam,
Cat# ab3649), Acetylated tubulin (Sigma-Aldrich, Cat# T7451-200UL), p63 (Abcam, Cat#
ab124762), Cytokeratin 5 (Abcam, Cat# ab24647) and 53BP1 (BD Biosciences, Cat# 612522)
were incubated overnight at 4 degrees. Goat anti-mouse Alexa 488 (Thermo fisher 1:500) and
goat anti-rabbit Alexa Fluor 555 fluorescent secondary antibody (Thermo fisher 1:500) were
used for 1 hour at room temperature. DAPI was used to stain the cellular nuclei. Stacks of 2
um were acquired for each sample using Confocal microscope (Leica Spe Confocal).
Click-it Edu Alexa Fluor 555 Imaging kit
Click-it Edu Imaging kit (Molecular Probes Cat# 1790497) was used to measure cell
proliferation. Samples were incubated with Edu 2 hours prior to be harvested, washed, fixed
and permeabilized as previously described (REF) and incubated for 30 minutes with 1x Clickit 10 X buffer, Alexa fluor azide, CuSO4 reaction buffer 1x provided by the kit. DAPI was
used to stain nuclei. Images were acquired used confocal microscopy.
Image analysis

- 119 -

Chapter 4

NOTCH blockade in combination with RT increases the number of lung stem cells

Quantification of p63 and Edu stainings was performed by determining the number of
positive nuclei as a proportion of total number of nuclei in 5 representative fields of each
sample. Image J 6.4 was used for images quantification.
RNA isolation and quantitative PCR analysis
mRNA was extracted using the NucleoSpin RNA II kit (Bioke) and cDNA conversion was
performed using the iScript cDNA Synthesis kit (BioRad) according to the manufacturers’
instructions. Quantitative PCR was performed on the CFX96 (BioRad). The expression of
Hes1

was detected

with

SYBR Green

I

(Eurogentec).

Values for

Hes1

(F-

CGTGTCTCCTCCTCCCATT; R-GGCCTCTATATATATCTGGGAC) expression were
normalized to HPRT expression levels. (F-TATTGTAATGACCAGTCAACAG; RGGTCCTTTTCACCAGCAAG).
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Results
To characterise NOTCH signalling in normal lung cells, we first analysed the total NOTCH
cleavage as well as the expression of its target Hes1 in primary bronchial epithelial cells
(PBECs). We also examined the effect of pharmacological inhibition of NOTCH using the γsecretase inhibitor dibenzazepine (DBZ) on NOTCH cleavage and mRNA target gene
expression in PBECs. Culturing the cells on Dll4-coated plates increased the mRNA
expression of NOTCH1-target gene HES1, as determined by real-time qPCR. Furthermore,
DBZ inhibited Dll4 induced NOTCH1 cleavage (Fig. 1A). Western blot confirmed that
NOTCH signaling is activated and that DBZ was effective in blocking the Val1744 cleaved
activated form of NOTCH1 and the expression of the NOTCH target gene HES1 from 3
independent patient samples (Fig. 1B). We used the Air-liquid interface (ALI) system to study
proliferation and differentiation of primary bronchial epithelial progenitors (Fig. 1C). The
PBEC population, mostly comprised of progenitor, goblet and ciliated cells, was strictly
regulated by the activation of NOTCH. The undifferentiated basal cells express p63, a
member of the p53 family crucial during the development of several organs and tissues [36].
Basal stem cells, which express the p63 marker, generate secretory and ciliated lineages,
positive for MUC1 and LhS28 respectively. Specifically, continuous treatment with DBZ for
4 weeks resulted in an increase in the amount of progenitor and ciliated cells, which
consequently leads to a reduction in goblet cells (Fig. 1D). Taken together, our results support
the model depicted in Fig. 1E. According to this model, multipotent p63+ cells have the
ability to renew and besides divide symmetrically to generate secretory and ciliated lineages
in a NOTCH-dependent process.
The effect of continuous PBEC culturing on the emerging cell populations from basal cells
differentiation at ALI was analysed by western blot (Fig. 2A). For this, cells on transwell
membranes were collected at various tine points to assess the expression of relevant cellular
markers. We also quantified lung-specific cells by manually counting the positivity of
different markers on confocal images of immunostained-tissue sections from the ALI (Fig.
2B). At the start of ALI culture approximately 70% of PBECs were positive for p63 but
decreased over time until reaching a percentage of 40% at day 28, indicating that cells might
be differentiating into other cell types. We next determined the number of ciliated cells
emerging over time using the acetylated tubulin (AcTub) antibody, which stains the cilia of
full-grown ciliated cells. After 28 days of ALI culture, approximately 30% of cells were
ciliated. Additionally, the fraction of MUC5AC positive cells (a marker for goblet cells),
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reached a peak of about 30% at day 15. Subsequently, a gradual drop to about 10% was
observed at day 21 followed by an increase to about 20% at day 28. This pattern was
consistent for three independent donors. Proliferation, as determined by Edu incorporation,
progressively decreased until day 21 when proliferative capacity completely ceased. All
proliferating cells were p63+ and CK5+ cells. Overall, these data suggest that PBECs cultured
in the ALI system are mostly progenitor cells that eventually undergo differentiation into
ciliated or goblet cells. To determine whether NOTCH signaling was implicated in
determining cell fate decisions in differentiated PBECs (day 21 after ALI culture); we
assessed the expression of p63, AcTub and MUC5A at 1, 3 and 7 days after DMSO or DBZ
treatment. We observed a strong increase of p63 and KRT5 protein levels in ALI cultures
treated with DBZ compared to vehicle-treated cells. Interestingly, we also saw an immediate
decrease of MUC1A cell number that was consistent overtime, whereas the increase in
ciliated cells was minor for all the time points tested (Fig.3A). NOTCH inhibition
significantly increased the number of proliferating cells and the absolute number of p63+
cells. Proliferation remained stable in cultures were NOTCH signalling was not blocked. To
note, Edu+ cells were exclusively p63+ positive. (Fig.3B).
To address the role of the NOTCH signalling in cell fate decisions in response to ionizing
radiation, we investigated the expression of the different cell type specific markers on protein
level at different time point after irradiation of differentiated ALI cultures. For this purpose,
we designed a set of different treatment plans consisting of DBZ treatment in combination
with irradiation using 2 or 4 Gy. The first treatment plan consisted of the addition of the drug
vehicle DMSO or DBZ for two weeks and irradiation 24h prior cell collection (Fig.4A).
NOTCH inhibition increased p63+ progenitor cells and reduced MUC5A expressing cells in
cultures within 24h after treatment with DBZ. No differences were observed for the
expression of ciliated cells. We also noticed that the number of mucous cells further decreased
when NOTCH inhibition treatment was combined with the highest dose of radiation (4Gy).
Increasing doses of radiation also resulted in reduction of p63+ progenitor cells suggesting
that NOTCH inhibition is protective for p63+ progenitors. The findings of protein expression
for p63 were corroborated with immunofluorescent staining for p63+ expression and
quantitation. Here we also observed a dose-dependent increase in p63+ expressing cells
amounting to an absolute increase of 30% in the number of p63+ cells (Fig 4.B). Therefore,
we show that antagonizing NOTCH signalling in cells confers radiation resistance that
subsequently is translated into a proliferative advantage.
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Next, we assessed the long-term consequences of inhibiting NOTCH after irradiation in
PBEC ALI’s (Fig 5). We observed a strong increase in p63+ in both non-irradiated and
irradiated cells upon NOTCH inhibition when analysed 14 days after irradiation at day 28.
Ciliated cells at the highest doses were slightly affected but mucous cells were strongly
reduced upon irradiation in both GSI and vehicle treated cultures at day 28 compared to nontreated ALI (Fig 5A). Confocal imaging of KRT5 positive cells in whole mount ALI cultures
was performed at day 28 and showed that while in control conditions basal cells were located
closest to the membrane, upon irradiation, the number of KRT5+ cells was increased, and
they appeared redistributed to higher layers in the ALI culture. Moreover, when combined
with NOTCH inhibition, KRT5+ further expanded and NOTCH blockade further enhanced
KRT5+ cell numbers (Fig. 5B).
Radiation triggers activation of the DNA damage response (DDR) which can provoke growth
arrest and cell death. Activation of the DNA damage response through phosphorylation of
ATM triggers the phosphorylation of γ-H2AX and 53BP1, which both are recruited to the
double-strand breaks in the DNA. We observed that irradiation of PBEC cultures after 14
days in cultures led to an immediate induction of phosphorylated ATM kinase. This increase
in pATM was further increased when cells were cultured in the presence of DBZ (Fig.6A).
We next determined the induction of γ-H2AX at two different time points after radiation
treatment and noted that the strongest induction of positive foci was at 1h whereas no signal
was found after 24h. Compared with DMSO-treated samples, NOTCH inhibition decreased
the amount of γ-H2AX for both radiation doses tested (Fig. 6B). We also analysed 53BP1 foci
as another measure of persistent DNA damage. Confocal imaging of positive 53BP1 marker
in the nucleus demonstrated that there was a dose dependent increase in nuclear 53BP1 foci in
p63+ progenitor cell and that -consistent with the γ-H2AX staining- this was reduced upon
NOTCH inhibition (Fig. 6C).
Finally, we investigated if radiation itself altered the expression or response of NOTCH
signalling. We observed that there was a dose-dependent decrease in Val1744 cleaved
NOTCH1 in cultures 24h after irradiation. The reduction in cleaved NICD coincided with a
reduction in the expression of Hes1, a canonical NOTCH target gene (Fig. 7A, B).
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Discussion
In the present study we used patient-derived primary lung epithelial organotypic cultures to
study the role of NOTCH signaling in the response of stem cells and differentiated bronchial
epithelium to irradiation. Our results show that NOTCH signaling in primary bronchial
epithelium suppresses the DNA damage response and the proliferative capacity of irradiated
lung progenitors.
The importance of investigating the effects of NOTCH inhibitors on lung model systems
arises from the need to reduce adverse effects in lung cancer patients treated with
radiotherapy [2]. Conventional treatments for lung cancer include chemo-radiotherapy and
targeted therapies [37]. There is mounting evidence that the NOTCH pathway is deregulated
in various types of cancers, including lung cancer [26]. Moreover, NOTCH signaling
influences treatment outcome of NSCLC patients treated with radiotherapy [29]. Therefore,
its inhibition represents a potential candidate to be used in the clinic. So far clinical studies
using Notch inhibitors have been disappointing in terms of tumor control and adverse effects
in normal tissues [38, 39]. Radiation-related toxicity is also a strong dose-limiting factor in
terms of long-term survival and quality of life in patients receiving thoracic irradiation as part
of their cancer treatment [3]. In addition, lung cancer patients often suffer from co-morbidities
such as COPD, which further reduce their tolerance to treatment [40]. Several studies have
shown that the NOTCH signaling pathway is required for secretory cell differentiation from
basal cell progenitors in the lung epithelium, whereas it triggers the proliferative capacity of
NSCLC tumor cells. Indeed, we previously showed that NSCLC xenograft tumors with
activated NOTCH signaling grow faster than non-Notch expressing controls and are more
radiation resistant. Furthermore, we reported that genetic inactivation of NOTCH in this
model blocks tumor growth [29]. Our findings indicate that pharmacological inhibition of
NOTCH may simultaneously protect normal tissue from the detrimental effects of irradiation
while promoting sensitivity towards radiotherapy in NSCLC patients.
Interestingly, we observed a progressive decrease in the relative amount of progenitor cells
which was compensated by increased differentiation towards a mucous and ciliated cell fate.
NOTCH is a well-known stem cell regulator that plays a key role controlling the turnover and
adult tissue homeostasis of multiple tissues including the intestine [41, 42]. The NOTCH
pathway is essential at multiple stages of development and controls stem cell numbers and
activity in context of age-related tissue regeneration and repair [43]. Inactivation of NOTCH
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in the intestinal epithelium of mice results in the loss of the proliferative crypt compartment
through inhibition of Bmi1. NOTCH and Bmi1 contribute to proliferation and self-renewal of
local progenitor cells by regulating the cell cycle progression via the p16INK4a/ p19ARF
pathway [44]. In our study, we found that anti-NOTCH therapy administered in differentiated
PBECs showed important consequences in cell fate decision by increasing the percentage of
p63+ and ciliated cells while reducing the number of secretory -mucous producing- cells. This
is interesting as in the intestine Notch blockade increases secretory cell differentiation [41], a
phenotype dependent of KLF4, which induces goblet cell differentiation [45, 46]. In line with
our study, others have observed a similar role of NOTCH in regulating stem cell function and
hierarchy. Specifically, genetically inhibition of NOTCH increased mammary stem cell
activity, leading to anomalies in the mammary tissue such as the formation of aberrant end
buds, suggesting a role of endogenous NOTCH signaling in restricting mammary stem cell
expansion [47].
Prior studies have shown that expansion of progenitor/stem cell polls in tissues can play an
important role as a mechanism to prevent damage by radiation [48]. Although the lung is a
relatively quiescent organ, it shows great ability to proliferate and to repair after external
exposure to DNA damage agents such as inhaled pollutants, suggesting the existence of
highly active lung stem cells [49]. Immediately after injury, progenitor/stem cells are capable
to restore normal tissue architecture by inducing the generation of the different cell types
within a tissue. Following sulfur dioxide (SO2) exposure, loss of differentiated luminal cells
prompt the remaining basal cells to proliferate and differentiate into the lung-specific cell
types in order to restore the airway epithelium. NOTCH pathway inhibition disrupted the
normal pattern of lineage segregation upon injury [50]. During lung endoderm development,
the NOTCH signaling pathway promotes the secretory cell phenotype over the ciliated cell
phenotype, which resembles to the response of basal cells after airway injury [51, 18]. Upon
SO2-mediated airway epithelial injury, the secretory cell lineage is stimulated via NOTCH
signalling, which induces progenitor cell self-renewal and differentiation [23, 52]. Other
studies have seen that reactive oxygen species (ROS) trigger the NOTCH signalling pathway
by activating Nrf2. Therefore, ROS and NOTCH together mediate progenitor cell selfrenewal through regulating their proliferative capacity [24]. To our surprise, we observed that
the loss of p63 basal stem cells induced by a single dose of radiation was counteracted by
NOTCH inhibition. Radiotherapy, unlike damage by SO2, mostly targets dividing cells, such
as the progenitor/basal cells along the upper airway epithelium. To our knowledge, this is the
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first study to test the consequences of administering NOTCH inhibition therapy on irradiated
normal lung tissue. As regeneration upon irradiation ensues, we show that PBECs following
anti-NOTCH treatment produce massive amounts of progenitor cells, whereas the other cell
types remain more stable. Thus, we suggest that basal cells contribute to regeneration and
repair of irradiated normal lung tissue via regulation of the NOTCH pathway.
Human lungs constantly deal with insults from inhaled pollutants which cause DNA damage.
Therefore, lung stem cells need to efficiently respond to endogenous and exogenous DNA
damage for proper repair of the epithelial airway after injury. Cigarette smoke contains over
4000 compounds that induce various types of DNA damage to exposed cells, which
ultimately require the full DDR machinery including nucleotide excision repair (NER), base
excision repair (BER), homologous recombination (HR) and non-homologous end joining
(NHEJ) to repair these lesions [53]. In response to ionizing radiation, lung basal stem cells
repair induced DNA DSBs by activating the error-prone NHEJ pathway, allowing basal cells
to proliferate after injury while avoiding apoptosis [13]. In line with our data, Weeden, et al.
found that the γH2AX DSB marker, which leads to NHEJ activation, was strongly induced 1h
after radiation exposure; however DSBs were resolved 24 hours post irradiation. Thereby,
residual 53BP1 foci were quantified to analyze the DNA damage induced by radiation at latter
time points. Our γH2AX and 53BP1 labeling demonstrated that DBZ-treated PBECs are more
proficient than control cells in repairing radiation-induced DSBs. The apparent association
between γ-H2AX/53BP1 activation with DNA repair suggested a model whereby DSB-repair
efficiency is normally limited by NOTCH activity in progenitor cells. In contradiction with
this model, we observed an increased amount of phosphorylated-ATM, which mediates γH2AX/53BP1 activation, in cells treated with DBZ. Recent investigations have found that
NOTCH suppresses the activation of the DDR by blocking the activation of ATM.
Furthermore, NOTCH blockade promoted ATM-dependent apoptosis in irradiated leukemia
cells that rely on the NOTCH signaling for their survival [32]. Further investigations will be
required to unravel the specific role of NOTCH on regulating the DDR responsible for the
protective effects of adding DBZ to irradiated-PBECs.
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Figures and Tables

FIGURE 1: (A) mRNA expression of NOTCH target gene Hes1 upon DMSO/DBZ treatment
on uncoated or Dll4-coated plates. (B) Western blot of cleaved NOTCH1 (Val1744) and Hes1
in 3 independent PBECs samples treated with DMSO/DBZ. Tubulin was used as loading
control. (C) Representative overview of PBEC culture in the air-liquid interface (ALI) system.
(D) Protein expression profiles of epithelial lung cell markers p63 (basal stem cells), LhS28
(ciliated cells) and MUC1 (mucous cells) were analyzed after 28 days of continuous
DMSO/DBZ treatment. Tubulin was used as loading control.
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FIGURE 2: PBECs were grown for 28 days in ALI. (A) Western Blot of basal stem cell
markers (p63 and KRT5) and differentiated cellular markers Acetylated Tubulin (ciliated
cells) and MUC5AC (mucous cells) at different time points. Lamin A/C was used as loading
control. (B) Confocal staining of PBECs at day 0 and day 28 stained for p63 and MUC5A;
Acetylated Tubulin; p63 and Edu with the relative quantification graphs.
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FIGURE 3: PBECs were grown for 28 days in ALI and treated with DMSO/DBZ from day
21 onwards. (A) Western blot of basal stem cell markers (p63 and KRT5) and differentiated
cellular markers Acetylated Tubulin and MUC5AC were assessed at days 22, 24 and 28.
Lamin A/C was used as loading control. (B) Confocal staining of PBECs at day 22, 24 and 28
stained for p63 and Edu with the relative quantification graphs.
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FIGURE 4: (A) PBECs were grown for 15 days in ALI under DMSO/DBZ conditions
following 4Gy irradiation at day 14. Cell collection for western blotting was performed 24
hours after irradiation. Protein expression profiles of epithelial lung cell markers p63, LhS28
and MUC1 were analyzed 15 days after continuous DMSO/DBZ treatment. Lamin A/C was
used as loading control. (B) PBECs cultured for 17 days in ALI under DMSO/DBZ
conditions following 4Gy irradiation at day 14. Quantification of confocal images for p63
positive cells in relation with DAPI.
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FIGURE 5: PBECs were grown for 28 days in ALI. DMSO/DBZ treatment started on day 14
which followed 4Gy radiation exposure. Cell collection for western blotting was performed 2
weeks after irradiation (A) Protein expression profiles of epithelial lung cell markers p63,
LhS28 and MUC1 were analyzed 14 days after continuous DMSO/DBZ treatment. Tubulin
was used as loading control. (B) Confocal staining of PBECs at day 28 stained for KRT5 and
DAPI with the relative quantification graphs.
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FIGURE 6: PBECs were grown for 15 days in ALI under DMSO/DBZ conditions following
4Gy irradiation at day 14. Cell collection for western blotting was performed 1 and 24 hours
after irradiation. (A) Protein expression profile of DDR marker ATM and its active form
pATM were analyzed 24 hours after radiation. Tubulin was used as loading control. (B)
Protein expression profile of DSB marker γ-H2AX was analyzed 1 and 24 hours after
radiation. Tubulin was used as loading control. (C) Quantification of confocal images for
53BP1 positive foci in p63 positive cells was analysed 24 hours after radiation.
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FIGURE 7: PBECs were grown for 15 days in ALI under DMSO/DBZ conditions following
4Gy irradiation at day 14. (A) Western blot of cleaved NOTCH1 (Val1744) was performed in
samples collected 1 and 24 hours after radiation. Lamin A/C was used as loading control. (B)
Western blot of Hes1 was performed in samples collected 1 hour after radiation. Tubulin was
used as loading control.

SUPPLEMENTARY TABLE 1: List of antibodies used for Western Blot analysis
Antibodies
anti-cleaved-Notch1 (Val1744)
anti-Hes1
Rabbit anti-P63
Rabbit anti-KRT5
Mouse anti-Acetilated tubulin
anti-LhS28
Rabbit anti-Muc1
Mouse anti-Muc5A
anti-ATM
Rabbit anti-p-ATM
anti-γ-H2AX
Rabbit anti-Lamin A/C
Rabbit anti-Tubulin

Dilutions
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:1000
1:10000
1:1000
1:500
1:1000
1:1000
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Vendor
Bioke
Aviva systems biology
Abcam
Dako
Sigma Aldrich
Abcam
Abcam
Abcam
Sigma Aldrich
Cell Signaling
Millipore
Sigma Aldrich
Sigma Aldrich
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Abstract
γ-secretase (GS) is a multicomponent enzyme complex required for processing the amyloid
precursor protein (APP), causal to Alzheimer’s disease, and the Notch family proteins,
frequently deregulated and mutated in cancers. However, clinical use of γ-secretase inhibitors
(GSIs) for both diseases has been hampered due to adverse side effects, caused by the
inhibition of physiological Notch signaling. The γ-secretase enzyme complex consists of four
subunits, NICASTRIN, PEN-2, PRESENILIN (PSEN) and APH1. Furthermore, there are two
homologs of both PRESENILIN (1 and 2) and APH1 (A and B), of which only one is present
in every complex. Mammalian cells can therefore contain up to four GS complexes but how
these contribute to substrate specificity and enzyme activity is unknown. We show using loss
and gain of function approaches that both Aph genes are necessary and sufficient for Notch
proteolysis but that different γ-secretase complexes produce characteristic Notch cleavage
profiles and have distinct effects on target gene activation. Specifically, Psen2:Aph1b γsecretase complexes efficiently process oncogenic ligand-independent Notch1 receptors, but
are attenuated in their ability to cleave wild type Notch1 receptors at the physiological
relevant Valine1744 cleavage site. These qualitative and quantitative differences in Notch
processing by different γ-secretase complexes could be exploited to advance drug
development by specific targeting of pathological substrates.
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Introduction
γ-secretases (GS) are multicomponent integral membrane proteases which cleave single pass
type I transmembrane proteins. The clinically most important substrates are Notch and APP
for which cleavage results in the liberation of the cytoplasmic signaling domains that have
important biological functions during development and in adult tissues and are associated
with cancer and Alzheimer’s disease, respectively [1]. All GS substrates have in common that
they require shedding of the ectodomain preceding intramembrane proteolysis. This process
of sequential cleavage of membrane signaling molecules is termed regulated intramembrane
proteolysis (RIP) [2]. The sheddases for Notch proteins belong to the ADAM family of
membrane metalloproteases [3]. Notch receptors interact with adjacent ligand expressing cells
to transmit short-range signals. Upon ligand binding, Notch receptors are subject to ligandinduced ectodomain cleavage (called S2) by ADAM10 [4-6]. ADAM cleavage generates an
intermediate substrate which is rapidly converted into the S3 cleaved Notch Intracellular
Domain (NICD) by the γ-secretase complex [7]. There are four mammalian Notch proteins
(Notch 1 – 4) that follow the RIP paradigm in response to ligand [6]. The best-studied
receptor is Notch1 and γ-secretase cleavage of Notch1 occurs at valine1744 (also known as
S3) and is essential for most of its activity [8, 9].
The γ-secretase complex consists of four subunits: Nicastrin (NCT), Presenilin (PSEN),
anterior pharynx defective 1 (APH1) and presenilin enhancer 2 (PEN-2) [10]. Both PSEN and
APH1 have two different homologs in humans, which are encoded by two separate genes. The
stoichiometry of the γ-secretase complex is 1:1:1:1 and therefore different subunit
combinations can result in four different γ-secretase complexes [11, 12], which all contain
NCT and PEN-2 in combination with either PSEN1 or 2 and APH1A or B. Presenilins are
aspartyl proteases and their catalytic activity is required for Notch and APP S3 cleavage [13,
14]. Cells and mice lacking Psen1 resemble the hematopoietic and neuronal embryonic lethal
phenotype of Notch1 loss of function, indicating Notch1 is a crucial Psen1 substrate [15, 16].
In contrast, Psen2 deficient mice are viable and show only mild pulmonary changes, but no
clear Notch phenotype [16]. However, in the absence of PSEN1, PSEN2 is sufficient for
Notch 1-3 receptor proteolysis in response to ligand [6]. Mice lacking Aph1a are embryonic
lethal, with phenotypes resembling full γ-secretase (Psen1/2) KO in the yolk-sac and brain
and a milder somitogenesis phenotype resembling a Notch1 processing deficient hypomorph
allele [8, 17]. Mice lacking Aph1bc do not have a Notch phenotype but display memory
defects and altered APP processing consistent with non-overlapping expression patterns of
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Notch1 and Aph1b in the brain [18, 19]. Nicastrin-/- mice display a full Notch1 loss of
function phenotype [20]. Biochemical analysis has shown that all four subunits are required
and sufficient for robust γ-secretase activity [11, 16, 21, 22]. Taken together, these findings
indicate heterogeneity in substrate processing that is determined by combinations of PSEN
and APH1 subunits.
There are more than 150 mutations known in PSEN1 and 2, which alter the processing of
APP underlying the formation of pathogenic Aβ42 amyloid plaques, associated with earlyonset familial Alzheimer’s disease (AD) [23-25]. As such, γ-secretase inhibitors (GSI) are
widely explored as therapeutics for targeting AD. GSIs are also investigated as a strategy to
block oncogenic Notch signaling in T cell acute lymphocytic leukaemia [26] and many solid
cancers [27]. Unfortunately, the clinical implementation of GSI has been hampered by doselimiting toxicities caused in normal tissues, most notably the skin, thymus, gut and brain in
mice [28, 29] and humans [30, 31]. The intestinal toxicities are largely related to loss of
function of Notch1 and Notch2 receptor signaling [32-34]. While the contributions of the
Psen and Aph1 subunits for γ-secretase activity towards APP has been reported [35], little is
still understood how different γ-secretase complexes affect Notch processing and activity. A
better understanding of these specificities may aid in the design of Notch sparing γ-secretase
inhibitors for the treatment of Alzheimer’s disease [31] or GSIs that are specific for mutated
Notch receptors in cancers while sparing wild type signaling and overcoming normal tissue
side effects.
Here, we show that all four γ-secretase complexes in mammalian cells regulate liganddependent Notch1 processing and transcriptional activation. We find there is no direct
correlation between total γ-secretase or epitope-specific Notch1 Val1744 processing and
target gene expression. We show selectivity of the Psen2:Aph1b complex towards the
processing of ligand-independent mutant Notch1 substrates compared to ligand induced
physiological signaling. We exploited these differences by showing that targeting intracellular
vesicles using chloroquine caused selective inhibition of oncogenic Notch1 signaling.
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Experimental procedures
Cell lines and chemicals
Psen1/2 double knockout/Aph1abc triple Knockout (Quintuple Knockout, QKO) mouse
embryonic fibroblasts (MEFs) and QKO reconstituted cells with Psen1:Aph1a (1A),
Psen1:Aph1b (1B), Psen2:Aph1a (2A), Psen2:Aph1b (1B) were generated as described
previously [35] and maintained in DMEM/F12 + 10% FCS + 0.1%PEN/STREP. Cells were
treated for 24 hours with Dibenzazepine (DBZ) 0.2µM (Syncom, Groningen, The
Netherlands) or DMSO unless stated otherwise. 1µg/ml of rDll4-Cf (R&D Systems) or rDll1
(kind gift from I. Bernstein), 0.2% gelatin and 0,1% BSA in PBS solution was used to coat
24-well plates overnight at 4 degrees, rinsed once with PBS before cells were plated.
Plasmids, transfections and infections
Murine ΔEGF-Notch1-L1594P-6xMYC (LNR) [4] was subcloned into the pBabe-Puro vector
and was transfected together with pCMV-VSVG and pVPack-GP into HEK293FT cells to
produce pseudo-lenti viruses to infect: QKO, 1A, 1B, 2A and 2B cells [6]. Cells transduced
with ΔEGF-Notch-L1594P construct were maintained with 1µg/ml of puromycin. The
pcDNA3 hNOTCH1 full-length construct [36] was used as a template to generate the L1594P
mutant

construct

with

primers

forward

CCTTCCACTTCCCCCGGGAGCTCAGCCGCG-3’

and

CGCGGCTGAGCTCCCGGGGGAAGTGGAAGG-3’

by

reverse

LN1PF:

5’-

LN1PR

5’-

QuickChange

site

directed

mutagenesis according to manufacturer’s instructions (Stratagene). Firefly luciferase
encoding reporter plasmids containing synthetic CSL binding sites (pGL4.24-12xCSL) was
used to monitor Notch activity, using pGL4.74 TK-hRL (Promega) as transfection control.
12XCSL Gaussia was generated by subcloning a fragment of the synthetic 12xCSL with
minimal CMV promoter into pGLuc-Basic Vector (New England Biolabs). A CMV-driven
Firefly luciferase-GFP construct was used as transfection control [37]. Transfections were
performed using Fugene HD transfection reagent (Promega).
Ligand stimulation assay
Cells were plated on either rDll4-Cf or rDll1 coated plates and treated with either DMSO or
DBZ for 24 hours. Co-culture with ligand was used to activate endogenous Notch1 in MEFs.
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Reporter assays
Cells were plated 24 hours before transfecting with two reporter genes. 1µg of the primary
reporter was used to record the effect of specific stimuli and 0.1µg of the control reporter for
normalization. Cells were seeded 24 hours post-transfection into 24-well plates and treated as
indicated for 24 hours. Cells were washed, lysed and luciferase was measured, according to
the manufacturer’s guidelines (dual-glo luciferase reporter assay system Promega) on a
Fluostar Omega plate reader (BMG Labtech). For Gal4-luciferase assay, various
concentrations of the NOTCH receptor plasmid were transfected and complemented with
empty vector. A plasmid containing synthetic Gal4 binding sites (5xUAS FR-luc) was used
together with a thymidine kinase driven Renilla luciferase plasmid to normalize the data. For
Gaussia-Luc assay, medium was collected at different time points to monitor 12xCSL
activation and measured with the BioLux® Gaussia Luciferase Assay Kit according to
manufacturer’s instructions (NEB). All values are expressed as relative light units (RLU).
Western blotting and antibodies
Cells were directly lysed in Laemmli buffer (6x) and samples were boiled prior to resolving
by SDS-PAGE. Proteins were transferred onto nitrocellulose membranes and blocked for 1
hour in 5% skim milk in TBS, 0.05% Tween-20 (TBS-T). Membranes were probed overnight
at 4°C with primary antibodies and bound antibodies were visualized using HRP-linked
secondary antibodies (Cell-Signaling) and ECL Luminescence (Pierce Biotechnology). AntiLamin A/C (1:1000) and anti-beta-tubulin III (1:1500) were purchased from Sigma-Aldrich,
anti-Notch1 S3-Val1744 (1:1000) and secondary anti-mouse and anti-rabbit (1:2500) were
from Cell Signaling. Anti-Myc 9E10 (1:5000) and anti-Notch1 C20 (1:1000) were from Santa
Cruz Biotechnology.
qRT-PCR
RNA isolation was performed according to the manufacturer’s instructions (Nucleospin RNA
isolation, Macherey Nagel) and cDNA synthesis was performed using I-script reverse
transcriptase (Bio-RAD). mRNA expression was normalized to 18S. Primers used are
described in supplementary Table 1.
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Statistical analysis
GraphPad Prism software (version 5.01 for Windows) was used to perform statistical
analyses. An unpaired Student’s t-test test was used to determine the statistical significance of
differences between two independent groups of variables. For all tests, a P < 0.05 was
considered significant.
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Results
Psen and Aph1 subunits produce different Notch1 cleavage profiles and activity
To directly investigate the contribution of different γ-secretase complex subunits on Notch
signaling activity we compared QKO MEFs with these cells reconstituted with 4 different
combinations of human Aph1 cDNA (Aph1A or Aph1B) and Psen homologues (Psen1 or
Psen2) as described and characterized previously [35]. QKO and reconstituted cells were
grown on plates with bound recombinant Dll4-Cf, a potent inducer of Notch1 cleavage and
transcriptional activity [6] to monitor the effects on Notch1 cleavage. We used a C-terminal
antibody (C-20), as well as the Val1744 neo-epitope antibody, which detects γ-secretase
cleaved Notch1 at valine1744. Reconstitution with both Psen and Aph1 resulted in Notch1 γsecretase cleavage for all combinations in response to Dll4-Cf stimulation, albeit to a different
extent. Consistently in QKO, no NOTCH1 cleavage at Val1744 was observed. A robust
Val1744 cleavage was found for 1B and 2A cells and less for 1A cells. The lowest cleavage
was noticed in 2B cells (Figure 1A). The extent of Notch receptor processing by the different
γ-secretase complexes did not depend on the type of ligand used for stimulation, as similar
results were obtained with recombinant rDll1 stimulation (Supplementary figure 1). The C-20
antibody is not sensitive enough to detect NICD fragments and therefore we can only
indirectly estimate S3 cleavage by assessing S2 accumulation in the presence of the γsecretase inhibitor DBZ. Only minor differences in S2 accumulation were observed, which
did not correlate with the strong differences observed in Val1744 cleavage. These findings
were replicated in an independently generated series of MEFs reconstituted with 1A, 1B, 2A
and 2B (Supplementary figure 2).
Total NOTCH1 processing by γ-secretase does not correlate with cleavage at valine 1744.
To directly asses the effects of Aph1 and Psen Notch1 γ-secretase cleavage irrespective of
cleavage at neo-epitope Val1744 we transfected MEFs with NOTCH1-Gal4 fusion proteins
[38] and co-cultured these with Dll4-Cf. Ligand induced γ-secretase of NOTCH1 will lead to
the release of a Gal4-NICD fusion protein which can activate a reporter containing Gal4-DNA
binding sites driving firefly luciferase expression. Thus, total γ-secretase cleavage of
NOTCH1 (irrespective of cleavage site), leading to release of Gal4-NICD from the membrane
is monitored in this assay. Upon Dll4-Cf stimulation, transcriptional activity was induced in
all the four reconstituted cell lines, in a dose dependent manner (Figure 1B), while for QKO
cells, no transcriptional activity was observed. Notably, the induction of Gal4 transcriptional
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activity was highly dependent on the composition of the γ-secretase complex. Reporter
activity was the highest in 2B MEFs, while lower in 1A, 1B and 2A MEFs. This finding
suggests that NOTCH1-Val1744 cleavage assessed by immunoblotting does not correlate to
total S3 cleavage after ligand stimulation. This unexpected finding suggests the existence of
additional cleavage sites, in close proximity to the S3 cleavage site, capable of releasing a
possibly transcriptionally competent NICD1.
Different γ-secretase complexes produce different transcriptional output
Based on the previous findings we hypothesized that different γ-secretase complexes
producing different Notch1 cleavage profiles could also result in different transcriptional
output and target gene activation. We observed that Dll4-Cf induced a γ-secretase complex
dependent increase in NOTCH/RBP-Jκ reporter luciferase activity, compared to the QKO
cells (Figure 1C). The lowest Notch-dependent transcriptional activation was observed in
cells reconstituted with Psen2, whereas activation in cells reconstituted with Psen1:Aph1B
were several fold higher. DBZ treatment abolished transcriptional activity in all cell lines.
Dynamic time-course experiments using a NOTCH transcriptional reporter expressing
secreted Gaussia-Luc demonstrated a linear increase of NOTCH1 transcriptional activity in all
cell line combinations excluding time-dependent differences (Figure 1D). We found a trend
towards a higher Notch dependent transcriptional activation in cells reconstituted with
Psen1:Aph1B in comparison with the other cell models.
To directly determine the effect of the different γ-secretase complexes on Dll4-Cf induced
target gene activation, we assessed mRNA expression of two well-known Notch target genes
Hes1 and Hey1. We observed that Dll4-Cf stimulation induced similar levels of Hes1 mRNA
in all reconstituted cell lines. In contrast, Hey1 mRNA expression was induced in 1A, 2A and
2B cells, but not in 1B cells after Dll4-Cf stimulation (Figure 1E). Thus, ligand-induced
activation of endogenous Notch1 target genes in cells does not correlate qualitatively nor
quantitatively with S3/γ-secretase cleavage (Val1744) and differs dramatically with subunit
composition.
Psen2:Aph1B γ-secretase complexes efficiently process oncogenic Notch receptor
Next, we questioned whether oncogenic mutant Notch1 receptors are also differentially
processed depending on the γ-secretase complex composition. The oncogenic ligandindependent Notch mutant (ΔEGF-Notch1-L1594P-MYC) receptor was equally expressed in
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all cell lines (anti-MYC) and processed by all four γ-secretase complexes (anti-Val1744NICD1). NICD1 processing at Val744 cleavage was most strong in 1A and 2B cells and less
pronounced in 1B and 2A cells (Figure 2A), which is opposite compared to Notch1 cleavage
in wild type cells (Figure 1A). DBZ blocked NICD1-Val1744 irrespective of the GS complex.
In the absence of GSI we observed accumulation of S2 cleaved and full-length unprocessed
Notch1 indicative of blocked γ-secretase cleavage in 2A cells which further accumulated with
GSI (Figure 2A). NOTCH1-L1594P expression induced Gal4 transcriptional activation in a
dose dependent manner in 1A, 1B, 2A and 2B cells (Figure 2B), resembling Val1744
cleavage. To answer whether differences in Val1744 cleavage of oncogenic NOTCH1 by
different γ-secretase complexes also results in varying transcriptional outputs we performed
12xCSL reporter assays in MEFs expressing ΔEGF-Notch1-L1594P-MYC. Transcriptional
activation of 12xCSL was induced in all reconstituted cell lines expressing the mutant
L1594P receptor. Markedly, γ-secretase dependent NOTCH1 cleavage was up to 10-fold
higher in cells reconstituted with Psen2:Aph1B compared to cells expressing other GS
complexes (Figure 2C). The cleavage and transcriptional induction of mutant NOTCH1
proteins by different γ-secretase complexes in cells was stable over time and was also
reflected in the activation of Hes1 and Hey1 mRNA target genes (Figure 2D, E). Taken
together these data demonstrate that different γ-secretase complexes that differently impact on
physiological versus oncogenic Notch1 in cells.
Endosomal trafficking regulates the processing of oncogenic Notch1 receptor by
Psen2:Aph1B γ-secretase complexes
The endocytic pathway has emerged as an alternative way to regulate the transport and
processing of NOTCH receptors. Chloroquine (CQ), a lysosomotropic agent that alters
lysosomal pH and blocks vesicular fusion, was used to investigate the contribution of this
vesicular pathway to physiological and oncogenic Notch activity. We observed that regardless
of the GS complex in cells, ligand induced wild type Notch1 signaling was not affected by the
addition of CQ (Figure 3A). In cells expressing mutant Notch1 we observed that cells
reconstituted with Psen2 were to 10-fold more sensitive to CQ inhibition compared to Psen1
expressing cells (Figure 3B).
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Discussion
Here we show for the first time γ-secretase complex selectivity based on Psen and Aph1
subunits that differentially affects cleavage and transcriptional activity of wild type and
mutant Notch1 molecules in cells. γ-secretases are involved in a variety of physiological and
pathological processes and this broad involvement explains the severe side effects when using
broad-spectrum γ-secretase inhibitors [39]. However, most of the observed side-effects of γsecretase inhibition are related to on target Notch toxicity in the intestine causing intestinal
goblet cell metaplasia [32, 34, 40]. Previously, it was shown that the composition of the γsecretase complexes, by expression of the different subunits, generated specific APP cleavage
profiles [19, 35]. Here, we demonstrate heterogeneity in cleavage of the NOTCH1 receptor
depending on the γ-secretase complex composition, resulting in different transcriptional
activities and localization. Our results reveal an unexpected preference of the Psen2:Aph1B γsecretase complex to process oncogenic mutant Notch1 receptors over wild type Notch
receptors. Psen2-specific targeting could be exploited in cancer cells while sparing Psen1
substrates including Notch signaling in normal cells were Psen2 is non-essential.
Previously it has been shown that presenilin, APH1, PEN-2 and Nicastrin, in a 1:1:1:1
stoichiometry, are essential and sufficient for γ-secretase activity [11, 12, 22]. In line with
this, we showed that Aph1-deficient cells are defective in ligand-induced proteolysis
activation of Notch1 (Supplementary figure 3). However, it was shown that γ-secretase
complexes lacking NCT retained minimal γ-secretase activity, although the complex appeared
to be very unstable, suggesting that NCT provides a stable complex [41]. Interestingly mice
deficient for the different γ-secretase complex subunits do not have similar phenotypes. Both
Psen1 and Aph1a knockout mice are shown to be lethal and exhibit phenotypes comparable to
the Notch1 knockout phenotype, albeit somewhat milder [15, 42]. Aph1b/c (APH1B in
humans due to specific duplication of the gene in rodents) deficiency only causes mild
behavioral changes, coincident with defective Neuregulin cleavage [18, 19], as well as a mild
reduction in APP processing in some regions of the brain [17]. Psen2 knockout mice show a
mild pulmonary phenotype, but do enhance the Psen1 knockout phenotype, indicating
redundancy in Presenilin 1 and 2 cleavage of Notch in vivo [16, 43]. While PSEN1 seems to
be dominant over PSEN2 in Notch receptor processing, as we confirm in our studies as well
for ligand induced NOTCH signaling overexpression of PSEN2 in dKO cells clearly indicates
that NOTCH1, 2 and 3 receptors can be cleaved by PSEN2 as well [6]. Specific targeting of
Aph1B in an AD mouse model did lower Aβ42 aggregation within the brain, without signs of
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Notch related side effects. This can be explained by the fact that the Aph1B subunits produces
longer Aβ peptides compared to Aph1A and that Aph1B, predominantly expressed in the
hippocampus important for AD, does not show co-localization with Notch mRNA [18, 19,
35]. We confirm and extend these findings by showing that in cells lacking Psen1 and Aph1A
(2B) Notch1 Val1744 cleavage is low compared to the other cells. Remarkably total cleavage
of endogenous and transfected Notch1 as well as transcriptional activation is unaffected.
These results show experimental evidence that different γ-secretase complexes can execute
different cleavage sites in the Notch transmembrane, not all of which have similar activity. As
was shown before, γ-secretase complexes are able to cleave both Notch and APP at the cell
surface and within endosomes, and the location is important to determine the precision of the
cleavage [44, 45]. Cleavage for Notch1 occurs at valine1744 (V-NICD) at the cell surface,
whereas cleavage within the acidic endosomes results in cleavage at serine1747(S-NICD),
which is less stable [45]. While our study does not address the fate of NICD molecules it
highlights that Val1744 cleaved Notch1 molecules do not represent all cleaved NICD1
molecules in cells and the shows the existence of multiple NICD species with unknown
activities and stability. NICD molecules with distinct N-termini (X-NICD) are subject to Nrule degradation [46] and recently shown to be a direct target for autophagy [47]. The
selective inhibition of Psen2:Aph1B with chloroquine suggests that this GS-complex
produces N-termini distinct from Psen1 that are subject to autophagosomal endosomal
regulation and that this is specific for mutated Notch1 molecules. Significantly we recently
demonstrated that Psen2 containing γ-secretase complex has a preferred intracellular vesicular
location that would be selectively affected by chloroquine [48]. These findings are in line
with the absence of Notch related phenotypes in Aph1b and Psen2 KO mice [16, 19]. Whether
NOTCH mutant molecules have a distinct subcellular location consistent with Psen2 location
is not known.
Notch and APP processing by γ-secretase complexes is highly similar. Both undergo
endoproteolytic (ε) cleavage, releasing the C-terminal NICD or AICD fragment respectively
[49]. Next, the N-terminal fragments are trimmed by carboxypeptidase-like (γ) cleavage,
resulting in Ab or Notchb peptides which are secreted [50-53]. For APP processing, it has
been shown that the Psen subunits predominantly regulate ε cleavage, whereas the Aph
subunits predominantly regulate γ cleavage [35]. Here, we showed that both the Psen and the
Aph subunits determine the endoproteolytic cleavage of Notch1. To date, there was no
physiological evidence for a role for Aph1B in mutant Notch processing. To the best of our
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knowledge our results show for the first time that Aph1B is sufficient to cleave Notch1 when
a functional presenilin subunit is present.
By dissecting the role for γ-secretase complexes in physiological versus pathological
processes selective inhibition may be accomplished reducing normal tissue toxicity. This has
already led to subunit specific pharmacological targeting of γ-secretase complexes. For
example, Psen2 sparing GSIs show lower Aβ aggregation in the brain of AD mice, without
showing obvious Notch related toxicity, which resulted in clinical trials for PSEN2 sparing
GSIs [54-56]. These results are in line with the reduced selectivity of Psen2/Aph complexes
for ligand induced NOTCH signaling we observed here. These studies showed that PSEN2
can regulate Notch receptor processing in the absence of PSEN1 and are in line with the
observation that PSEN1 is the major enzyme responsible for Aβ production in the brain,
whereas PSEN2 only showed a minor contribution [57, 58]. However, a disadvantage of
PSEN2 sparing GSIs is the increase in plasma Aβ levels due to the prominent role for PSEN2
in Aβ production in cells following to its release to the plasma [55, 59]. Unfortunately, there
are currently no PSEN2-specific inhibitors available. Another interesting therapeutic strategy
is the use of γ-secretase modulators (GSMs). These compounds specifically target γ-cleavage,
while leaving ε cleavage unaltered, affecting Ab42, but not NICD generation [60]. First
generations GSMs, nonsteroidal anti-inflammatory drugs (NSAIDs), specifically target APP
whereas second generation GSMs target APP with a higher specificity then Notchb
production, but do not affect NICD formation [61]. If the fate and behavior of secreted
NOTCHb peptides is similar to Ab40/42 peptides is unknown. To date, no NOTCH-specific
γ-secretase modulators are known. In addition, a recent study described the benefits of using
γ-secretase stabilizing compounds (GSSC) as potential therapeutics for AD. The length of Ab
peptides, and consequently the production of “pathologic-like Ab profiles, is determined by
the stability of enzyme-substrate binding which is affected by e.g. temperature change [62].
Further research is needed to investigate the consequences of using GSSC for Notch
processing.
Here, we show for the first time that targeting the Psen2:Aph1B γ-secretase complex might be
a selective option to target mutated Notch proteins as found in some cancers [27]. To date
Psen2 selective inhibitors have not been described. When available Psen2-selective inhibitors
would not affect essential Psen1 substrates, such physiological Notch signaling, in normal
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tissues enabling more tumor specific targeting of mutated Notch while sparing adverse effects
in normal tissues.
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FIGURE 1: γ-secretase complex composition regulates wild type Notch1 receptor
cleavage and activation
(A) Western blot analysis of Notch1 in QKO cells and QKO cells reconstituted with different
γ-secretase subunits, Psen1:Aph1A, Psen1:Aph1B, Psen2:AphA and Psen2:Aph1B after
stimulation with Dll4-Cf in the presence or absence of DBZ. The Notch1 C-20 antibody is
directed against the c-terminal 20 amino acids of Notch1, detecting all cleaved forms of the
receptor, whereas the valine1744 NICD1 antibody only recognizes Notch1 fragments cleaved
at Valine1744 (NICD1/S3). (B) Different concentrations of NOTCH1-Gal4 were introduced
into QKO, 1A, 1B, 2A and 2B MEFs and Gal4 reporter assay was performed after Dll4-Cf
stimulation. (C) NOTCH transcriptional activation measured by RBP-jκ/CSL-luciferase
reporter gene activation in QKO, 1A, 1B, 2A and 2B cells stimulated by Dll4-Cf in the
presence or absence of DBZ. (D) Notch transcriptional activation overtime measured by RBPjκ/CSL-Gaussia reporter gene activation in QKO, 1A, 1B, 2A and 2B cells stimulated by
Dll4-Cf. (E) Hes1 and Hey1 mRNA expression levels in QKO, 1A, 1B, 2A and 2B cells after
stimulation with Dll4-Cf corrected with 18S. Lamin A/C and actin are used as loading
controls. RLU; relative light units. Data are presented as mean ± SEM for n=3.
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FIGURE 2: Psen2:Aph1B efficiently cleaves oncogenic mutant Notch1 receptor
(A) Western blot analysis of ΔEGF-Notch1-L1594P-MYC in QKO cells and QKO cells
reconstituted with different γ-secretase subunits in the presence or absence of DBZ. (B)
Different concentrations of NOTCH1-L1594P-Gal4 were introduced into QKO, 1A, 1B, 2A
and 2B MEFs and Gal4 reporter assay was performed. (C) NOTCH transcriptional activation
measured by RBP-jκ/CSL-luciferase reporter gene activation in QKO, 1A, 1B, 2A and 2B
cells expressing ΔEGF-Notch1-L1594P-MYC in the presence or absence of DBZ. (D) Notch
transcriptional activation overtime measured by RBP-jκ/CSL-Gaussia reporter gene activation
in QKO, 1A, 1B, 2A and 2B cells. (E) Hes1 and Hey1 mRNA expression levels in QKO, 1A,
1B, 2A and 2B cells corrected with 18S. Lamin A/C is used as loading control. RLU; relative
light units. Data are represented as mean ± SEM for n=3.

FIGURE 3: Differential 12XCSL activity inhibition in different Psen:Aph1 reconstituted
cells upon CQ treatment
(A) Inhibitory effect by CQ treatment of NOTCH transcriptional activity measured by RBPjκ/CSL-luciferase reporter gene activation in QKO, 1A, 1B, 2A and 2B cells stimulated by
Dll4-Cf (B) Inhibitory effect by CQ treatment of NOTCH transcriptional activity measured by
RBP-jκ/CSL-luciferase reporter gene activation in QKO, 1A, 1B, 2A and 2B cells expressing
ΔEGF-Notch1-L1594P-MYC.
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SUPPLEMENTARY FIGURE 1: Different γ-secretase complexes generate specific
Notch receptor cleavage profiles upon rDll1 stimulation
Western blot analysis of valine 1744 cleaved Notch1 in QKO, 1A, 1B, 2A and 2B cells after
stimulation with rDll1 in the presence or absence of DBZ.

SUPPLEMENTARY FIGURE 2: Different γ-secretase complexes generate specific
Notch receptor cleavage profiles.
Western blot analysis of Notch1 cleaved at valine 1744 in QKO cells and an independently
generated series of reconstituted 1A, 2A, 1B and 2B MEFs after stimulation with Dll4-Cf in
the presence or absence of DBZ.

SUPPLEMENTARY FIGURE 3: APH1 is required to process Notch1 upon Dll4-Cf
stimulation
Western blot analysis of Notch1 in MEF cells lacking Aph1A, Aph1B, Psen1 and Psen2
(QKO) and QKO cells with reconstituted PSEN1 after stimulation with Dll4-Cf either in the
presence or absence of DBZ.
- 161 -

Chapter 5

g-secretase complex composition differentially regulates Notch1 WT and oncogenic pathways

SUPPLEMENTARY TABLE 1: qRT-PCR Primers used in this study
mHes1 forward

5’ TCCTAACGCAGTGTCACCTTCCAG 3’

mHes1 reverse

5’ CCAAGTTCGTTTTTAGTGTCCGTC 3’

mHey1 forward

5’ CAGGAGGGAAAGGTTATTTTGACG 3’

mHey1 reverse

5’TAGTTGTTGAGATGGGAGACCAGGCG3’

18S forward

5’ AGTCCCTGCCCTTTGTACACA 3’

18S reverse

5’ GATCCGAGGGCCTCACTAAAC 3’
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Aiming for the right target
This thesis is the result of work on hypoxia and Notch signaling in relation with their roles as
important factors mediating the response to therapy in cancer. Cellular adaptation to low
levels of oxygen (hypoxia) is mainly mediated by the activity of the hypoxia-inducible factor
alpha (HIF-a), which rapidly becomes activated under hypoxia [1]. The Notch signaling
pathway is critical for different aspects related with the self-renewal and differentiation
capacity of progenitor cell types, thus mediating cell fate determination in through local cell
interactions [2]. It is thereby not surprising that a deregulation on any of these pathways
confers cells with pathological capacities which promote aberrant cellular behavior. As
hypoxic tumor areas, which often correlate with the location of Notch-expressing cancer stem
cells (CSCs), contain most of the malignant cells, it is important that we understand the role
of such pathways in keeping these cells alive and escape the effect of treatment [3]. However,
the molecular mechanisms by which hypoxia and Notch signaling stimulate the self-renewal
and treatment resistance in CSCs are poorly understood. In chapter 1, a comprehensive
overview is given on all known HIF and Notch functions involving normal and pathological
behavior in cancer. Furthermore, we also give some understanding to the mechanisms by
which alteration in the hypoxic and Notch pathway result in poorer survival through
resistance to therapy. To ensure better clinical translation of novel HIF-a and Notch
interventions we have employed novel preclinical tumor models including HIF-deficient cell
lines generated by CRISPR/CAS9, air-liquid interface (ALI) culture of primary bronchial
epithelial cells (PBECs) and genetically-engineered mouse embryonic fibroblasts (MEFs)
lacking the different subunits of the g-secretase complex.

Targeting HIF-a for cancer therapy
HIF-a is a member of a family of transcription factors, called the basic helix-loop-helix
(bHLH) family. HIF-a seems to have a general function in controlling the expression of
various target genes involved in different cellular pathways, which are vital for the metabolic
adaptation and tissue organization under low nutrient and oxygen conditions. For instance,
HIF-a proteins upregulate certain proangiogenic factors promoting the formation of blood
vessels, which are crucial for the development of the vascular system in embryos and for
neoangiogenesis in tumors [4]. There are three known isoforms of HIF-a subunits, namely
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HIF-1a, HIF-2a and HIF-3a. However, mounting evidence has confirmed that HIF-1a and
HIF-2a function as master regulators of the transcriptional response to hypoxia, whereas the
role of HIF-3a under hypoxia and its mode of action are far less clear [5]. Overall, HIF-1a
and HIF-2a play both distinct and overlapping functions in normal tissues as well as in
cancer.
Different strategies to target HIF-a-expressing cells in cancer include hypoxia-activated
prodrugs (HAPs), inhibitors of HIF dimerization, mRNA/protein expression, promoter
binding capacity and transcriptional activity. Other novel approaches such as gene therapy or
the using of molecular inhibitors against relevant pathways for hypoxic cells such as mTOR
and UPR are currently being investigated [6, 7]. Our laboratory is currently investigating the
efficiency of HAPs in different tumor models. A prodrug is a non-active compound that via
certain metabolic pathways is capable of being converted into a pharmacologically active
drug which can selectively kill hypoxic tumor cells [8]. Many prodrugs have been extensively
tested in clinical trials, but so far results have been disappointing [9, 10]. Some of the reasons
for failure in clinical trials include the lack of “personalized” or precision approach by
optimizing the potential therapeutic effect, thus stratifying patients based on tumor-specific
predictive biomarker expression, which indicates sensitivity to a certain prodrug. Nonetheless,
predictive biomarker selection for hypoxic prodrugs is yet poorly established. Furthermore,
HAPs only target extremely low oxygen areas whereas HIF is already active at 3% O2. Other
strategies to target hypoxia include HIF targeting as well as targeting of downstream HIFrelated genes. The using of HIF inhibitors provides of a wider range of O2 targeting effect but
may also have normal tissue side-effects (bone marrow, skin, etc.). A common example of the
latter is the using of a monoclonal antibody targeting VEGF, named bevacizumab, which has
shown impressive clinical benefit in advanced cancer [11]. Despite the success of
bevacizumab, most of the clinical trials using drugs targeting HIF have either been terminated
or withdrawn prior to public distribution due to lack of efficacy. Several pre-clinical studies
have also evaluated the efficiency of independently targeting each HIF-a isoform. Instead,
other investigators have followed a more global anti-HIF-a treatment approach by dual
targeting both HIF-1a and HIF-2a. HIF-1a and HIF-2a are broadly expressed in many
human cancers and as discussed in chapter 2 and their expression frequently correlates with
poor prognosis.
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HIF-a targeting: Beneficial or detrimental?
Several meta-analysis have focused on the clinicopathological and prognostic significance of
HIF-1a many types of cancers [12, 13]. Moreover, the association between specific HIF-1a
gene polymorphisms and the risk of developing cancer has also been evaluated in different
systematic reviews [14, 15]. However, many of these results should be treated with caution as
the number of studies is limited depending on the research question. Our meta-analysis is the
first proof demonstrating the prognostic value of HIF-2a in a large pool of different types of
cancer. We confirmed the negative impact that HIF-2a expression confers to patients
suffering from different types of cancer, excluding clear cell renal cell carcinoma (ccRCC)
patients which showed a trend towards good prognosis for some of the endpoints tested.
These observations go in line with previous investigations demonstrating a diverse regulatory
mechanism of HIF-a in ccRCC by the mutation of the von Hippel-Lindau (VHL) protein,
suggesting an alternative tumor-driven pathology by HIF-2a in this specific type of cancer
[16]. As HIF inhibitors are currently undergoing clinical evaluation as potential anti-cancer
drugs, a more thorough understanding of the unique roles performed by HIF-1a and HIF-2a
is needed.
As shown in chapter 3, specific inhibition of HIF-1a and/or HIF-2a contribute to relevant
changes in several cellular properties which are crucial for the maintenance and regulation of
many tumorigenic characteristics of non-small cell like cancer (NSCLC) cells. Importantly,
our studies show that the consequences of inhibiting the HIF pathway in cells can be
detrimental in response to irradiation. Specifically, we found that HIF-1a-deficient (H1KO)
cells displayed an enhanced radioprotective phenotype, lower glycolytic activity levels and an
increased accumulation of extracellular lactate acid. It should be noted that H1KO cells
exposed to low oxygen levels strongly upregulate the expression of HIF-2a as a
compensatory mechanism. In contrast, HIF-1a is not upregulated in H2KO cells. The
radioresistant phenotype and increased accumulation of extracellular lactate in H1KO cells
was reversed in cells lacking both HIF-1a and HIF-2a, demonstrating that HIF-2a protein is
responsible for these effects. Previous data also demonstrated a key role of HIF-2a in
protecting against radiation-induced damage using a knock-out mouse model, whereas HIF1a had a lower impact [17].
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Altogether, these data support the outcome of our meta-analysis pointing HIF-2a as a crucial
regulator of tumorigenic activities which eventually lead to bad prognosis in patients. We
believe this research is of great importance for clinical trials, which aim to evaluate the
effectiveness of using HIF-1a inhibitors in cancer patients, since there is clear evidence that
compensation by HIF-2a might be counterproductive in the cancer progression and treatment
outcome of those patients. We therefore suggest an alternative consisting of using dual-HIF1/2a in cancer patients. Pastorino, et al. show the benefits of downregulating both HIF-1a and
HIF-2a in a neuroblastoma model by using an active metabolite of irinotecan (PEG-SN38)
[18]. Furthermore, a phase I study of PEG-SN38 in neuroblastoma patients showed low
toxicity and encouraged further study of this drug in these cancers [19)]. Although our work
argues that HIF-1a-deficiency results in an improved response against radiation therapy by
upregulating HIF-2a, its exact molecular mechanism and ability to signal still remains
undefined.

The era of CRISPR/CAS9
The discovery of the CRISPR/CAS9 microbial system and its ongoing development into a
genome editing tool represents the effort of hundreds of researchers from around the world.
The CRISPR locus, as such, was first reported in 1993 by Francisco Mojica, who later
observed it comprised a series of sequences that shared a common set of features, also known
as the hallmarks of CRISPR sequences [20]. The newly discovered CRISPR locus contained
novel CAS genes, including one encoding a large protein with nuclease activity, currently
known as CAS9 [21]. This discovery was crucial for later unraveling the role of the
CRISPR/CAS9 system in specifically binding and cleaving target DNA. Specifically,
Moineau and colleagues showed that CRISPR/CAS9 induces double-strand breaks in desired
DNA sequences at precise positions, 3 nucleotides upstream the protospacer adjacent motif
(PAM), which is required for target recognition [22]. However, it wasn’t until the work from
Feng Zhang in 2013 that the CRISPR/CAS9 was successfully adapted for genome editing in
eukaryotic cells [23]. Nowadays, there is a great scientific and commercial interest in
potential applications for human therapeutics and agricultural biotechnology. The
CRISPR/CAS9 technology has become the most reliable commercially available tool to
precisely and efficiently edit the genome of living eukaryotic cells.
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The CRISPR/CAS9 gene-editing tool is an excellent way to evaluate the real consequences of
deleting a certain region from the genome of living cells. The generation of HIF-a-deficient
genetic models using the CRISPR/CAS9 system to compare the real contribution of both HIFa proteins in radiation response has uniquely been performed in our study. Our model allows
us to precisely describe the mechanisms behind several aspects of tumorigenesis and response
to therapy, over other models in which HIF-a were knocked-down or knocked-out using
alternative methods [24, 25]. Therefore, this is the first report in which the CRISPR/CAS9
system has been used to describe the real contribution of each HIF-a isoform (including HIF1a and HIF-2a) in all the aspects taken into consideration in chapter 3, including radiation
response and metabolic adaptation to hypoxia. The CRISPR/CAS9 system presents some
advantages which stand out from other genome editing tools, such as TALEN or homologous
recombination, and siRNA technologies, achieving a unique way to induce target-site
mutagenesis in living cells. Above all, the most important advantages of using the
CRISPR/CAS9 technology over other genome editing tools are its simplicity and efficiency.
Furthermore, the CRISPR methodology entails a way to readily design and assemble guide
RNAs (gRNAs) into the CAS9 nuclease, which direct the CAS9 protein to target any genomic
region of interest. To date, this is the only available system that enables the generation of
multiplexing mutations (up to 5 genes on both alleles) in vitro and in vivo. Nevertheless, this
novel technology also involves a list of limitations as a genome-engineering technology,
including a high chance of inducing off-target effects throughout the genome, a low target
selection and recognition, limited by requirement for PAM sequence and suppression of p53
function to prevent cell cycle arrest after double-strand breaks occur [26, 27]. Accurate gene
silencing by knocking-out our gene of interest is also more convenient when studying the real
contribution of HIF-a proteins in cancer, in contrast with other studies which used knockdown cellular models generated by siRNA technology. To note, most of the studies
unravelling the contribution of HIF-1a and HIF-2a to radiation response have been
performed using knock-down models. Complete gene silencing can lead to unexpected but
interesting phenotypes such as the strong upregulation of HIF-2a seen in H1KO cells, which
may not occur in a knock-down model due to possible traces of HIF-1a. We now understand
that the accuracy of our model is driving the striking radioresistant phenotype seen in HIF-1adeficient cells, in contrast with previous publications which repeatedly observed a
radiosensitivity effect when pharmacologically and genetically inhibiting HIF-1a from tumor
cells [28-30]. Furthermore, such phenotype could potentially be a tumor-type depending
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effect or be specific of the genetic background of H1299 cells. The same reasoning can be
applied to the other phenotypes described in chapter 3 such as the crucial contribution of each
HIF-a subunit to gene target activation or the impaired glycolytic profile observed in all the
genetic models.

HIF takes it up a Notch
The Notch and HIF signaling pathways are highly conserved among metazoans in terms of
protein sequence and function [31, 32]. Mukherjee et al. was the first to demonstrate that HIF
and Notch regulate the cell fate of circulating blood cells in Drosophila through a noncanonical pathway [33]. The canonical Notch pathway determines cell fate decision through
the interaction between the Notch receptor with its ligand located on the surface of an
adjacent cell and subsequent release of a Notch-intracellular domain (NICD) capable of
activating a set of Notch-related genes [34]. Mukherjee, et al. demonstrated that circulating
myeloid cells in Drosophila produce nitric oxide to constitutively stabilize HIF-a, which in
turn interacts with Notch after endocytosis and allows a dual HIF-Notch complex capable of
transcriptionally regulating different target genes related with cell fate specification and
maintenance [33]. Previous studies have shown that HIF interacts with NICD from vesicles
and help to transcriptionally up-regulate Notch target genes responsible for maintaining the
undifferentiated state of progenitor cells as well as their cell fate [35, 36].
The HIF and Notch signaling pathways are also associated with promoting self-renewal and
resistance to therapy in CSCs, although the specific molecular mechanisms are yet to be
understood. Although hypoxia often leads to reduced proliferative capacity via HIFactivation, in some cancers, proliferation is maintained through an increased activity of
Notch, which promote proliferation and cell survival [37]. Moreover, the non-canonical
hypoxic-Notch axis activates the acquisition of CSC-like characteristics in ovarian cancer
cells by inducing SOX2 [3]. Further data suggested that HIF-1a and HIF-2a differently
regulate Notch signaling through competitive interaction with the NICD located in
intracellular vesicles in glioma stem cells. Both proteins interact with NICD competitively
and regulate the transactivation of Notch depending on the oxygen levels. Also, mounting
evidence exists for a role of HIF-2a repressing while HIF-1a enhancing the activation of
Notch signaling [38]. Therefore, we speculate that individually blocking HIF-1a or HIF-2a
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might have severe consequences on promoting a CSCs-related phenotype via regulating the
Notch pathway. In support of this hypothesis, it has been reported that Notch1 inhibition in
NSCLC result in apoptosis specifically under hypoxia [39]. Notch1 was shown to positively
regulate Akt-1 and IGF-R, both important growth factors necessary for cells to survive under
extreme conditions such as hypoxia [40]. These data provided evidence that Notch1 regulates
pivotal pathways controlling growth and survival in the hypoxic tumor environment. In this
regard, some caution is warranted in drug interventions aiming to specifically inhibit either
HIF-1a or HIF-2a within the tumor as these might inadvertently overactivate Notch in the
hypoxic tumor and consequently promote tumor survival and radioresistance.

Targeting Notch, a key pathway for lung stem cells
Standard first line treatment of locally advanced stage III NSCLC is concurrent chemotherapy
with 60Gy of fractionated radiotherapy [41]. In chapter 4, we have described the evidence
pertaining to a role of Notch signaling in cell fate decision and other radiobiological
properties of primary bronchial epithelial cells (PBECs) isolated from human lung. As
explained above, we propose Notch inhibition as a promising therapeutic strategy to eradicate
the abnormal proliferative and survival properties of CSCs and thus improving tumor control.
Indeed, there is evidence that when combined with chemotherapy [42] or radiotherapy [43],
Notch inhibition prolongs tumor control. There is broad preclinical evidence for long lasting
anti-tumor activity in lung cancer with g-secretase inhibitors (GSI), which efficiently block
Notch signaling at a membrane level [44]. Previous research from our team has demonstrated
that Notch signaling also promotes radiation resistance [45], and that Notch inhibition is
effective in combination treatments with chemo-radiotherapy [46]. Therefore, we propose
Notch inhibition as a promising strategy to defeat lung cancer malignancy by targeting tumor
resistant cells such as CSCs. Traditional therapies against cancer including chemoradiotherapy, but also anti-Notch treatment to abrogate CSC malignancy can have multiple
limitations that lead to treatment failure and cancer recurrence. These limitations are related to
systemic and local toxicity due to the adverse effects in the normal tissue. One of the main
functions of Notch is to control cell fate decisions in diverse group of cells within tissues
including progenitor/stem cells. Therefore, when aiming against Notch there is an increased
chance to induce an unbalance for many differentiated and undifferentiated cell types in
tissues which highly rely on the Notch pathway. For instance, GSI treatment was believed to
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have high anti-leukemic potential but did not complete translation into clinic until now. This
is due to the apparent gastrointestinal toxicity caused by inhibition of Notch in basal intestinal
cells, leading to differentiation of intestinal progenitor cells into secretory cells [47-50].
The airway epithelium plays a major role in the defense against respiratory viruses and
functions by providing a physical barrier to the environment. It also maintains the balance of
water and other molecules between the basolateral and apical surfaces and mediates the
mucociliary clearance of the epithelial surface. Moreover, bronchial epithelial cells express a
variety of genes that help sustain normal airway structure and function [51, 52]. The
pseudostratified epithelial barrier that protects the airways against external agents is sustained
by basal cell proliferation and subsequent differentiation to other cell types. Upon injury such
as radiation exposure, basal cells play a crucial role in regenerating the tissue and provide
with differentiated cells that will help maintain an organized and functional tissue architecture
[53, 54]. In particular, our work has demonstrated that Notch signaling plays a crucial role in
inducing mucous cell fate whereas its inhibition would lead to an increased stem cell selfrenewal capacity together with enhanced ciliated differentiation. Under these conditions, the
regenerative capacity of stem cells located in areas where radiation exposure has damaged the
normal tissue might be affected. Thereby, in chapter 4 we developed an air-liquid interface
(ALI) 3D model in which the basal cell surface is in contact with liquid culture medium,
whereas the apical surface is exposed to air. Non-tumoral biopsies from non-COPD patients,
but with different smoking pack-year habits, were used for the study, possibly contributing to
the small variability among samples when assessing cell-fate decision outcome upon the
different treatments. Isolation of progenitor cells within the patient biopsy is performed by
following a conditional medium protocol as an approach to isolate cells with higherproliferative capacity while discarding differentiated cell types and cellular debris. A common
approach is to seed and expand cells onto the permeable membrane of a cell culture insert,
which is initially supplied with specialized stem-cell culture media to both the apical and
basal compartments. Approximately after a week confluence is reached and cells are
subjected to “air-lift”, where the medium is supplied only to the basal-side of the well. This
configuration is ideal to mimic the conditions seen in the human airway and to drive
differentiation towards a mucociliary phenotype. Also, the trans-well technology allows us to
readily add different compounds to the media and expose our cellular culture to radiation
throughout the whole experiment. However, this model fails to mimic the complexity and
heterogeneity of airway tissue, the organization and architecture, areas of limited-oxygen
- 171 -

Chapter 6

General discussion

diffusion, cell-cell interactions, and the interaction with the tumor microenvironment and the
immune system.

Overcoming radiation-related toxicity in the normal tissue
Using the ALI model, we showed in chapter 4 that human primary bronchial epithelial cells
(hPBECs) displayed different responses to radiotherapy with or without anti-Notch treatment.
Traditionally, researchers have focused on pharmacological strategies to harness the adverse
effects of radiation [55, 56]. However, stem cell therapies provide unique opportunities for
restoring the structure and functionality of tissue damaged by radiation. We therefore aimed
to characterize the therapeutic potential of Notch inhibitors in improving radiation-related
damage by up-regulating the self-renewal capacity of progenitor cells [57]. Quantification of
the two main differentiated cell types along the airway tissue consisting of ciliated and
mucous cells suggest that the later are more radiosensitive at increased doses of radiation
especially when Notch is inhibited. Increasing doses of radiation progressively reduced the
amount of progenitor P63+ cells in the ALI culture 24 hours and 3 days after cells were
exposed to radiation. Strikingly, the addition of DBZ (a potent g-secretase inhibitor) 2 weeks
prior radiation treatment resulted in a radioprotective effect and stimulated progenitor cell
growth. In addition, such phenotype became more evident 2 weeks after radiation exposure,
where progenitor cells covered with almost 100% of the cellular population. We thereby
propose a model in which radiation exposure negatively affects the abundance of progenitor
cells; however, surviving cells would stimulate their proliferative capacities in order to restore
the tissue affected. Overall, we speculate an important role for Notch in the maintenance of
lung stem cells which seems to be beneficial in improving radiation-related damage.

Further investigations aimed to uncover the mechanism(s) responsible for the radioprotective
phenotype of PBECs treated with anti-Notch therapy. Recent evidence has shown that Notch
receptor binds and inactivates ATM kinase, which is a key modulator of the DNA damage
response (DDR) pathway in worms, flies and mammals. NOTCH does not impair the
recruitment of ATM to DSBs upon DNA damage. Instead NOTCH prevents the binding of
ATM to FOXO3A by actively competing with ATM. Inactivation of ATM by NOTCH
abrogates a TP53 dependent cell cycle arrest that promotes a survival benefit of Notch1- 172 -
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driven leukemia cells upon DNA damage [58, 59]. In line with these studies, our data
provided evidence that Notch inhibition also regulates ATM activation in PBECs. As a result,
the levels of two relevant double-strand breaks markers (g-H2AX and 53BP1) were reduced
in irradiated cells pre-treated with g-secretase inhibitors. Collectively, these findings suggest a
new promising use for Notch inhibitors as modulators of the response to DNA damage which
in consequence would benefit the regenerative capacity of tissues subjected to irradiation.
Further investigations are needed to validate the regenerative properties of DBZ in the normal
lung tissue.
Once ascertained that Notch inhibition affects radiation sensitivity in PBECs, we wondered
whether radiation treatment alone has the potential to interfere with the Notch signaling
pathway. For that, we evaluated the expression of the cleaved form of Notch as well as the
expression of one of its major target genes (Hes1) and observed that both are downregulated
upon increasing doses of radiation. Such observation was seen at early time points (1 and 24
hours after radiation), suggesting that Notch signaling inhibition upon radiation treatment is
based on an immediate molecular mechanism(s) rather than by changes in the reorganization
of the different cell types within the tissue. Going forward, it will be of great interest and
importance to investigate the specific molecular mechanism(s) behind such novel finding.
Also, these findings highlight the fact that we need to keep investigating the regulation of the
Notch pathway as well as potential alternative strategies for its inhibition.

The g-secretase complex: Selecting the best combination to take Notch down
Normal tissue tolerance is the major impediment to traditional chemo-radiotherapy and other
novel therapeutic strategies such as Notch inhibition which is normally focused on
specifically regulating the activity of the g-secretase complex. At the cellular membrane, two
different metalloproteases mediate S2 cleavage of Notch, resulting in a short-lived fragment
that is immediately S3 processed by the g-secretase complex. In chapter 5, we performed
biochemical studies showing that different subunit organization of the g-secretase complex,
constituted of different presenilin and Aph1 subunits, produce characteristic Notch cleavage
profiles. Due to the important involvement of the Notch signaling in a variety of cancers and
its role in inducing goblet metaplasia when inhibited, g-secretase modulation is believed to be
an interesting approach in the treatment of both cancer and reduction of normal tissue toxicity
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[47, 60]. The g-secretase complex consists of four essential subunits, the aspartyl protease
presenilin (PSEN), Nicastrin (NCT), presenilin enhancer 2 (PEN-2) and anterior pharynx
defective 1 (APH1). Furthermore, both PSEN and APH1 have two different subunits in
humans, PSEN1, PSEN2, PH1A and APH1B, which are encoded by separate genes [61].
Thereby, the different subunits can result in at least four different g-secretase complexes,
since all the four different subunits are required in a stoichiometry of 1:1:1:1[62-64]. In this
project, we hypothesized that different g-secretase complexes may display variable activities
towards the NOTCH receptor, which we can use as a therapeutic advantage when treating
cancer and reducing NOTCH-related side-effects. Understanding the involvement of the
different g-secretase subunit organization in Notch processing may help to develop novel
GSIs specifically aiming to one disease-related substrate, while sparing the other
physiological substrates. The differential involvement of the g-secretase subunit organization
in different substrates was first investigated in models for Alzheimer disease (AD).
Previously, it was demonstrated that PSEN1-specific g-secretase complexes were capable of
producing more Ab aggregates, whereas the contribution of PSEN2 was less obvious [65, 66].
In line with this, no Notch related toxicity in the brain or other organs was seen when using
PSEN2 sparing GSIs to successfully lower the fraction of Ab aggregates in the brain [67, 68].
In contrast, in clinical trials using g-secretase inhibitors against Alzheimer’s disease, severe
side effects were noted, most probably due to inhibition of Notch [69,70]. Many PSEN2
sparing GSIs entered clinical trials but failed because of Notch related side effects, probably
due to the high variety in preference for PSEN1 inhibition over PSEN2 [71]. It is therefore of
great importance to characterize the real contribution of each g-secretase complex subtype to
Notch cleavage and its consequences in disease.

PSEN2:APH1B: The right candidate?
Biochemical studies addressing the intrinsic capability of the different g-secretase isoforms in
Notch processing showed that the PSEN1:APH1B containing complex indeed produced the
highest amount of Notch1 intracellular domain (NICD) cleaved at valine 1744 compared to
the other complexes. However, cells containing the PSEN2:APH1B produced the lowest
amount of NICD also cleaved at valine 1744. Previous studies have shown that g-secretase
complexes can be active both at the cell surface and in endosomes, occurring the S3 cleavage
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at different residues depending on the location of the enzyme [72, 73]. In the endosomes,
Notch1 is cleaved at serine1747, resulting in a highly unstable but active NICD form. In line
with these observations, we observed that total S3 cleavage by the different g-secretase
isoforms did not correlate with cleavage at residue valine1744, suggesting that an alternative
cleavage site could be a potential substrate for the enzyme, such as the one described above.
Interestingly, the least active isoform PSEN2:APH1B in cleaving the wild type Notch1
receptor, showed high efficiency of valine1744 cleavage and transcriptional activation for
oncogenic Notch1 receptors, which incorporate a L1594P mutation resulting in ligandindependent activation of Notch. Such mutated Notch proteins are commonly found in T-cell
acute lymphoblastic leukemia (T-ALL), which requires high doses of the Notch signaling for
oncogenic development [74]. These findings argue that specific targeting of the
PSEN2:APH1B isoform might be a potential therapeutic option to specifically target
oncogenic mutant Notch1 receptors, while sparing the processing of endogenous wild type
receptors, for example mitigating gastrointestinal toxicity. To further investigate the
mechanisms behind oncogenic Notch1 regulation, we tested the possibility of inhibiting
Notch at different subcellular locations, while comparing the wild type with the oncogenic
isoform. If true, this might explain the differences in cleavage at Valine1744 versus total
cleavage of the receptor and potentially the heterogeneity in processing wild type versus
oncogenic Notch receptors by the g-secretase isoforms. Chloroquine (CQ) was used as an
endocytic blocking agent to unravel the potential role of the endocytic pathway in an
alternative cleavage in Notch1 by the g-secretase complex. Chloroquine is a lysomotrophic
agent which enters acidic endocytic vesicles and form insoluble aggregates preventing the
fusion with the autophagosome and formation of autolysosomes. This results in the blocking
of autophagy and degradation and turn-over of endocytic proteins. Interestingly, we found
that endocytic inhibition mainly affected the cleavage of oncogenic Notch1 by complexes
harboring PSEN2, especially the PSEN2:APH1B combination, whereas no effects were seen
regarding wild type Notch1 cleavage. Altogether, we showed that oncogenic Notch1 signaling
is differently processed by the g-secretase complex, proposing PSEN2:APH1B as a potential
candidate in order to effectively inhibit oncogenic signaling while sparing normal Notch
activity. If our hypothesis is correct, the clinically approved drug CQ might be a potential
application in the treatment of T-ALL. Moreover, the design and testing of novel PSEN1sparing inhibitors to effectively target PSEN2 is warranted.
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Cancer is the leading cause of death worldwide according to the World Health Organization
(WHO). Despite the major advances in our understanding of cancer biology, efficient
diagnosis and improvement of anticancer therapies, the burden of cancer is increasing
worldwide. Some tumors initially respond to treatment but ultimately acquire resistance to
chemo-radiotherapy which leads to tumor recurrence. Normal cell renewal in adult tissues and
adaptation to low oxygen levels are regulated by several signalling pathways that often are
deregulated in cancer and contribute to treatment failure. In this thesis, we studied the effects
of inhibiting two important signalling pathways in cancer, NOTCH and HIF, to overcome
resistance to cancer therapy.
Hypoxia is a major feature in many solid tumors and arises due to an inadequate and
immature vascular function resulting in a decreased delivery of oxygen in nutrients. Hypoxia
areas within the tumors show resistance towards conventional treatment modalities such as
radio-chemotherapy, causing a reduction in survival of cancer patients. One of the most
recognized mechanism to adapt and survive hypoxic stress conditions is mediated via
stabilization of the hypoxia-inducible factors (HIFs), mainly consisting of HIF-1α and HIF2α. Under hypoxic conditions, HIFs-α dimerize with HIF-1β, which forms a transcriptionally
active dimer that binds to the hypoxia responsive elements (HRE) in the promoter regions of
hundreds of genes to enhance to expression of many hypoxia-related genes. Direct target
genes of HIFs have been shown to be functionally related with many tumor-associated
characteristics such as energy metabolism, angiogenesis, tumor metastasis and resistance to
therapy. HIF-1α and HIF-2α show unique but also overlapping roles in regulating many of the
hypoxia-related features seen in hypoxic tumors.
One of the main aims of this thesis was to investigate the differential role of HIF-1α and HIF2α in regulating tumor-associated characteristics in view of the possibility of implementing
them in a personalized treatment approach and to use them as independent prognostic factors
in cancer. Several clinical studies investigate the prognostic role of HIF-1α in cancer,
including many meta-analyses for all types of cancer and different HIF-1α polymorphisms.
Prognostic data on HIF-2α can be found for some of the clinical studies included in these
meta-analyses, which often differ from HIF-1α data. However, many discrepancies are seen
among the investigations that were performed during the last decades, in which HIF-2α has
been reported to be either a positive or negative prognostic factor in cancer. To expand the
knowledge on the prognostic value of HIF-2α in cancer, chapter 2 describes a comprehensive
overview the prognostic data of patients suffering from diverse types of cancer according to
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their intratumoral HIF-2α expression. Here, we demonstrate that HIF-2α expression is a
negative prognostic factor when evaluating 5 out of the 6 endpoints tested, including overall
survival, disease-free survival, disease-specific survival, metastatic-free survival and
progression-free survival. An inverse relationship found when evaluating renal cell
carcinomas, in which HIF-2α seems to behave as a positive prognostic factor depending on its
subcellular localization. The results of this meta-analysis therefore support that development
of a clinically applicable test to assess HIF-2α expression to estimate patient prognosis.
The outcome of this meta-analysis also suggests its use as a target for anti-cancer therapy.
Therefore we studied the consequences of genetically depleting both HIF-1α and HIF-2α in
radiation sensitivity in cancer cells in chapter 3. To directly assess the unique and
overlapping functions of HIF-1α and HIF-2α, we use CRISPR gene-editing to generate
isogenic H1299 non-small cell lung carcinoma cells lacking HIF-1α or HIF-2α or both HIF1
and HIF2. When cultured under hypoxia HIF-1α-deficient cells strongly upregulate the levels
of HIF-2α probably through enhanced protein stabilization or reduction of its degradation. In
accordance with our published meta-analysis describing the negative impact of HIF-2α in
cancer, we observed that HIF-1α-deficient cells, which overexpress HIF-2α, are more
radioresistant than wild type cells when irradiated under low-oxygen conditions (0.2% O2). A
Higher survival of irradiated HIF-1α-deficient H1299 cells was associated with a reduced
recruitment or accelerated repair of γ-H2AX foci directly after irradiation and not due to
differences in proliferation. HIF-1α-deficient cells were used as a cellular template to target
HIF-2α using the CRISPR/CAS9 system, thus generate a double-HIF-1/2α defective cell line
and confirm that HIF-2α is responsible for the radioresistant phenotype. On the contrary, HIF1/2α-deficient cells conferred radiosensitivity to H1299 cells under both normoxic and
hypoxic conditions. Lactate has been hypothesized to mediate radioresistance by virtue of its
antioxidant properties, mediate resistance to apoptosis and promote a stem cell phenotype.
We thereby hypothesize that the increased extracellular lactate levels in HIF-1α-deficient
cells contribute to the induction of a radioresistant phenotype. Furthermore, a strong reduction
in basal glycolytic activity was seen in HIF-1/2α-deficient cells possibly contributing to the
higher radiation sensitivity phenotype. This suggests that there is an urgent need for better
understanding the combined function of the HIF proteins in cancer and further translate it into
clinical application in patients.
NOTCH performs activities that have key roles during embryonic development and also in
tissue maintenance of adult tissues. NOTCH is also associated with cancer by modulating
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resistance to standard treatment modalities such as radiotherapy and chemotherapy.
Moreover, Notch is often deregulated in certain types of cancer, which makes it a promising
targeting candidate by using γ-secretase inhibitors. However, many side-effects of γ-secretase
inhibition were seen which are related to on target Notch toxicity in the intestine causing
intestinal goblet cell metaplasia and other tissue-related toxicities. Previously, our group has
shown the benefits of combining NOTCH inhibition with radiotherapy in a lung cancer
model. No models are currently available to study the effect of radiotherapy and Notch
inhibitors on normal tissue response in patients with lung cancer. Therefore, in chapter 4 we
developed a model to investigate the role of the Notch signalling in cell fate decision and the
radiobiological properties of primary bronchial epithelial cells (PBECs) isolated from human
lungs. In particular, our work has demonstrated that NOTCH signalling plays a crucial role in
modulating cell fate decisions by modulating the differentiation and self-renewal capacity of
PBECs. The capacity of modulating a specific cellular balance within the lung by blocking
NOTCH is further enhanced by the effect of radiation. Based on the results from this chapter
it can therefore be concluded that NOTCH inhibition increases the number of lung stem cells
in irradiated PBECs cultures by enhancing the DNA damage response and thus reducing the
amount of double-strand breaks.
In chapter 5, we investigated the activity of the different components of the γ-secretase
complex on a mouse embryonic fibroblast (MEF) cellular model expressing wild type of
oncogenic NOTCH1. Using this mouse model, we demonstrate that both NOTCH isoforms
cleaved by the different components of the γ-secretase complex show characteristic cleavage
and activation capacities that lead to a differential gene expression pattern. Our results reveal
an unexpected preference of the Psen2:Aph1B γ-secretase complex to process oncogenic
mutant NOTCH1 receptors over wild type NOTCH receptors. Psen2-specific targeting could
be exploited in cancer cells while sparing Psen1 substrates including Notch signaling in
normal cells were Psen2 is non-essential. We also used chloroquine as an inhibitor of the
endocytic pathway and observed that oncogenic NOTCH1 protein processed by Psen2:Aph1B
preferably relies on the endocytic pathway for its activation and latter function as a
transcription factor.
Finally, chapter 6 summarizes the findings of this thesis which describe some of the benefits
and limitations of blocking HIF and NOTCH in cancer.
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Tumor biomarker selection and targeting is crucial when treating cancer patients with the
ultimate goal of overcoming resistance to conventional therapy. Over the last decades, a
whole new research on biomarker discovery and validation is being tested in preclinical and
clinical studies, demonstrating that selective biomarker targeting is a highly active field of
research. Targeting resistant cancer cells remains the main barrier we face in improving
outcome. The remarkable ability of cancer cells to adapt to the new environment conditions is
the most frustrating characteristic of therapy resistance. However, the introduction of new
targeting strategies such as the CRISPR/CAS9 technology or the discovery of novel
oncogenic genes helps developing new treatment options for patients. The main aim of this
thesis was to evaluate several tumorigenic aspects of different oncogenic proteins while also
combining its inhibition with the effect of radiation.
Clinical relevance
In this thesis, the scientific relevance of modulating the HIF-1/2α proteins and NOTCH in
different cellular models and in the context of cancer treatment has been demonstrated.
Scientific knowledge in cancer research allows us to better characterize the basic molecular
mechanisms behind a tumorigenic phenotype but also to develop new technologies or
treatment strategies that eventually benefit society. Nowadays, cancer disease is one of the
foremost causes of death worldwide. The most common causes of cancer death worldwide
include lung, liver, stomach and bowel cancer, accounting for almost half of all cancer deaths.
Plenty of treatments are currently available to treat cancer, some of which are optimal in
initially reducing tumor growth and even lead to cures, however, this positive outcome is not
always long-lasting and some tumors may recur. There is a population of resistant cancer
stem cells that we have aimed to tackle in this thesis by trying to inhibit the proteins that those
cells express and thus improve the effect of radiation. Many biomarkers have been already
identified to strategy patients for personalized treatment. Since many cancer patients receive
radiation treatment, approaches that influence radiation therapy have a great impact on cancer
lives.
HIFα proteins are transcription factors of which the stabilization and activity are often tumorspecific especially under hypoxic conditions and generally associated with worse outcome for
cancer patients. Therefore, HIFα might be considered as a valuable biomarker for
stratification of cancer patients, although the specific treatment based on this type of
stratification needs further investigation. Evidence on the prognostic value of HIF-2α protein
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in cancer patients can be seen in this thesis in a meta-analysis collecting survival data from
previously published studies. HIFα has become a potential target for developing novel cancer
therapeutics since early 1990s. These inhibitors target the expression and/or function of HIF1α, HIF-2α, or both, through direct and indirect mechanisms. A number of HIFα inhibitors
have been developed and although some of them are under investigation, monotherapy
treatments with HIFα inhibitors have not been successful in clinical trials and many have been
halted. However, these inhibitors might be beneficial in order to sensitize resistant cells to
conventional treatment modalities such as radiotherapy. Indeed, in this thesis we have shown
that double- HIF1/2α inhibition greatly improves radiation sensitivity. Nevertheless, we also
showed that individually inhibiting HIF-1α in hypoxic cells might confer an opposite
phenotype due to a compensation mechanism mainly triggered by HIF-2α overexpression.
Potentially, this is applicable to other treatment modalities like chemotherapy or
immunotherapy and thereby contribute to a more optimal treatment of patients.
NOTCH has been found to influence tumor sensitivity to therapy and normal tissue
regenerative capacity. Both characteristics are essential to improve treatment tolerance in
cancer patients by increasing the effectiveness of the therapy while sparing normal tissue
toxicity. The using of NOTCH inhibitors seems to be a promising strategy to eliminate the
resistant cancer stem cells of the tumor and has been tested in many clinical trials. Patients
receiving NOTCH inhibition treatment however, show severe adverse effects which
ultimately lead to the abrogation of clinical studies. In our thesis we described a stem cell
proliferative advantage in primary bronchial epithelial cells upon Notch inhibition. Since
radiotherapy damages the normal tissue, increasing the proliferative capacity of stem cells
might benefit patients which undergo radiotherapy and thus broad the dose-effect in cancer
cells. Of course, the effect on the tumor and its microenvironment still need to be carefully
elucidated in patients when combined with radiotherapy. The toxic effects driven by NOTCH
inhibition might also be reduced by targeting different components and combinations of the γsecretase complex. Since NOTCH regulates various pathways necessary for proper tissue
regeneration and homeostasis, assessing a more specific NOTCH treatment strategy is
essential. This thesis demonstrated that it is utmost important to modulate the activity of
NOTCH by targeting specific components of the γ-secretase complex.

Gain for society
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Despite the novel advances on cancer therapeutics, prevalence of cancer and its mortality rate
is still affecting human health while also influencing economic stability in the world. The
long and sometimes frustrating process of drug development for treating cancer accounts for
most of the costs of cancer in society. Preclinical data aims to identify a compound, describe
its mechanism of action and eventually transfer it to the clinic for patient testing. Before
entering the market most of the drugs are discarded due to elevated toxicity or lack of effects.
This inefficient process of drug discovery for patient usage not only costs millions of dollars
every year but also the people we love.
The observations made in this thesis could potentially benefit cancer patients and the society
in general. First, a new way of stratifying patients based on HIF-2α expression gives more
insight into the prognosis of cancer patients, thus better predicting the survival rate of
patients. Patients with lower HIF2 expression maybe selected for less aggressive treatment
because they have a better prognostic outcome. This thesis also investigates the application of
a novel way of biomarker targeting by using the CRISPR/CAS9 in human cells, a unique and
elegant genetic-engineering tool that efficiently targets and removes specific genes from the
genome. More studies are needed to better characterize the effects of using CRISPR/CAS9 in
human cells in terms of a live organism and ultimately its application in cancer gene
modification in patients. Differences in HIF1/2α-dual targeting offers an opportunity to
design more efficient HIFα-blockers and increase the radiation response in cancer patients.
Also, our study found a compensation mechanism by HIF-2α that should be considered when
treating patients with HIF-1α inhibitors. Moreover, previous investigations from our research
group found a beneficial effect on targeting NOTCH in combination with conventional
therapies in cancer, which in this thesis we also show it would help patients prevent toxiceffects in the normal tissue. To end, patients presenting oncogenic NOTCH might benefit
from modulatory-NOTCH inhibition by using Psen2:Aph1B γ-secretase inhibitors while
sparing total NOTCH inhibition-related effects. Together, these findings may result into more
effective therapeutic ratio when using NOTCH inhibitors in cancer.
Road to the market
Although the discoveries of our work represent a potential clinical relevance with a gain for
society and could eventually lead to an improved outcome for treatment of cancer patients,
it’s translation from bench to bedside for daily clinical practice needs further investigation.
Our data indicates that HIF1/2α inhibitors are unlikely to radiosensitize tumors alone, but that
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they can significantly increase their effectiveness when combined. Consequently, several
clinical trials using dual-HIF1/2α inhibitors should be of interest to test how well these
inhibitors are tolerated also when combined with chemotherapy and radiotherapy, and
whether any added benefit is observed. For instance, clinical trials have reported that BAY
87-2243 was found to suppress the accumulation of both HIF1/2α in non-small cell lung
cancer cells; however, a phase I clinical trial (NCT01297530) using such compound was
terminated due to safety reasons. Other HIF inhibitors have been selected to treat solid
tumors. Unfortunately, up to now, no drugs directly inhibiting HIF1/2α have been approved
for treating cancer due to safety or limited therapeutic efficacy. Lack of patient selection
might also contribute to clinical trial failure. When evaluating the efficacy of HIF inhibitors in
clinical trials, patients with advanced solid tumors are recruited, regardless of HIF expression
in tumor cells. In this case, HIF inhibitors might not show therapeutic effects for accounting
with those with low HIF levels. Therefore, clinical trials should also be stratified for patients
with different protein levels in order to improve the concept of personalized medicine in
cancer treatment and reach a better therapeutic effect for a specific subpopulation of patients
with elevated HIF levels. Also, advances in CRISPR/CAS9 in applied medicine might offer a
new way of selectively and accurately targeting cancer cells in patients. In total, the process
may take many years before this technology can be used in daily clinical practice.
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made this PhD dissertation possible. I was also very fortunate to click very well with many of
my colleagues, which during these years have become very close friends.
It all started while doing my second internship in Barcelona on a random day around March
2014. I was actively seeking for PhD or technician positions on the field of cancer research
preferably in the Netherlands or the UK and soon realized it was not going to be an easy task.
While searching for positions in the website “academic transfer” I came across an interesting
technician’s position at Marc Vooijs lab. I quickly prepared a motivation letter hoping that
perhaps at some point he would answer me, the project was really of my interest and for me
that was all what mattered. Shortly after, I saw Marc was also offering a PhD position for the
same project, which motivated me to apply for that position as well!
I always liked the idea of moving back to the Netherlands. During my bachelor’s degree I did
an internship at the Netherlands Cancer Institute (Amsterdam) for one year, and for me that
had been the best experience of my life. I enjoyed living among international people, working
with experienced scientists and grow as a scientist in the cancer research field. I also got
much experience working with different cell lines, testing a set of molecular inhibitors in
combination with chemotherapy and radiotherapy. My year in Amsterdam passed with a lot of
good experience and I just came to be in love with going back to the Netherlands and seeking
for a PhD position there. Unexpectedly, the PhD position was in Maastricht, a pretty unknown
city for me since I just knew it from one of my hitchhiking trips, but never had the chance to
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