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Introduction 

 

Cancer presents a major health and economic problem worldwide. In 2015, about 8.8 

million people died of cancer worldwide (1 out of 6 deaths is due to cancer). By 

2030, it is expected that there will be 23.6 million new cases of cancer each year. 

Lung, liver, colorectal, stomach, and breast cancers are the most frequent cancer-

related deaths in decreasing order (www.who.int). There are over 100 different types 

of cancer and symptoms vary with the tissue of origin. In 2000, Hanahan and 

Weinberg published a seminal review on the origins of cancer and identified six 

capabilities every cancer cell has to acquire to transform from normal into an 

invasive cancer [1]. The six hallmarks that are common to most cancer types are: 

“sustaining proliferative signaling”, “evading growth suppressors”, “activating 

invasion and metastasis”, “enabling replicative immortality”, “inducing 

angiogenesis”, and finally, “resisting cell death”. They revisited these hallmarks in 

2011 and identified “tumor-promoting inflammation”, “avoiding immune 

destruction”, “deregulating cellular energetics”, and “genome instability and 

mutation” as ‘enablers’ of the aforementioned six acquired capabilities [2]. This 

discovery has led to the development of small molecules and antibody-based 

approaches to target the hallmarks cancer, which include: 1) targeting proliferative 

signaling using neutralizing antibodies against EGFR or HER2 in cancers 

overexpressing these oncogenic driver mutations [3, 4], 2) evading growth 

suppressors using small molecule inhibitors of cyclin-dependent kinases to induce 

cell-cycle arrest at G1 phase [5-7], 3) anti-CTLA4 checkpoint inhibitors to enhance 

anti-tumor immune response [8, 9], 4) telomerase inhibitors to prevent telomere 

elongation [10, 11], 5) vascular endothelial growth factor (VEGF) inhibitors to 

inhibit angiogenesis [12-14], 6) PARP inhibitors to prevent repair of single strand 

breaks (that will converted into double strand breaks if they persist), and induce 

synthetic lethality if combined with mutations in genes involved in repair of double 

strand breaks such as BRCA [15], 7) c-MET inhibitors to prevent metastasis and 

invasion [16-18], 8) pro-apoptotic BH3 protein (member of the Bcl-2 family) 

mimetics [19, 20], 9) aerobic glycolysis inhibitors to prevent conversion of glucose 

into pyruvate in an oxygen-independent manner for energy production (especially 

useful for the tumor in oxygen deprived hypoxic areas) [21-23], or 10) anti-

inflammatory drugs to inhibit the pro-tumorigenic effects of inflammation [24, 25]. 

However, in practice, most patients do not show durable responses and eventually 

relapse.  

http://www.who.int/
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Tumor Resistance 
 

Resistance to chemotherapy, radiotherapy, and personalized precision treatments is 

a major problem underlying treatment failure and limiting durable responses and 

cures. The mechanisms of resistance to these treatments include molecular 

alterations of the drug target, activation of pro-survival pathways, metabolic 

inactivation of drugs, and ineffective induction of cell death [26]. Moreover, 

molecular tumor analysis of patient genomes has shown high interpatient and 

intratumor genetic heterogeneity. This heterogeneity is already present prior to 

treatment or it develops during treatment, and it is thought to be one of the key 

contributing factors to clinical therapeutic resistance [27].  

Retrospective analyses of phase II clinical trials indicate that a personalized 

treatment approach results in better outcomes and fewer treatment toxicity than 

conventional therapies [28]. Genetic profiling of patients also improves the selection 

of drugs best suited for clinical implementation. Currently, the likelihood of 

antineoplastic drugs to be approved in phase I clinical trials, compared to drugs for 

other diseases, is ~6.7% (n=1803) [29]. The success rate of drugs that are approved 

throughout all clinical phases is of 19.4% [30], a parameter that is grossly 

underestimated due to false negative drugs that are a result of inadequate screening. 

An example of the latter is the case of the EGFR inhibitor Gefitinib which was 

initially approved by the FDA (Food and Drug Administration) in 2003 for advanced 

non-small cell lung cancer (NSCLC) patients previously treated with chemotherapy, 

where the response rate of refractory patients was ~10% [31]. This consent was later 

on withdrawn in 2005 when Gefitinib didn’t show significant improvement in the 

setting for which it was accepted [32]. Nonetheless, when the clinical trial outcome 

was assessed based on EGFR oncogenic mutation status, patients bearing the 

mutation had prolonged progression-free survival compared to standard first-line 

carboplatin-paclitaxel doublet treatment [33] and FDA approval was regained in 

2009 in Europe. In this decade, an average of 35 drugs per year are discontinued in 

different phases of development, whereby those in the last phases are especially 

problematic due to the high expenses in money, patients and research resources. This 

failure rate could be improved if drug programs followed a biomarker-based strategy, 

if proof of concept was obtained, and if all negative results on clinical trials were 

published [34].  

 

In this thesis, I have focused on enhancing treatment outcome in lung and brain 

cancer. 
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Lung Cancer 

 

Lung cancer can be classified into two main types: non-small cell lung cancer 

(NSCLC) and small cell lung cancer (SCLC) accounting for 85% and 15% of all lung 

cancer cases, respectively. NSCLC can be further subdivided into adenocarcinoma, 

squamous cell carcinoma, and large cell carcinoma. Staging is based on tumor 

location and infiltrative nature. NSCLC can remain localized in the lung (stage I), or 

infiltrate nearby lymph nodes (stage II), colonize the chest (stage III), and other body 

organs (stage IV). According to the American Cancer Society, the 5-year survival 

rate for stage I NSCLC patients is between 45-49%, for stage II is 30%, for stage 

IIIA is 14% and IIIB is 5%, and finally, for stage IV is 1%. In SCLC, there are only 

two stages: limited or extensive (when it has colonized the chest and other body 

organs). SCLC is usually more responsive to chemotherapy and radiotherapy than 

NSCLC but its fast growing, infiltrative/invasive and aggressive nature makes it 

challenging to obtain cures even after dose intensification [35]. Staging of lung 

cancer is usually determined by Positron Emission Tomography (PET) imaging but 

the golden standard to assess molecular alterations is tissue biopsy. Obtaining 

representative and reliable tissue biopsies in lung cancer for gene mutation profiling 

is challenging due to intratumor heterogeneity, risk of pneumothorax and bleeding 

and difficult anatomical accessibility of biopsy target. Because tumors may alter their 

mutation status throughout treatment (especially with tyrosine kinase inhibitors 

where it has been well documented, but probably also with other treatments), 

dynamic acquisition of tumor biopsies in time has been recommended [36].  

This thesis focuses on NSCLC subtypes where current first-line treatment consists 

of surgical resection, chemotherapy, radiation, targeted therapy and combinations 

thereof. Selection of treatment is principally based on TNM (Tumor-Node-

Metastases) stage, performance status and presence of oncogenic driver mutations. 

More than two-thirds of NSCLC patients are diagnosed when cancer is inoperable 

and locally advanced. At this stage, patients receive concurrent polychemotherapy 

with fractionated radiation (mostly delivered in 2Gy fractions for a total dose of 

60Gy). Concurrent chemoradiation has proven to be better than the sequential 

combination in improving loco-regional control, overall and progression-free 

survival [37]. Chemotherapy often involves the use of two or more agents where one 

of them is usually platinum-based (cisplatin, carboplatin) combined with another one 

with a different mechanism of action. The use of concomitant polychemotherapy 

(double or triple) regimens as compared to single-agent chemotherapy has been 

shown to improve progression-free survival of patients with locally advanced 
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NSCLC [37]. The late diagnosis and the intrinsic and/or acquired treatment 

resistances remain obstacles in improving cancer survival. 

Low dose computed tomography (CT) screening of patients for lung cancer is 

considered for high risk subjects (>49 years, current/former smokers), although it has 

rendered some controversy. Whereas Henschke et al., claim that annual spiral CT 

screening of asymptomatic populations at risk of lung cancer would increase 5-year 

survival rates from 16% by routine care to 86% in a cost-effective manner [38], Bach 

et al. report that this approach would lead to over diagnosis (false positives) and 

overtreatment of indolent cancers thus resulting in no additional clinical benefit [39]. 

It should be noted that CT screening identifies a greater proportion of patients 

bearing lung cancers with long doubling times (>400 days versus 135 days by routine 

care). Consequently, both cancer populations (slow versus faster growing tumors) 

shouldn’t be managed in the same way to avoid overtreatment / undertreatment [40]. 

Large-scale clinical implementation however, is not recommended yet because there 

are several parameters that remain to be optimized such as: precise definition of the 

high-risk population, timing and frequency, type of CT (2D versus 3D), managing 

false positive cases, and cost-effectiveness as compared to smoking cessation [41]. 

Over 50% of lung adenocarcinomas in Europeans bear driver genetic alterations: 

~25-38% of them in KRAS, ~7-16% in EGFR, ~5% in MET, ~3-5% ALK, ~2-5% 

in BRAF, and, ~2% in RET [42-44]. Clinical application of diagnostic tests for 

KRAS genotyping, detection of actionable EGFR variants, and/or ALK 

translocations remains challenging [45-47]. These studies bring to light that lung 

cancer should be approached as a disease with a wide spectrum of behaviors and 

responses, and that there is a great need for personalizing precision treatment to 

improve survival. 

 

Glioblastoma Multiforme (GBM) 

 

Brain tumors comprise a diverse group of cancers that either arise from cells in the 

central nervous system, or from tumors that metastasized from lung, melanoma or 

breast. Meningiomas and glial tumors including glioblastoma, astrocytoma and 

oligodendroglioma, account for two-thirds of all brain tumors in adults. 

Glioblastoma is the most prevalent and aggressive primary brain tumor in adults, and 

it arises from supportive brain cells: the astrocytes. According to the Central Brain 

Tumor registry of the USA, 3.19 subjects per 100000 will develop glioblastoma, an 

incidence which increases with age. In the Netherlands, about 600 new patients are 

diagnosed with glioblastoma every year. There are two main types: primary or de 
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novo which is the most common and aggressive form, or secondary which grows 

slower and arises from low-grade glioma. Standard of care includes tumor debulking 

by surgery and concurrent chemotherapy with fractionated radiotherapy (delivered 

in 2Gy-fractions to a total of 60Gy) whereby median survival doesn’t exceed 15 

months. Patients with a methylated MGMT (O (6)-methylguanine DNA-

methyltransferase) promoter, involved in DNA repair, are sensitive to alkylating 

agents such as temozolomide, and have significantly better treatment outcomes [48]. 

Hence, temozolomide is part of standard of care for most GBM patients. MGMT 

methylation status is a promising biomarker to stratify GBM patients prior to 

treatment however, tumors can change their methylation status post-therapy [49], 

and tumor progression is inevitable. GBM remains an incurable disease.  

A better understanding of GBM pathophysiology and mechanisms of recurrence 

would improve patient stratification [50]. There at least 5 clinical subtypes with 

distinct molecular alterations [51]. The two glioblastoma subtypes also have different 

genetic mutation profiles: while primary or “de novo” GBM have 

EGFR amplification, PTEN mutation, and absence of IDH (Isocitrate 

dehydrogenase) mutations; secondary GBM lack EGFR amplification but have 

TP53 and IDH mutations [51], and additionally, mutations in ATRX (Alpha 

thalassemia/mental retardation syndrome X-linked) [52]. GBM is a highly 

heterogeneous disease. One of the resistance-generating mechanisms in GBM is 

mediated by TP53 gain-of-function mutations which confers poor overall survival 

prognosis due to increase in MGMT expression [53]. Combination therapies using 

EGFR and VEGF inhibitors in recurrent GBM subjects, have reported slightly 

improved survival (cediranib plus gefitinib [54]) or no survival benefit (bevacizumab 

plus sorafenib [55]).  

Despite efforts in personalizing GBM therapies, clinical responses to targeted 

therapies so far have been marginal, in particular for recurrent cases, possibly due to 

low blood brain barrier (BBB) permeability or inadequate patient screening [56]. 

There is hence, a dire need for novel disease-tailored precision treatments.  

 

Stem Cell pathways: Targets for Precision Therapy 

 

Emerging evidence implicates a subpopulation of tumor cells (cancer stem cells) 

with characteristics of normal stem cells such as unlimited self-renewal, capacity for 

multipotent differentiation, and high tumor initiating ability [57], that are resistant to 

treatment [58]. Both in lung and brain cancers, such cancer stem cells have been 

identified and associated with worse outcome [59, 60].  
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NOTCH signaling regulates cellular activities in different ways such as promotion 

or repression of cellular proliferation, controlling differentiation and cell death [61] 

as well as maintenance of the stem cell population [62].  

 

This thesis describes translational research aimed at improving therapeutic 

efficacy via combination of therapies used as part of standard of care for NSCLC 

and GBM with NOTCH signaling inhibition. 

 

NOTCH: A Historical Perspective 

 

In the early 20th century, Dexter described a mutant notched wing phenotype in 

Drosophila melanogaster [63]. Genetic studies undertaken by Thomas H. Morgan 

identified diverse X-linked Notch phenotypes, dominant with regards to wing 

morphology and bristles, but recessive in their lethality [64]. Poulson was the first to 

describe a recessive neurogenic phenotype of Notch [65], mediated by binding to the 

Notch ligand Delta [66], and its involvement in fly embryogenesis. In worms, it was 

first identified that Notch is a genetic switch for cell-fate decisions and its effect is 

mediated by interactions between cells [67]. 

In 1983, the locus of the notch gene was cloned and sequenced from flies to 

mammals. The gene identified encodes for a single pass transmembrane glycoprotein 

protein containing a large extracellular domain consisting of multiple repeats of the 

epidermal growth-factor (EGF)-like motif [68, 69]. Notch receptors lacking the 

EGF-like repeats were found to be constitutively active in several organisms 

including Drosophila melanogaster [70, 71], Caenorhabditis elegans [72], and 

Xenopus [73]. Drosophila melanogaster’s genome contains only one Notch receptor, 

whereas Caenorhabditis elegans’ genome contains two that are biochemically but 

not functionally interchangeable (lin-12 and glp-1 [74]). Mammalian cells encode 

for four NOTCH receptors (NOTCH 1-4). The first identification of NOTCH1 as an 

oncogene was done by Ellisen et al. who reported that TAN-1, now called NOTCH1, 

chromosomal translocations occurred in T-cell acute lymphoblastic leukemia (T-

ALL) patients and led to hyperactivated gene activation [75]. Shortly after, 

mammalian NOTCH2 was identified in rats and presented similar structural motifs 

than NOTCH1 but different spatial and temporal expression patterns [76]. The third 

NOTCH receptor was identified in mice (mNOTCH3), it lacked specific EGF-like 

repeats, and encoded a shorter intracellular domain as compared to the two other 

NOTCH receptors. mNOTCH3 is thought to have a pivotal role in the development 

of the central nervous system [77]. The fourth mammalian NOTCH homologue 
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(NOTCH4) was found to have less EGF-like repeats than the rest of the NOTCH 

homologues, is thought to have a role in vertebrate endothelium, and has a role as a 

proto-oncogene in breast carcinogenesis [78].  

Studies in D. melanogaster and C. elegans have shown that only the intracellular 

domain of the Notch receptor (Lin-12 in C. elegans) is implicated in signal 

transduction, resulting in regulation of neural/epidermal cell fate. The extracellular 

and transmembrane domains are involved in negatively regulating the intrinsic 

activity of the uncleaved receptor [72, 79]. The Notch receptor can only exert its 

function in development in the presence of a nuclear localization signal in its protein 

sequence.  CBF1, now called CSL or RBP-Jk (Recombination signal binding protein 

Jk), is a sequence specific DNA-binding protein that associates with the NOTCH 

intracellular domain. It wasn’t until it was shown that CBF1 stimulates transcription 

of the downstream NOTCH target HES1 (through the KBF2-binding site of HES1) 

in the presence of the NOTCHΔE truncated form but not the full-length NOTCH 

receptor, that a cleavage model for NOTCH activation and subsequent gene 

transcription was accepted [80]. Notch proteins are cleaved at different sites, of 

which one, is performed by the γ-secretase multi-enzymatic protein complex which 

is also involved in the generation of beta-amyloid peptide plaques in brain [81], 

whose accumulation leads to Alzheimer’s disease [82]. Sherrington et al. discovered 

in 1995 a new integral protein, the S182 transcript from the AD3 gene (now called 

presenilin 1), which had missense mutations causative of an aggressive form of 

familial Alzheimer’s disease of early onset [83]. Studies in C. elegans and D. 

melanogaster identified three other components of the γ-secretase besides presenilin 

1: pen-2, aph-1, and nicastrin [84], that act together to process both β-APP and Notch 

receptors [85, 86]. Notch receptor cleavage results in the release of the intracellular 

thus enabling signal transduction [86] and gene transcription.  

 

NOTCH Signaling 

 

Notch, WNT and Hedgehog (HH) signaling pathways act, and interact together, to 

maintain tissue homeostasis, a regulated balance between the proliferation of 

undifferentiated cells and their differentiation into mature cell types. WNT/β-catenin 

has been shown to directly bind the NICD, resulting in an increased transcriptional 

output of target genes [87]. MAML1, essential for NOTCH signaling activation, has 

been reported to function as a co-activator for β-catenin-dependent transcription [88]. 

A tight regulation of these pathways ensures normal physiological functions.  

Nowadays, the canonical NOTCH signaling pathway is well-established and is 

identified as a highly conserved short-range signaling pathway that needs of two 
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adjacent cells to communicate: one expressing a NOTCH receptor and the other 

expressing a ligand. Alongside the canonical pathway, a non-canonical Notch 

signaling pathway has been described in mammals and flies. The latter is γ-secretase-

dependent but RBP-Jκ-independent, although its mechanism remains unclear. Non-

canonical ligands, such as DLK1 (Delta-like 1 homolog), may interact with 

themselves through specific EGF repeats [89] or with extracellular matrix proteins 

to unfold the negative regulatory region (NRR) and activate Notch. This pathway is 

also thought to exert its function by post-translationally antagonizing Wnt/β-catenin 

[90].  

NOTCH receptors are large type I transmembrane glycoproteins that have three main 

structural domains: the extracellular (ECD), the transmembrane (TMD), and the 

intracellular domains (ICD). The extracellular domain in N-terminal consists of 29-

36 epidermal growth factor (EGF)-like tandem repeats which mediates interactions 

with the NOTCH ligands, many of which occur via calcium binding [91]. The EGF-

like repeats can be post-translationally modified via O-glycosylation and/or O-

fucosylation to regulate NOTCH signaling [92]. The EGF repeats are followed by a 

negative regulatory region (NRR), composed of a Lin-12-NOTCH repeats (LNR) 

and a heterodimerization domain (HD), which prevents pathway activation in the 

absence of ligand. The NRR is followed by a transmembrane domain (TMD) which 

contains a “stop translocation” signal of Arg/Lys residues. Subsequently, the RAM 

(RBP-Jk Association Module) is linked to seven ankyrin repeats (ANK domain) via 

a linker containing the first part of a bipartite nuclear localization signal (NLS). The 

evolutionary divergent transactivation domain (TAD) is followed by the second part 

of the NLS. And finally, in the C-terminal end, there is a proline/glutamic 

acid/serine/threonine-rich motif (PEST) in charge of regulating the stability of the 

cleaved NOTCH intracellular domain (NICD) [93]. NOTCH ligands that are type I 

transmembrane proteins, are composed of three structural domains: N-terminal DSL 

(Delta/Serrate/LAG-2) domain, the DOS (Delta and OSM-11-like proteins) domain 

containing EGF repeats, and another subset of EGF repeats (both calcium binding 

and non-calcium binding) [94, 95]. In mammals, DSL ligands can be classified in 

two groups: Delta-like (DLL1, DLL3, and DLL4) and Jagged-like (JAGGED1 and 

JAGGED2) [93]. The DOS domain, found in the first two EGF-like repeats, is known 

to cooperate with the DSL domain to mediate NOTCH binding and signaling [94]. 

Mutations in the DOS motif of Jagged1 may cause Alagille syndrome [96] or 

Tetralogy of Fallot [97].  
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Figure 1: NOTCH receptors and ligands from the canonical NOTCH signaling 

pathway and their interaction. See text for details.  

 

NOTCH receptor maturation starts in the secretory pathway after cleavage by furin-

like proteases which generate a non-covalently linked heterodimer, the NECD-

NTMIC (Notch extracellular domain-Notch transmembrane and intracellular 

domain). Furin-like proteases cleave at Site 1 (S1), which is located within the HD 

of the NRR. Once this NOTCH receptor-ligand interaction takes place, leading to the 

formation of homodimers between EGF repeats, the NOTCH receptor undergoes two 

consecutive proteolytic cleavages that will render the receptor active. Ligand binding 

unfolds the NRR, opening up a scissile bond for the ADAM10 metalloproteinases 

[98, 99] at Site 2 (S2), ~12 amino acids upstream of the TMD and in the inner core 

of the NRR, causing a cleavage of the NOTCH ectodomain, thus leaving a 

membrane-tethered Notch-extracellular truncation (NEXT). NEXT is the substrate 

for γ-secretase, a multi-component protease complex, which cleaves at Site 3 (S3), 

in the inner part of the TMD, and is further cleaved until Site 4 (S4), in the middle 

of the TMD. The resulting Notch intracellular domain (NICD) translocates to the 

nucleus and binds to the DNA-bound protein CSL (RBP-Jk) via the RAM domain 

and replaces the corepressors (CoR). The ANK domain also binds to the CSL to 

recruit the coactivator (CoA) Mastermind/Lag-3 and the mediator MED8, to activate 
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gene transcription [100]. Some of the NOTCH downstream targets include: HES and 

HEY protein families, and oncogenes like RAS or MYC [101].  

NOTCH signaling is spatially, and temporally, tightly controlled. The PEST domain 

of the NICD is phosphorylated by the CDK8 kinase, and thus targeted for 

proteasomal degradation by E3 ubiquitin ligase Sel10/Fbw7/cdc4 to target NICD for 

degradation [102, 103].  

 

NOTCH Endocytosis 

 

Another mechanism by which NOTCH signaling is controlled is via NOTCH 

receptor and ligand internalization by endocytosis resulting in either positive or 

negative feed-back loops in a context-dependent manner. Unstimulated / 

inappropriately stimulated NOTCH receptors are recycled or degraded mediated by 

ubiquitination-dependent endocytosis. Endocytosis of DSL-ligands, triggered by 

monoubiquitinylation by E3 ligases (Neuralized for Delta-type or Mindbomb for 

Serrate/Jagged-type ligands), plays an important role in upregulating signaling 

activity [104]. E3 ubiquitin ligases (e.g. NUMB, Deltex, Nedd4, Cbl) also controls 

NOTCH receptor trafficking towards lysosomal degradation or recycling through 

endocytosis [105]. Numb interacts with the cytosolic HECT (Homologous to E6-AP 

C Terminus) domain-containing E3 ligase Itch to promote ubiquitination and 

degradation of membrane-tethered NOTCH1 [106]. Numb interacts with proteins 

involved in endocytic trafficking, including Eps15, the EHD/Rme-1 family of 

proteins, and the clathrin adaptor protein, AP2 [107], to modulate NOTCH1 receptor 

signaling. Components of ESCRT (endosomal sorting complex required for 

transport) complexes, which regulate sorting into multivesicular bodies, may 

function as tumor suppressors by preventing Notch activation [108]. The 

composition of the phospholipid membrane can also affect both NOTCH and EGFR 

signaling in Drosophila. The rate-limiting enzyme for phosphatidylcholine 

biosynthesis, phosphocholine cytidylyltransferase 1, regulates endocytosis and in its 

absence, NOTCH and EGFR accumulate in enlarged endosomes, which is correlated 

with a decrease in signaling strength, thus suggesting that accumulation in 

endosomal compartments is for lysosomal degradation or for spatial separation from 

activating molecules (e.g. γ-secretase or ligands) [109]. On the other hand, protein 

sorting in lipid rafts, involved in receptor endocytosis, is a way to positively regulate 

Notch receptor activation in C. elegans [110]. Notch receptor endocytosis is also 

regulated by physical stimuli. In order to ensure thermal regulation during 

Drosophila’s development, Notch is internalized via Deltex-mediated endocytosis, 
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allowing signaling activation at low temperatures, whereas at high temperatures, 

Suppressor of Deltex (Su(dx)) mediates Notch endocytosis in a cholesterol-

dependent manner, leading to Notch degradation [111]. 

 

 
 

Figure 2: Overview of the canonical NOTCH signaling pathway (modified from 

Life Sciences). See text for details. *GSI = γ-secretase inhibitor 

 

NOTCH in Normal Physiology  

 

Notch signaling has essential roles during development, cell proliferation or death, 

determination of cell-fate, differentiation, and maintenance of stem cells in different 

organs [105, 112]. NOTCH signaling is essential for normal lung organogenesis 

where it regulates broncho-alveolar and neuroendocrine cell differentiation [113]. 

Additionally, NOTCH activation promotes differentiation of basal cells into 

secretory lineages whereas its inhibition leads to differentiation into ciliated cells 

[114]. 

In the brain, NOTCH signaling regulates cellular differentiation via lateral inhibition, 

an important mechanism controlling neural cell fate during development [115]. 

Notch signaling maintains neural stem and progenitor cells by decreasing expression 

of Hes1, Hes5, and proneural genes, it regulates glial differentiation, and blocks 
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neural differentiation via HES1 [115]. In normal cerebellar development, NOTCH2 

is predominantly expressed in proliferating progenitors and NOTCH1 in post-mitotic 

differentiating cells [116].  

Expression analysis and lineage tracing portrayed redundant roles of NOTCH1 and 

2 in intestinal homeostasis [117-119]. Blockade of NOTCH ligands Dll1/4 results in 

goblet metaplasia and proliferative arrest of crypt epithelial cells [120, 121]. 

Multipotent crypt progenitors are maintained by active NOTCH and WNT pathways, 

and their inactivation results in differentiation into secretory [117, 119] or enterocytic 

[122, 123] fates, respectively. Several Notch signaling pathway members are 

implicated in vasculature: in the endothelium (NOTCH1/4; DLL1/4; HES1; and 

HEY1/2) and in surrounding mural cells (NOTCH3) [124]. DLL4 is positively 

regulated by several pro-angiogenic factors including: growth factors (VEGF-A, 

bFGF) [125, 126]; interleukin 6 mediated by STAT3 activation in stromal cells 

[127]; Foxc proteins via direct activation leading to arterial specification and 

lymphatic sprouting [128]; N4 ICD [129]; and HIF-1α-mediated upregulation of 

DLL4-NOTCH-HEY2 consequently repressing COUP-TFII, a vein identity 

regulator, in endothelial progenitor cells to specify cell fate [130]. NOTCH also 

participates in many other functions including keratinocyte differentiation and 

growth arrest [131], T cell maturation [132, 133], and is a key regulator of cell fate 

decisions in the hematopoietic system regulating megakaryocyte development, and 

the myeloid and erythroid lineages [134]. 

 

NOTCH in Lung and Brain Cancers  

 

NOTCH signaling is deregulated in multiple human diseases including 

developmental syndromes (e.g. Aortic valve disease, Alagille) [112, 135] and adult-

onset diseases (e.g. Alzheimer, hematological and solid cancers) [136, 137]. Both 

lung cancer and glioblastoma are characterized by aberrant NOTCH signaling.  

In NSCLC, activating mutations in NOTCH1 or loss of the negative regulator of 

NOTCH, NUMB1, are present in 10% and 30% of adenocarcinomas [138]. High 

NOTCH activity in NSCLC is associated with worse disease-free survival in patients 

[139], and increased proliferation, greater hypoxic fraction, and radiation resistance 

in NSCLC tumor-bearing mice [140]. In contrast, in squamous NSCLC, NOTCH 

mutations are usually inactivating and function as tumor suppressors [141].  

In glioblastoma, high Deltex1, a positive regulator of NOTCH signaling [142], 

expression induces PI3K and MAPK/ERK pro-mitotic pathways, anti-apoptotic Mcl-
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1, and promotes migration/invasion in a NOTCH, miR-21, and ERK-mediated 

manner, and is associated with poor prognosis in glioblastoma [143].  

NOTCH1 regulates transcription of EGFR, frequently overexpressed/amplified in 

GBM, via TP53 [144], and in this subpopulation of GBM cells with overexpressed 

EGFR, Notch signaling genes are concurrently significantly overexpressed [145]. 

Both NOTCH1 and 2 have been implicated in radiation resistance of GBM stem cells 

by upregulating AKT and downregulating the pro-apoptotic protein MCL-1 [146]. 

NOTCH inhibition reduces glioma subpopulations expressing CD133, NESTIN, 

SOX2, BMI1, and OLIG2 stem cell markers implicated in treatment resistance, and 

attenuates tumoral neurosphere and xenograft growth, mainly promoted by 

NOTCH2 [147, 148].  

Overall, these data implicate NOTCH signaling in lung and brain cancer 

development and treatment resistance. 

 

Duality of NOTCH activity in Cancer  

 

Aberrant NOTCH signaling in cancer patients can act as an oncogene or tumor 

suppressor gene. Mechanisms that result in aberrant NOTCH signaling include 

receptor/ligand overexpression, activating / inactivating mutations, epigenetic 

regulation, and post-translational modifications. The outcome of aberrant NOTCH 

activity is highly context- and cancer stage-dependent, and is defined by interactions 

with the microenvironment. Moreover, NOTCH activity is influenced by means of 

pathway-crosstalk including those pathways involved in epithelial-mesenchymal 

transition, neurogenesis, hematopoiesis, angiogenesis, and cancer stem cell 

maintenance. 

There are differential mutational patterns of NOTCH pathway members in cancers 

that lead to divergent roles in tumorigenesis (reviewed in [149]):  

1) Autonomous oncoproteins: Mutations that disrupt the NRR in NOTCH1 together 

with loss of the PEST domain are frequent in T-ALL, triple-negative breast 

cancer, adenoid cystic carcinoma, and in tumors derived from pericytes or 

smooth muscle. These mutations result in ligand independent NOTCH receptor 

proteolysis and activation.  

2) Microenvironment-dependent oncoproteins: Mutations that affect only the PEST 

domain are prevalent in B-cell tumors (chronic lymphocytic leukemia, splenic 

marginal zone lymphoma, mantle cell lymphoma), peripheral T-cell lymphomas, 

and breast cancers [150]. These mutations lack the selective pressure for ligand-

independent NOTCH activation, and activation is probably restricted to selective 

microenvironments where tumor cells interact with stromal ligands.  
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3) Autonomous tumor suppressors: Mutations in the N-terminal region of the 

NOTCH receptor are predominant in squamous cell carcinomas (of the skin, 

head and neck, esophagus, and lung) and in small cell lung cancer, urothelial 

carcinoma, and low-grade glioma. These mutations lead to loss of protein 

functionality (failure to produce the NOTCH protein or formation of dominant 

negative decoy receptors lacking ICD).  

4) The consequences of the loss or downregulated RBP-Jk copy number is 

dependent on tumor type. In tumors where NOTCH functions as an oncogene 

(e.g. breast cancer) NOTCH downstream targets will be upregulated, probably 

due to the loss of corepressor recruitment by RBP-Jk. However, in cancers where 

NOTCH acts as a tumor suppressor (e.g. squamous cell carcinoma) NOTCH 

downstream targets will be inhibited.  

.  

NOTCH as an Oncogene 

 

The first report of a pathological and NOTCH-dependent carcinogenic event was 

described in an aggressive form of T-cell acute lymphoblastic leukemia (T-ALL), 

which affects white blood cells, occurring mainly during childhood. Notch1 

chromosomal translocations (“TAN-1”), a rare mutation in T-ALL patients, result in 

hyperactivated NOTCH1 gene expression leading to T-cell leukemia [75]. While 

these translocations are rare, NOTCH1 mutations, resulting in constitutively active 

NOTCH signaling, have been reported in ~60% of T-ALL patients, and occur in the 

extracellular NRR or PEST domains [151]. Moreover, mutations in E3 ubiquitin 

ligase Sel10/Fbw7/Cdc4, that targets the NOTCH PEST domain for degradation, are 

frequently found in T-cell leukemias [152]. Fbw7 is a F-box family protein part of 

the Skp1, Cul1, and F-box protein (SCF) ubiquitin ligase complex. Fbw7 acts as a 

tumor suppressor in many tissues by targeting NOTCH, c-MYC, Cyclin E, c-JUN, 

and MCL-1 oncogenes for ubiquitin-mediated degradation [153, 154]. The first study 

showing the oncogenic capacity of NOTCH proteins identified NOTCH4 as a 

retroviral insertion (int-3) in mammary tumors induced by mouse mammary tumor 

virus (MMTV) [155, 156]. Following this, several mutations which enhance NOTCH 

signaling via either gain of function mutations in NOTCH receptors, or inactivation 

of negative regulators (e.g. NUMB, FBXW7), have been shown to contribute to 

tumor progression in many solid tumors: mutations in PEST, HD or extracellular 

domains of NOTCH1, 2, and/or 3, common hot spots in T-ALL, in triple negative 

breast cancer [150], upregulation of NOTCH1 or RBP-Jk in colon cancer [157], 

Fbw7 inactivation in pancreatic ductal adenocarcinoma [158, 159], gain-of function 
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mutations in NOTCH1 or loss of NUMB expression in NSCLC [138], NOTCH1 

upregulation in head and neck carcinoma [160], NOTCH1 activation or NUMB 

downregulation in prostate cancer [161, 162], and NOTCH1, 2, and 4 activation in 

anaplastic astrocytoma [163]. It has been shown that NOTCH drives tumorigenesis 

mainly by cell cycle progression and inhibiting apoptosis. NOTCH1 and 3 induce 

cyclin D1 expression, mediated by JAGGED1 binding, to promote proliferation 

[164, 165]. NOTCH is frequently expressed in astrocytic gliomas and interacts with 

the EGFR pathway to regulate important drivers of glioma such as PI3K–AKT 

pathway, KRAS, cyclin D1 and matrix metalloproteinase 9 (MMP9) [166]. 

Additionally, there is mounting evidence supporting the role of NOTCH signaling in 

maintenance and self-renewal of resistant-cancer stem cells in cancers including T-

ALL [167], brain [148, 168], breast [169], colon [170], and non-small cell lung 

cancer [139]. In these cases, NOTCH activation is associated with worse prognosis 

in survival.  

 

NOTCH as Tumor Suppressor  

 

There is an increasing body of literature demonstrating a tumor suppressive role for 

NOTCH proteins. In the epidermis, NOTCH suppresses tumor formation by 

blocking WNT/ β-catenin signaling to drive epidermal differentiation. Notch1 

deletion in epidermis results in the formation of basal cell tumors [171]. Loss of 

Notch1 in epidermal keratinocytes impairs skin barrier integrity by creating a wound-

like state that promotes tumorigenesis however, expression of NOTCH1 was 

insufficient to suppress this tumor-promoting effect, emphasizing the importance of 

crosstalk with stroma [172]. NOTCH1 expression is under the direct transcriptional 

control of p53 in human keratinocyte tumors and can induce apoptosis by enhancing 

TP53 activity [171]. In HPV infected keratinocytes, the E6 oncoprotein binds to and 

mediates p53 degradation, and the viral protein NFX1-123 activates NOTCH 

signaling to increase keratinocyte differentiation in the absence of cell cycle arrest 

[173]. In human squamous cell cancer (SCC), NOTCH also functions as a tumor 

suppressor including head and neck SCC [174], cutaneous SCC [175], lung SCC 

[141], bladder SCC [176], and esophageal SCC [177]. Genetic alterations in SCC are 

mostly missense mutations, nonsense mutations resulting in truncated proteins 

lacking the TAD domain, or frame shift mutations in NOTCH1, and less frequently, 

in NOTCH2 and NOTCH3. 
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NOTCH-based Therapeutic Interventions 

 

There are over 100 preclinical studies and 37 registered interventional clinical trials 

targeting the NOTCH pathway (www.clinicaltrials.gov). Most of these studies use 

small molecule γ-secretase inhibitors (GSI) that block the rate-limiting step in 

NOTCH activation: the intramembranous cleavage by presenilin containing the γ-

secretase enzyme. There are several GSI in clinical trials including: BMS-906024, 

PF-3084014, RO4929079, MK-0752. Additionally, there are monoclonal antibodies 

against the NRR (to keep receptors in a proteolysis resistant conformation), the 

ligand-binding EGF repeats in the ECD, or against NOTCH ligands (e.g. DLL4 in 

endothelial cells, to target tumor angiogenesis). Alternative methods of NOTCH 

signaling inhibition that have not proceeded to clinical trials include cell-permeable, 

synthetic, blocking peptides that interfere with the formation of NOTCH-CSL-

MAML activation complex, and natural non-toxic compounds, present in fruits, 

vegetables or nuts (e.g. delta-tocotrienol in blueberries; isoflavone genistein in soy 

products; resveratrol in grapes, red wine, and peanuts; and curcumin). Strong 

evidence regarding the NOTCH inhibitory property of natural compounds is lacking.  

 

The dose limiting toxicity of NOTCH inhibitors is in the gastrointestinal tract where 

it causes goblet cell metaplasia resulting in diarrhea and dehydration. There are ways 

to overcome such toxicity by applying discontinuous scheduling, administering 

lower doses, and combination of NOTCH inhibitors with glucocorticoid treatment 

[178-180]. 

 

In contrast, when NOTCH acts as a tumor suppressor, therapeutic strategies will aim 

at promoting NOTCH activity to eliminate stem/progenitor cells by inducing their 

differentiation [181]. However, there are few studies addressing this approach.  

 

Further discussion of the implications of oncogenic NOTCH signaling in non-

squamous NSCLC in survival, resistance to treatment, and therapeutic options for its 

targeting, will be discussed throughout this thesis.  
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Outline 

 

In this thesis, we have investigated the potential of NOTCH signaling as a therapeutic 

target in non-squamous NSCLC and GBM. We developed novel in vitro and in vivo 

models to investigate whether NOTCH inhibition using small molecule inhibitors 

(GSI), when used in combination with standard of care conventional treatment 

(chemotherapy and radiotherapy), improves treatment response.  

 

Chapter 2 reviews the intrinsic and acquired treatment-based resistances that have 

arisen in NSCLC which are directly or indirectly associated with Notch signaling. 

We discuss how the NOTCH signaling pathway is associated with intrinsic 

mechanisms of tumor resistance including its role in: cancer stem cells, ABC drug 

transporters, epithelial-mesenchymal transition, hypoxia, and crosstalk with other 

oncogenic pathways such as with TP53, growth factor signaling (e.g. EGFR), tumor 

angiogenesis (e.g. VEGF), and the DNA damage response (ATM). We describe that 

NOTCH-based therapeutic regimens in combination with radiation, and 

chemotherapeutics/targeted agents is a promising strategy to combat NSCLC.  

 

In Chapter 3, we evaluated in vitro in 2D, and in 3D multicellular tumor spheroids, 

whether addition of NOTCH inhibition to chemo- and chemoradiation regimens 

could delay significantly and synergistically tumor cell growth.  

 

In Chapter 4, we tested in ectopically subcutaneously growing NSCLC xenografts, 

single NOTCH inhibition, cisplatin, and single dose irradiation regimens to 

determine the doses that rendered efficacy but no normal tissue toxicity. In a follow-

up conditional study, the selected single doses of GSI and cisplatin, or of GSI and 

RT, were combined to assess whether NOTCH inhibition could overcome treatment 

resistance in two models of NSCLC with different NOTCH expression levels.  

 

In Chapter 5, we develop an orthotopic NSCLC preclinical model in mice where 

H1299 tumors grow as a single localized nodule and can be monitored using two 

positively correlated imaging modalities: dual wavelength BLI and dual energy 

CBCT. Additionally, we comment on different tumor volume-based radiation 

treatment plan set-ups that can be delivered employing an image-guided, high 

precision small animal irradiator taking into account tumor margins, and radiation 

dose-volume histogram parameters to both the internal and planed target volume and 

organs at risk (lung, heart, spinal cord).  
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In Chapter 6, we investigated the efficacy of the triple combination therapy 

consisting on standard of care for glioma (temozolomide plus radiation) with a 

clinically approved NOTCH/gamma-secretase inhibitor. We reported that addition 

of NOTCH inhibition to standard of care delays 3D growth of glioma spheroids, 

reduces treatment resistant glioma stem cell markers in vitro and in vivo, and 

prolongs survival in mice with orthotopic glioblastoma.  

 

Finally, Chapter 7 summarizes the findings of this thesis and comments on the future 

challenges and opportunities to be addressed in future research using NOTCH-based 

therapies.      

 

 
 

Figure 3: Schematic diagram of the outline of this thesis.  
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Abstract 

 

Drug resistance is a major cause for therapeutic failure in non-small cell lung cancer 

(NSCLC) leading to tumor recurrence, and disease progression. Cell intrinsic 

mechanisms of resistance include changes in the expression of drug transporters, 

activation of pro-survival and anti-apoptotic pathways, as well non-intrinsic 

influences of the tumor microenvironment. It has become evident that tumors are 

composed of a heterogeneous population of cells with different genetic, epigenetic, 

and phenotypic characteristics that results in diverse responses to therapy and 

underlies the emergence of resistant clones. This tumor heterogeneity is driven by 

subpopulations of tumor cells termed cancer stem cells (CSCs) that have tumor 

initiating capabilities, are highly self-renewing, and retain the ability for multi-

lineage differentiation. CSCs have been identified in NSCLC and have been 

associated with chemo- and radiotherapy resistance. Stem cell pathways are 

frequently deregulated in cancer and are implicated in recurrence after treatment. 

Here we focus on the Notch signaling pathway, which has a role in stem cell 

maintenance, in non-squamous non-small lung cancer, and we critically assess the 

potential for targeting the Notch pathway to overcome resistance to 

chemotherapeutic and targeted agents using both preclinical and clinical evidence. 

 

Lung cancer and Standard of care 

 

According to the World Health Organization, in 2015, every 3.5 seconds a person 

died of cancer and one out of five deaths were due to lung cancer. Lung cancer is the 

second most common type of cancer and the leading cause of cancer-related 

mortality. More than two thirds of lung cancer patients are diagnosed at an advance 

stage (III-IV). The lack of early diagnostic techniques, and the intrinsic and/or 

acquired treatment resistance leading to relapse are major obstacles in finding a cure 

for lung cancer.  

 

Lung cancer can be divided into two main categories: non-small cell lung cancer 

(NSCLC) accounting for 85% of lung cancers, and small cell lung cancer (~15%). 

NSCLC can be further categorized into, generally, adenocarcinoma (AC 40%), 

squamous cell carcinoma (SQCC 25-30%), large cell undifferentiated carcinoma 

(10-15%), mixed subtypes (adenosquamous), and the far less common sarcomatoid 

carcinoma. Treatment for NSCLC consists of surgical resection, chemotherapy, 

radiation, targeted therapy, and/or combinations thereof. Standard first line treatment 
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for inoperable locally advanced stage NSCLC cancer is concurrent 

polychemotherapy with fractionated radiation (60 Gy in 2 Gy fractions) [1]. Studies 

show that chemoradiotherapy (using paclitaxel) as opposed to radiotherapy alone, 

delivered after induction chemotherapy (carboplatin and paclitaxel), is feasible and 

improves time to progression and overall survival of inoperable stage III NSCLC [2]. 

 

Polychemotherapy for NSCLC often involves the combination of a platinum-based 

agent (e.g. cisplatin, carboplatin) and other drugs with different mechanism of action. 

Cisplatin or carboplatin covalently binds DNA and activates the DNA-damage 

response, induces cell cycle arrest, and apoptosis. The second chemotherapeutic 

agent can be a topoisomerase II inhibitor (e.g. etoposide), a DNA damaging agent 

preventing replication such as a taxane (e.g. paclitaxel, docetaxel) or a vinca-alkaloid 

(e.g. vincristine, vinorelbine, vinblastine) which inhibits microtubule assembly and 

blocks mitosis, an altered DNA base that gets incorporated in the DNA but cannot 

be repaired (e.g. gemcitabine), or an inhibitor of folate metabolism (e.g. pemetrexed). 

There are studies that suggest that the selection of the chemotherapeutic agent should 

consider the subtype of NSCLC. Second-line paclitaxel treatment for cisplatin-

treated lung cancer patients benefits clinical outcome (response rate plus stable 

disease) in non-squamous cell carcinomas preferentially [3]. Adenocarcinoma seems 

to have better overall survival rates for both gemcitabine-platinum and taxane-

platinum regimens, where the first, gives better objective response rates and a 

tendency to improved median survival time (9.1 versus 7.4 months in the taxane 

combination) [4]. Squamous cell carcinoma patients could benefit more from a 

cisplatin plus etoposide treatment rather than the four-drug combination: 

cyclophosphamide, adriamycin, methotrexate, and procarbazine where the response 

rate is 44.7% versus 21.6% respectively [5]. Large cell neuroendocrine carcinomas 

and small cell lung carcinomas have a similar biological behavior and respond 

similarly to some treatments including: irinotecan, platinum, and taxanes, which are 

more effective than pemetrexed [6-8]. The remaining subtypes of large cell 

carcinomas (non-neuroendocrine), sarcomatoid tumors, and mixed carcinomas often 

don’t have well defined biological features, the criteria for diagnosis are not as 

robust, and hence, treatment response has not been properly assessed. Regarding 

targeted agents, several studies suggest that adenocarcinoma patients benefit more 

from EGFR-TKI therapy than squamous cell carcinoma patients, both subtypes 

bearing EGFR mutations, where objective response rates, overall survival, and 

progression-free survival are 66-74%, 19-21 months, and 9.4-10 months [9] versus 

25-27%, 13.48 months, and 3-5 months [10, 11], respectively. Within the 

adenocarcinoma subtypes, the brochioloalveolar one is the most responsive to small 
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molecule tyrosine kinase inhibitors (e.g. gefitinib) [12]. These observations raise the 

following question: “which are the reasons behind these diverse responses and 

outcomes, to the same treatments, between lung cancer subtypes and patients?” 

 

The lung cancer genome: Actionable targets in NSCLC? 

 

Whole genome sequencing of lung cancers has revealed complex patterns of driver 

mutations with over 200 non-synonymous mutations that distinguish smokers from 

non-smokers and predict patient outcome [13-15]. Mutations in KRAS occur in up 

to 25 % of NSCLC and despite preclinical efforts, there are no clinically approved 

drugs that effectively target KRAS. In lung adenocarcinoma, actionable mutations in 

the epidermal growth factor receptor (EGFR) occur with a 10-15 % frequency and 

can be effectively targeted with small molecule first- and second-generation tyrosine 

kinase inhibitors (TKI) (e.g. erlotinib, gefitinib, afatinib), and monoclonal antibodies 

(e.g. cetuximab). TKI that target translocations in the anaplastic lymphoma kinase 

(EML4-ALK), occurring with a 5 % frequency in adenocarcinomas, are also 

available (e.g. ceritinib, alectinib, crizotinib). Other actionable driver mutations 

(~15-20 %) that occur less commonly are ROS1 rearrangements, BRAF mutations, 

RET rearrangements, NTRK1 rearrangements, MET amplifications and HER2 

mutations. In about 40 % of lung adenocarcinomas however, there are no common 

driver genes yet identified [16]. High response rates (60–70 %) are achieved with the 

EGFR TKIs in EGFR-mutated cancers [9] and ~60% of partial/complete responses 

with ALK inhibitors (e.g. crizotinib) in patients with ALK translocations [17]. 

However, resistance to pharmacological inhibitors, for example TKIs, seems 

inevitable. Mechanisms of resistance include alteration of the drug target such as 

resistance mutations, alternative splicing, and gene amplification, as well as 

activation of alternative oncogenic pathways. Tumor cells which harbor these 

resistance-creating mutations can be present at the onset of treatment (primary) or 

emerge during treatment (secondary resistance). Other mechanisms of resistance, for 

instance inefficient drug delivery, metabolic inactivation and drug-interactions, also 

play a role in therapeutic outcome. The most frequent form of acquired resistance in 

NSCLC are secondary mutations in EGFR (e.g. T790M ‘gatekeeper’) occurring in 

60% of patients treated with 2nd generation TKIs. Similarly, secondary mutations in 

ALK (e.g. C1156Y, L1196M, G1269A, L1152R) are associated with acquired 

resistance to first generation ALK inhibitors such as crizotinib. In addition, there are 

several pathways that can mediate resistance to TKI which include the activation of 

anti-apoptotic pathways, HER2 and MET amplification, or mutations in PIK3CA or 

BRAF [18].  
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In squamous cell carcinoma subtype of non-small cell lung cancers (SQCC NSCLC), 

most tumors carry mutations in TP53, RB1, CDKN2A and in the oxidative pathway 

genes KEAP and NFE2L2. EGFR and ALK mutations, common in 

adenocarcinomas, are less frequent in SQCC of the lung and hence, agents developed 

for lung adenocarcinoma are less effective against lung SQCC. In adenocarcinoma 

patients, EGFR-TKI objective response rates, overall survival, and progression-free 

survival are 66-74%, 19-21 months, and 9.4-10 months [9] versus 25-27%, 13.48 

months, and 3-5 months for SQCC [11, 19], respectively. Interestingly, SQCC 

differentiation genes such as SOX2 and TP63 (TP53 homolog) are commonly altered 

and mutually exclusive with loss of function mutations in NOTCH1 and NOTCH2. 

Other alterations include amplification of EGFR, FGFR1, and PI3K pathways [20]. 

Alternative approaches that target the tumor microenvironment using anti-

angiogenic therapies such as antibodies or small molecule inhibitors aimed at the 

vascular endothelial growth factor (VEGF) or its receptor (VEGFR), were the first 

targeted agents to yield a significant improvement in overall survival when combined 

with first-line chemotherapy for metastatic NSCLC. Anti-angiogenic treatment 

however, also resulted in strong normal tissue toxicities [21]. Importantly, anti-

angiogenesis inhibition combined with platinum chemotherapy does not improve 

outcome for squamous NSCLC [22]. 

 

Remarkable progression-free survival rates have been observed in advanced NSCLC 

using checkpoint inhibitors (e.g. Nivolumab, Ipilimumab) as first line treatment, 

superior to chemotherapy in both squamous and non-squamous NSCLC [23]. 

Checkpoint inhibitors that target PD-L1/PD-1 and CTL-A4 receptors expressed on 

immune and tumor cells, block the anti-tumor adaptive immune-response by 

suppressing the cytotoxic T-cell response. Monoclonal antibodies that block the 

interaction between PD-L1 and PD-1 (e.g. Durvalumab) improve progression-free 

survival (16.8 vs 5.6 months (placebo)), the response rate and its duration (72.8% 

versus 46.8% 18-month response) in stage III unresectable NSCLC pre-treated with 

platinum-based chemotherapy [24, 25]. There are still many factors that remain 

uncertain that would enable clinicians to determine the response to checkpoint 

inhibitors but a high mutation load creates immunogenic tumors and is strongly 

associated with response to checkpoint inhibitors [26]. Unfortunately, most NSCLC 

patients do not respond to such immunotherapies despite expressing PD-L1 and the 

disease progresses, indicative of resistance to checkpoint inhibitors [27]. 

Better and more holistic approaches have been proposed showing that a “cancer 

mutation signature” is more predictive for treatment response than the individual 
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mutation status [28]. In KRAS-driven NSCLC, the signature: FOXRED2, KRAS, 

TOP1, PEX3 and ABL2 was more predictive for prognosis than the single mutation 

status of KRAS [29]. An RNA-seq-based prognostic model built with four genes 

(RHOV, CD109, FRRS1 and LINC00941) was statistically associated with worse 

overall survival and metastasis-free survival and is able to stratify patients bearing 

KRAS or EGFR mutations versus their wild type counterparts in overall survival 

outcome [30]. Because lung cancer is a highly heterogeneous disease on the genetic, 

epigenetic and metabolic levels, it is perhaps not so surprising that personalized 

medical approaches targeting only one driver mutation improve overall survival but 

cannot increase cure rates. 

 

Lung cancer heterogeneity 
 

Cancers are composed of mixed cell populations with diverse genotypic, epigenetic, 

phenotypic, and morphological characteristics. Tumor heterogeneity is observed 

among different patients with the same tumor subtype (interpatient heterogeneity), 

among tumor cells within one host organ (intratumor heterogeneity), between the 

primary and the metastatic tumors (intermetastatic heterogeneity), and among tumor 

cells within the metastatic site (intrametastatic heterogeneity) [31]. It was first 

exemplified in renal cancer that biopsies from primary and metastatic sites from the 

same patient showed extensive divergent and convergent evolution of driver 

mutations, copy number variations, and chromosome aneuploidy [32]. It is has been 

proposed for a long time now that these subclonal tumor populations, present at low 

frequency, contain clones with invasive and metastatic properties [33], and escape 

mechanisms for systemic and targeted treatments that affect clinical outcome. It is 

well understood that heterogeneity is not only determined by cell intrinsic 

mechanisms but also by the dynamic tumor microenvironment (e.g. angiogenesis, 

immune system, fibroblasts) [34]. Lung cancer is also highly heterogeneous with 

respect to metabolic activity and blood perfusion at the macro-level as well as at the 

single-cell level [35, 36]. Genome sequencing in NSCLC has identified hundreds of 

mutations present in subclonal fractions that increase with tumor-grade [15, 37], and 

in primary tumors, predict early postsurgical relapse [38]. Smokers have 10-fold 

more mutations than non-smokers and distinct driver mutations (e.g. EGFR vs 

KRAS) [14, 15]. Chromosomal instability which is a driver intra-tumor 

heterogeneity, is associated with cancer drug resistance and associated with poor 

outcome in NSCLC. Tumor subclones have different actionable therapeutic targets 

explaining the variety of responses to targeted therapeutics [39, 40]. In addition to 

the genetic and epigenetic heterogeneity, there is a high degree of heterogeneity in 
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tumor metabolism which is highly dynamic and subject to changes in oxygen, 

nutrients and other tumor microenvironmental factors [35]. Taken together, the 

different levels of heterogeneity in tumors are of high clinical relevance in tumor 

progression, treatment response, and relapse. One of the main genetic drivers of 

tumor heterogeneity is cancer stem cells which maintain a tumor cell hierarchy [41].  

 

Lung Cancer Stem cells 

 

Cancer stem cells (CSC) were first identified in myeloid leukemias by Dick and 

colleagues. CSC are tumor initiating cells responsible for the cellular hierarchy 

maintained by means of self-renewal, and causing tumor heterogeneity, and are 

capable of multipotent differentiation [42]. Tumor heterogeneity may also be due to 

the plasticity of cancer stem cells which enables them to differentiate reversibly into 

different cell types under specific environmental conditions [43]. Furthermore, 

differentiated cancer cells may be reprogrammed to a more stem-cell like state under 

specific conditions (e.g. hypoxia-induced OCT-4 and Nanog) [44] and hence, 

contribute to recurrence. Additionally, chromosomal instability together with 

external environmental factors, may lead to cancer stem cell heterogeneity and even 

to metastasis.  

 

Cancer stem cells from NSCLC have the ability to form colonies in soft-agar, they 

are highly tumorigenic in vivo [45], can be identified by virtue of Hoechst dye-efflux 

(the side population, SP) using flow cytometric methods. CSCs express multidrug 

ABC-transporters and are resistant to multiple chemotherapeutic agents [46]. One of 

the best-characterized cancer stem cell markers for solid cancer, including NSCLC, 

is the CD133 cell surface protein. CD133 expressing (CD133+) lung cancer cells are 

self-renewing tumor cells that express markers from embryonic stem cells, are 

present in low numbers in human NSCLC but are highly tumorigenic. Moreover, 

when CD133+ CSC differentiate, their CD133- progeny is no longer tumorigenic 

[47]. It seems plausible, that combination therapy targeting dually and specifically 

stem cells and non-stem cells, would be required to be successful in, or at least be 

closer to, eradicating cancer [48]. There is now mounting evidence that the normal 

stem cell pathways such as Wnt, Notch and Hh (Hedgehog) are deregulated and 

mutated in cancer and cancer stem cells [49]. NOTCH signaling plays a role in the 

maintenance of cancer stem cells in different cancer types including T-ALL [50], 

brain [51], breast [52], colon [53] and lung cancer [54].  
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The canonical NOTCH signaling pathway  

 

The NOTCH signaling pathway is a highly conserved cell-to-cell communication 

pathway between cells expressing the single pass transmembrane NOTCH receptor 

and neighboring cells expressing a transmembrane NOTCH ligand. It is a major cell 

fate determination pathway essential for embryonic development. In adult tissues, 

NOTCH signaling regulates tissue homeostasis through cell renewal, differentiation, 

proliferation and cell death [55, 56]. The mammalian genome encodes for four 

NOTCH genes (NOTCH 1-4) and five NOTCH ligands (Jagged1, 2 or Delta1, 3 and 

4). NOTCH signaling occurs at the cell surface and is highly regulated by the 

proteolytic cleavage of the NOTCH receptor. NOTCH receptors are transported to 

the cell-surface as furin-cleaved heterodimers and ligand interaction initiates two 

consecutive proteolytic cleavages. The first proteolytic cleavage is executed by the 

ADAM10 metalloprotease which cleaves the NOTCH ectodomain and is followed 

by the intramembranous and rate-limiting cleavage by the γ-secretase complex [57]. 

The γ-secretase liberates the NOTCH Intracellular Domain (NICD) which then 

translocates to the nucleus where it binds to the DNA-bound protein CSL (also called 

RBP-Jk), and together with the Mastermind (MAML) co-activators, forms the 

NOTCH transcriptional complex. In the C-terminal end of the NICD, there is a 

proline/glutamic acid/serine/threonine-rich motif (PEST) which is a substrate for the 

E3 ubiquitin ligase Fbwx7 and targets NICD for proteasomal degradation when the 

signal needs to be shut down.  

 

NOTCH regulates the transcription of genes of the HES and HEY family, CD25 and 

GATA3 (in T cells), negative regulators of NOTCH signaling (NRARP, Deltex1), 

oncogenes like RAS, cyclin D1, p21/Waf1, and c-MYC, among many others [58]. 

NOTCH signaling has been found deregulated in multiple human diseases, and 

recently, there is growing evidence supporting the role of NOTCH signaling in the 

development and progression of cancers [59]. Gain-of-function mutations are a 

hallmark in T-cell acute lymphoblastic leukemia (T-ALL) [60], but overexpression 

and mutations in NOTCH pathway members are found at lower frequencies in many 

other leukemias and solid cancers. A recent review summarized the involvement of 

Notch signaling in all acquired capabilities of cancer cells already defined by 

Hanahan and Weinberg as the hallmarks of cancer [61, 62].  
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NOTCH in a Physiological & Pathological context in the Lung 

 

NOTCH receptors and ligands are expressed during early lung development and 

control cell fate specification and branching along the proximal-distal axis [63, 64]. 

NOTCH blockade reduces the number of SOX2 progenitors and alters the balance 

between basal, ciliated, neuroendocrine and secretory cell fates in the airway 

epithelium [65, 66]. In the postnatal lung, NOTCH restricts basal cells to the 

secretory cell fate suppressing ciliated differentiation [67]. NOTCH signaling is also 

required to maintain the differentiated state of secretory cells in the upper airways 

and blocking JAGGED1/2-NOTCH signaling leading to transdifferentiation of club 

cells into ciliated cells [68]. NOTCH2 regulates differentiation of lineage-restricted 

progenitors into bronchial club cells and ciliated cells as well as contributing to 

alveolar morphogenesis and integrity of epithelial and smooth muscle layers of 

airways [69, 70]. NOTCH1/3 contribute additively to regulate pulmonary 

neuroendocrine cell fate [70]. While NOTCH1 is dispensable for airway epithelial 

development upon lung epithelial injury, NOTCH1 is essential to induce club cell 

regeneration by activating its downstream targets Hes5 and Pax6 [71]. 

 

Deregulation or mutation of NOTCH receptors, ligands, and signaling regulators, is 

associated with pathogenesis of many hematological and solid tumors including lung 

cancer [72]. In T-cell leukemias, NOTCH1 activating mutations occur in 60 % of 

cases. Many human lung cancer cell lines (20%), and primary lung cancers, harbor 

missense or non-sense mutations in one of the NOTCH receptors [73]. 

Translocations involving NOTCH3 were first identified in NSCLC [74], are found 

overexpressed in 30% of NSCLC, and are strongly correlated with EGFR expression 

[75]. Gain of function mutations in NOTCH1 or loss of the negative NOTCH 

regulator NUMB have been identified in up to 30% of adenocarcinomas and are 

correlated with poor prognosis. Loss of NUMB is also correlated with higher 

NOTCH activity, and in tumors with wild type TP53 NOTCH1 expression, it was 

associated with worse outcome [76]. Furthermore, high NOTCH1 and NOTCH3 

receptors, ligand, and target gene expression, are correlated with worse survival in 

resected NSCLC [54, 77, 78]. Other studies have shown conflicting data on the role 

of NOTCH1 expression and its influence on the outcome in NSCLC [79, 80]. It must 

be noted however, that lung cancers were not sub-classified into adenocarcinoma and 

squamous carcinoma in all studies. A meta-analysis confirmed positive correlations 

of NOTCH1 and 3 expressions with progression and overall survival (OS) in 

adenocarcinoma (but not in lung SQCC) however, this was only significant for 

NOTCH3 [81]. For the NOTCH target gene HES1 significant associations between 
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expression and overall survival have been found in adenocarcinoma [54, 78, 81]. In 

addition to its oncogenic role, inactivating mutations in NOTCH receptors has also 

been associated with squamous cancers of the skin, head and neck, and lung [82]. 

The tumor suppressive role of NOTCH in epidermal differentiation was first 

identified in mice with keratinocyte-specific loss of Notch1 which developed skin 

carcinoma [83]. More recently, sequencing analysis has identified missense and 

nonsense mutations in SQCC in NOTCH1 or 2 that suggest a loss of function [84, 

85] but no loss-of-function mutations have been reported for NOTCH ligands or 

target genes. 

 

Oncogene Addition and Treatment Resistance 

 

In 2002, Weinstein proposed a potential Achilles heel of cancer which he referred to 

as oncogene addiction, whereby the expression of oncogenes is not only required for 

the initiation of tumorigenesis but also for the maintenance of the malignant 

phenotype [86]. This concept was coined based on findings from preclinical studies 

in which tumors regressed when c-MYC, KRAS, TP53 and other commonly mutated 

oncogenes that were used to initiate the tumors, were turned off. Unfortunately, two 

decades later there are still no clinically approved therapeutics against MYC, RAS 

or TP53. To date, the only pharmacological proof of oncogene addiction in patients 

is in chronic myelogenous leukemia (CML) were tumors regress and are cured upon 

targeting the BCR-Abl fusion gene with the small molecule inhibitor 

serine/threonine kinase inhibitor Gleevec. In order to survive, tumor cells evolve by 

either promoting the emergence of new tumor clones that are no longer dependent 

on the initial activating oncogene (primary resistance), or by developing mutations 

(of the drug target or downstream activating mutations) that make tumors that were 

initially responders, insensitive to monotherapy treatment (secondary resistance). 

For example, during anti-EGFR treatment (e.g. Cetuximab) of metastatic colorectal 

cancer, KRAS mutant cells can be identified in the blood of patients while tumors 

are still regressing [87]. Despite the paramount clinical success of Gleevec, 

resistance also develops by acquisition of mutations in the binding site of Gleevec 

[88]. It is evident that monotherapies of specific targeted agents will not lead to 

cancer cure, therefore drug combinations are required. Given the important role of 

Notch signaling in cancer stem cells and its frequent involvement in NSCLC we 

questioned whether NOTCH targeting combined with systemic chemotherapy or 

targeted treatments is a promising direction to pursue. 
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NOTCH-related Resistance to Chemotherapy 

 

❖ Platinum-based drugs (cisplatin, carboplatin)  

 

Platinum-based drugs bind covalently to DNA thereby interfering with replication, 

particularly in fast-growing cells, and prompt activation of DNA-damage recognition 

and repair mechanisms leading to cell cycle arrest or apoptosis when repair is not 

effective. In vitro and in vivo studies show that cisplatin enriches a subpopulation of 

NOTCH-regulated CD133expressing stem-like lung cancer cells that cause cross-

resistance to paclitaxel and doxorubicin by upregulation of ABCG2 and ABCB1 

(also called MDR-1 or P-glycoprotein), ATP-binding cassette (ABC) drug 

transporters [89]. Besides CD133 expression, NSCLC cells expressing CD44, 

Nanog, Oct-4, SOX-2, and ALDHA1 were shown to be resistant to cisplatin through 

NOTCH3-mediated activation of autophagy [90]. Lung cancer stem cells 

downregulate AQP2 and CTR1 drug transporter genes, consequently leading to 

reduced drug uptake and intracellular accumulation, increased DNA damage, and 

resistance to treatment. Moreover, these cells display an increased ability to repair 

cisplatin-induced DNA intrastrand cross-links via activation of nucleotide-excision 

and mismatch repair pathways [91].  

 

Cisplatin-resistant stem-like cells also display upregulated EMT (Epithelial-

Mesenchymal transition) markers [92]. EMT is physiologically important during 

embryogenesis involving the loss of cell-to-cell junctions, loss of epithelial (e.g. E-

cadherin/CDH1) and gain of mesenchymal markers (e.g. N-cadherin, Vimentin). 

Pathologically it is involved in tumorigenesis, metastasis and therapeutic resistance. 

NOTCH induces EMT via activation of transcription factors including TWIST, 

SNAIL, SLUG, and ZEB [93]. Additionally, NOTCH expression has been shown to 

be regulated by certain growth factors involved in EMT including FGF (Fibroblast 

growth factor) and PDGF (Platelet-derived growth factor) [94].  

 

Poor prognosis of NSCLC patients with activated NOTCH signaling (either by 

NOTCH receptor activating mutations or loss of NUMB repressor) has been 

associated with absence of mutations in the tumor suppressor protein TP53 [76]. 

Aberrantly high TP53 expression before the start of treatment is associated with 

strong histopathological responses (e.g. necrosis, fibrosis) to cisplatin, and it has 

been reported that in only 13% of the cases, there is an alteration of TP53 expression 

levels before and after cisplatin treatment in stage IIIA NSCLC [95]. Interestingly, 
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NUMB, a suppressor of NOTCH, forms a tri-complex with TP53 and its ubiquitin 

ligase HDM2 to prevent ubiquitination and consequent TP53 degradation [96]. 

Therefore, in cancers with loss of NUMB, such as some breast cancers and lung 

adenocarcinomas, there is an increase in NOTCH receptor and a decrease in TP53 

protein expression levels thus enhancing chemoresistance. Additionally, CSL/RBP-

Jk, a DNA binding protein that mediates NOTCH transcriptional activation, can be 

negatively regulated by TP53 which in turn can decrease CSL expression as feedback 

inhibition [97]. There is evidence that NOTCH3 signaling in ovarian cancer is also 

predictive for platinum resistance [98]. NOTCH3 signaling is active in drug-resistant 

cancer stem cells and NOTCH3 inhibition induces chemosensitivity to platinum-

based drugs. The preclinical and clinical data here discussed suggests that not only 

platinum-sensitive but also platinum-resistant cancers may benefit from NOTCH 

targeting. However, whether NOTCH targeting induces platinum sensitivity in 

NSCLC patients is not known.  

  

❖ Microtubule-targeting inhibitors (Taxanes, Vinca Alkaloids) 

 

Taxanes (docetaxel, paclitaxel) and Vinca alkaloids (vinblastine, vincristine, 

vinorelbine) interfere with microtubule function by preventing either 

depolymerization (taxanes) or microtubule formation (Vinca alkaloids), and 

ultimately blocking cell cycle progression through mitosis. Overexpression of ABC 

drug transporters (ABCB1/MDR-1/P-gp) mediates resistance towards taxanes and 

vinca-alkaloids and is a common feature of human cancer including NSCLC [99]. 

The miR-451 is a direct regulator of the multidrug resistant protein (MDR-1). 

Overexpression of miR-451 induces chemosensitivity while miR-451 loss induces 

taxane resistance in NSCLC. NOTCH1, through the activation of AP-1, an early 

transcription factor necessary for progression through G1 phase, downregulates miR-

451.  NOTCH blockade using γ-secretase inhibitors (GSI) increases miR-451 and 

reduces MDR-1 thereby sensitizing tumors to taxane-based treatment [100]. In 

docetaxel-resistant lung cancer cell lines, miR-451 is downregulated which causes 

Myc/ERK-dependent inactivation of glycogen synthase kinase 3 (GSK-3β), Snail 

activation, and EMT [101]. Whether the EMT induced docetaxel resistance in these 

models is reversible by blocking NOTCH is not yet known. In a recent study, a small 

molecule γ-secretase inhibitor (BMS-906024) sensitized NSCLC cell lines to 

paclitaxel and both drugs synergized preclinically by targeting the paclitaxel-induced 

increase in NOTCH1, especially in cell lines with a KRAS and BRAF wild type 

background versus their mutant counterparts, in a TP53-dependent manner [102].  
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Factors from immune, stromal, and cancer cells secreted by paclitaxel-resistant lung 

adenocarcinoma cells contribute to acquired drug resistance by promoting cell 

proliferation and escaping apoptosis. However, the secretion of some of these cell-

growth promoting factors is reduced when glucose is deprived. FOXO3a promotes 

cross-resistance (e.g. to 5-fluorouracil and cisplatin) via glycolysis-mediated 

ABCB1 upregulation. Suppression of the cellular energy supply by targeting 

glycolysis may alternatively overcome acquired drug resistance [103]. Genes 

encoding proteins involved in glucose uptake, glycolysis, lactate to pyruvate 

conversion, and repression of the tricarboxylic acid cycle are direct transcriptional 

targets of NOTCH signaling. NOTCH upregulation in breast cancer cells leads to 

increased glycolysis through activation of the PI3K/AKT pathway, whereas 

endogenous Notch signaling decreases mitochondrial activity and induces glycolysis 

in a p53-dependent manner [104].  

 

Additionally, NOTCH signaling also cross-talks with HIF-1α, an important 

glycolysis regulator [105], through physical interaction with NICD-1 under hypoxia, 

upregulating NOTCH downstream targets (Hes1, Hey2 mRNA) and preventing 

differentiation in cortical neural stem cells thus maintaining stemness [106, 107]. 

Hypoxia (≤ 2% O2) can induce multi-drug resistance (e.g. to cisplatin, carboplatin, 

paclitaxel, gemcitabine) in NSCLC via upregulation of ABCB1 and EGF-like 

domain 7, an endothelial secreted factor that regulates vascular tube formation [91]. 

Microtubule-targeting agents shift the binding of HIF-1α from actively translating 

polysomes to inactive ribosomal subunits as for HIF-1α mRNA translation requires 

active transport on interphase microtubules [108]. HIF-1α can also be upregulated 

and stabilized in an oxygen-independent manner by oncogene signaling through the 

PI3K/AKT and MAPK/ERK/Ras pathways; both of which are found mutated in 

human NSCLC. NOTCH1 activates Akt-1 via PTEN repression and induction of the 

insulin-like growth factor 1 receptor (IGF-1R) in lung adenocarcinoma during 

hypoxia [109]. The interaction between the NOTCH and hypoxia/HIF pathways thus 

connects two cancer vulnerabilities. Therefore, changes in the tumor 

microenvironment that alter energy metabolism or requirements of tumor cells could 

be exploited as a target for increasing drug sensitivity by targeting the NOTCH 

pathway. 

 

 

 

 



Drug resistance in NSCLC: a potential for NOTCH targeting? | 53 

 

 

2 

❖ Etoposide 

 

Topoisomerase II enzymes are important in DNA unwinding, strand excision and re-

ligation during replication, and cell cycle checkpoint activation after DNA damage. 

Etoposide is a topoisomerase II inhibitor and induces cell cycle arrest and apoptosis. 

Etoposide resistance in NSCLC has been partly attributed to NF-κB-mediated 

ABCB1 drug transporter expression [110]. Upregulation of NF-kB signaling, 

through loss of TP53 and KRAS mutations, is found in different cancers including 

lung adenocarcinoma [111]. NF-ĸB has been shown to function downstream of 

NOTCH and facilitates NOTCH target gene expression and tumor formation in 

pancreatic and T-ALL models [112-114]. Conversely, in breast cancer stem cells, 

NF-kB upregulates JAGGED1 expression and activates NOTCH signaling [115]. 

Also, in glioblastoma multiforme, NF-ĸB/STAT3 signaling pathway regulates 

activation of the NOTCH pathway [116]. Etoposide resistance may occur via the 5′-

tyrosyl DNA phosphodiesterase (TDP2), a transcriptional target of mutant TP53 that 

repairs topoisomerase-mediated DNA damage [117]. As opposed to normal lung 

patient tissue, 58.5% of cancer tissues that stained positive for TP53 were also 

positive for TDP2 [118]. Although no direct link between TDP2 and NOTCH has 

yet been found in NSCLC, NUMB might have a role based on its involvement in 

TP53 degradation [96]. 

 

❖ Pemetrexed 

 

Pemetrexed inhibits thymidylate synthase, dihydrofolate reductase, and glycinamide 

ribonucleotide formyltransferase, enzymes involved in folate metabolism, purine and 

pyrimidine synthesis necessary for DNA and RNA synthesis. Pemetrexed and 

cisplatin are often administered concomitantly and have good overall survival 

outcomes in non-squamous NSCLC as first-line therapy [22, 119] but treatment 

resistance is common. Pemetrexed treatment induces replicative stress in the form of 

single strand breaks, that if not repaired, will lead to the formation of double strand 

breaks. Cisplatin on the other hand, induces mainly intrastrand DNA crosslinks 

which need nucleotide excision repair pathways to be repaired dependent on the 

availability of a great number of nucleotides. Pre-treatment with pemetrexed with 

sequential cisplatin administration results in additive/synergistic effects in NSCLC 

cells [120, 121]. Interestingly, the surviving clones to sequential pemetrexed-

cisplatin treatment frequently undergo EMT conversion and are enriched for cancer 

stem cells (CD133, CD44, NANOG, and Oct4B mRNA upregulation). Blocking 
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EMT with a natural flavonoid, kaempferol, overcomes resistance to anti-folate 

therapy in NSCLC [122]. Based on its role in EMT induction and cancer stem cell 

maintenance, targeting NOTCH signaling in NSCLC might be an interesting option 

to overcome pemetrexed-resistance.  

 

❖ Gemcitabine  

 

Gemcitabine is an anti-metabolite analog of deoxycytidine that is incorporated into 

DNA and blocks DNA replication. Gemcitabine treatment in lung cancer cell lines 

induces an increase in Beclin-1 mediated autophagy activation [123]. Inhibition 

of autophagosome formation using 3-methyladenine, an inhibitor of PI3K, in 

gemcitabine-resistant lung cancer cells, increased the expression of apoptotic 

mediators [123]. NOTCH3 is upregulated in patients with gemcitabine-resistance 

and its knock-down reduces autophagy (LC3-II expression), colony and sphere 

forming ability in lung cancer cell lines [90]. Since NOTCH signaling also 

regulates PI3K/Akt signaling, NOTCH inhibition could lead to similar effects as 

those obtained with 3-methyladenine. Both in lung and pancreas tumor models, 

NOTCH inhibition with GSI or monoclonal antibodies (mAbs) targeting NOTCH2/3 

(tarextumab) sensitizes tumors to gemcitabine [124, 125]. 

 

NOTCH-related resistance to Targeted therapies 

 

❖ Epidermal Growth factor receptor inhibitors 

 

EGFR mutations occur in ~10-25% of lung adenocarcinoma patients and these 

patients benefit, at least initially, to neutralizing treatment with monoclonal 

antibodies (e.g. cetuximab, necitumumab) and from TKI (e.g. erlotinib, gefitinib, 

afatinib) [16]. Often, resistance to TKI occurs via mutation of EGFR (e.g. T790M or 

S492R), oncogenic shift (MET amplification, HER2 upregulation, KRAS 

activation), impairment of apoptosis (e.g. BH3 domain deletions of BIM) and EMT 

conversion [126]. Some patients could regain sensitivity to TKI after discontinuing 

TKI treatment [127]. The EGFR T790M mutation occurs in 62% of the patients with 

acquired resistance and has fueled the development of 2nd and 3rd generation TKI 

(e.g. Osimertinib/ AZD9291) which was FDA-approved for EGFR T790M positive 

NSCLC patients [128]. However, resistance against AZD9291 has already been 

described via an alternative mutation: C797S EGFR [129].  
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Erlotinib treatment of EGFR mutated and wildtype NSCLC enriches ALDH 

expressing (ALDH+) stem-like cells in a NOTCH3-dependent manner, increases cell 

death of ALDH- cells, and increases pulmosphere-forming potential [130]. 

Concomitant treatment with GSI and erlotinib reduces the ALDH+ subpopulation of 

cells in EGFR-mutated cell lines [130]. Additionally, expression of NOTCH1 and 

HES1 were found to be upregulated in gefitinib-resistant lung cancer, which could 

be reversed by NOTCH inhibition resulting in increased apoptosis [131]. Moreover, 

dual targeting of EGFR and NOTCH2/3 with the CT16 antibody reduces EGFR-

TKI-induced ALDH+ and RT-induced CD133+ stem cell subpopulations, the 

EGFR/RT-induced EMT gene signature, and expression of DNA repair genes. 

Combination of CT16 with RT prevents tumor regrowth of mouse xenografts. 

However, CT16 was not effective in treating cetuximab-/erlotinib-resistant cell lines 

[132]. Other studies have shown that there is a differential response to GSI-treatment 

depending on the EGFR status. NSCLC cell lines with undetectable EGFR protein 

levels are more sensitive to GSI-treatment since both autophagic and apoptotic 

machineries are activated [133]. EGFR T790M TKI-resistant NSCLC frequently 

have high insulin-like growth factor 1 receptor (IGF-1R) expression levels. EGFR 

heterodimerizes with IGF-1R preventing gefitinib-induced apoptosis [134]. In cells 

overexpressing IGF-1R, combination treatment of IGF-1R inhibitors and EGFR 

TKIs (e.g. linsitinib and gefitinib respectively) inhibits proliferation, increases 

apoptosis, and attenuates VEGF production in NSCLC cells [135]. Additionally, 

VEGF expression was found to be upregulated in EGFR-mutated lung 

adenocarcinomas which additionally increase cell survival via activation of Akt and 

STAT5 pathways [136]. NOTCH1 is known to upregulate IGF-1R and its inhibition 

sensitizes cells to GSI-induced cell death under hypoxic conditions [109]. VEGF 

upregulation could potentially be targeted through NOTCH blockade induced IGF-

1R inhibition.  

 

NOTCH activation stimulates endothelial-to-mesenchymal transition (EndMT) by 

downregulating endothelial markers (vascular endothelial cadherin, platelet 

endothelial cell adhesion molecule-1, endothelial NO synthase, Tie1/2), upregulating 

mesenchymal markers (α-smooth muscle actin, fibronectin, platelet-derived growth 

factor receptors) and migration toward platelet-derived growth factor-BB [137, 138]. 

EndMT increases the production of cancer-associated fibroblasts (CAF), known to 

contribute to tumor progression and treatment resistance [139, 140]. Podoplanin-

expressing CAF have shown to be implicated in the primary resistance in NSCLC to 

EGFR TKI [141].  
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❖ Anaplastic Lymphoma Kinase (ALK) inhibitors 

 

ALK is a tyrosine kinase receptor which belongs to the insulin receptor family. The 

ALK receptor can undergo a variety of rearrangements which have been estimated 

to occur in 3-7% of NSCLC patients. Currently, there are three targeted agents 

approved for clinical use: crizotinib, ceritinib and alectanib. Phase I trials with 

crizotinib led to promising results, however most patients develop resistance to 

crizotinib within 12 months due to de novo ALK mutations (C1156Y, L1196M, 

G1269A, L1152R), ALK gene amplification or alternative mechanisms such as 

epithelial-to-mesenchymal transition (EMT) or upregulation of P-glycoprotein 

[142]. The next-generation ALK inhibitor Alectinib (CH5424802) has shown 

efficacy in NSCLC [143]. Hypoxia was found to induce resistance to ALK inhibitors 

crizotinib and alectanib in lung adenocarcinoma by inducing an EMT phenotype 

[144]. Resistance to ALK inhibitors in NSCLC is mediated by mechanisms 

previously described to be associated with NOTCH signaling.  

 

❖ Angiogenesis inhibitors 

 

Anti-angiogenic therapy aims at normalizing vasculature in tumors to improve blood 

flow and drug delivery. This can be done either by targeting vascular endothelial 

growth factor (VEGF) (e.g. bevacizumab or ramucirumab), by targeting the DLL4 

NOTCH ligand (e.g. enoticumab, demcizumab or MEDI0639) or simultaneously 

(e.g. HD105). Monotherapy regimens with anti-VEGF inhibitors results in 

approximately 70% reduction in vasculature density and arrests blood flow [145]. 

The surviving fraction of endothelial cells are characterized by reduced VEGFR2 

and 3 reversible expression, and interstitial fluid pressure due to vasculature 

normalization, enabling better drug delivery to the tumor [146]. Moreover, these cells 

show intrinsic and/or acquired resistance due to upregulation of alternative pro-

angiogenic signals (e.g. FGF, PDGF and TNF-α) and increase in local hypoxia [147, 

148]. DLL4 NOTCH ligand is partially dependent on VEGF signaling for its 

expression in lung tumor vessels [149]. Blockade of DLL4 in glioma and breast 

tumors delays tumor growth even in those tumors that are resistant to anti-VEGF 

therapy [149]. Dual targeting of DLL4 and VEGF using the bispecific antibody 

HD105 inhibits tumor progression of lung adenocarcinomas and gastric cancers 

[150]. Studies with mouse tumor cells however, have shown that overexpression of 

endothelial specific-DLL4/NOTCH signaling in Lewis lung carcinoma xenografts 

reduces primary tumor growth by reducing VEGF-induced endothelial proliferation, 



Drug resistance in NSCLC: a potential for NOTCH targeting? | 57 

 

 

2 

tumor vessel density and overall tumor blood supply. On the other hand, tumor 

vascular maturation and functionality was improved and thus drug delivery was 

enhanced and metastasis suppressed [151].  

 

❖ KRAS driven tumors 

 

KRAS mutation is the most frequent mutation (25 %) in non-squamous NSCLC but 

no targeted therapies are available for clinical use. Several strategies are being tested 

in clinical trials including MEK inhibitors, focal adhesion kinase inhibitors, cyclin-

dependent kinase inhibitors, and heat shock protein 90 inhibitors [152]. In 

multicentric trials, Selumetinib, an inhibitor of MEK1/MEK2 downstream of KRAS, 

showed no improved progression-free survival (PFS) despite extensive preclinical 

evidence [153]. A retrospective study suggested that patients with KRASG12C tumors, 

prone to activate the RAS-like pathway, display shorter PFS in response to 

pemetrexed, while patients with KRASG12D tumors, prone to activate the PI3K 

pathway, show short PFS in response to gemcitabine [154]. Given that NOTCH 

signaling is involved in the activation of both the RAS and PI3K signaling pathways, 

therapies targeting NOTCH in KRAS-driven tumors could be a promising strategy. 

In in vitro and in in vivo preclinical NSCLC models, GSI can increase paclitaxel 

sensitivity particularly in KRAS-wildtype NSCLC suggesting that KRAS/BRAF 

mutation status may predict combined efficacy of GSI with paclitaxel [102]. 

Moreover, other studies have shown that GSI can suppress KRAS-driven NSCLC 

partly by suppressing ERK/MEK signaling by activating ERK phosphatase DUSP 

[155].  

 

NOTCH Targeting in NSCLC 

 

There are several approaches to block NOTCH signaling which include γ-secretase 

inhibitors (GSI), monoclonal antibodies (mAbs), blocking peptides, and natural 

compounds. GSIs prevent NOTCH receptor activation by blocking the rate-limiting 

step in NOTCH activation, the intramembranous cleavage by presenilin containing 

the γ-secretase enzyme. Monoclonal antibodies against the negative regulatory 

region (NRR) of NOTCH, the ligand-binding EGF repeats in NOTCH extracellular 

domain, or the NOTCH ligand DLL4 in endothelial cells, block NOTCH signaling 

at several steps in the signaling cascade. Synthetic, stabilized, cell-permeable 

blocking peptides have been designed mainly to interfere with the formation of 

NOTCH-CSL-MAML activation complex. Natural, non-toxic compounds have 
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gained interest since they have been shown to be associated with decreased cancer-

risk in lung cancer [156]. Moreover, certain non-toxic agents including delta-

tocotrienol (in blueberries), curcumin (in curcuma longa used as flavoring agent), 

and anthocyanidins (in berries) have shown anti-NOTCH signaling effects in 

NSCLC.  

 

Preclinical effects of NOTCH inhibitors 

 

In preclinical studies, NOTCH signaling has been blocked pharmacologically by 1) 

Gamma-secretase inhibitors (GSI): DAPT, MRK-003, PF-3084014, RO4929079, 

BMS-708163, LY-685,458, LY-411575 and GSI XX (Table 1), 2) monoclonal 

antibodies: CT16 (anti-EGFR and anti-NOTCH 2/3), Tarextumab (anti-NOTCH 

2/3), HD105 (anti-DLL4 and anti-VEGF), Demcizumab (anti-DLL4), and 3) 

naturally-occurring NOTCH signaling inhibitors: Nobiletin, Delta-tocotrienol, 

Curcumin, and Delphinidin (Table 2). Monotherapy usually doesn’t render 

significant responses in terms of reduced proliferation, induction of apoptosis or 

tumor growth delay, but NOTCH inhibition does enhance the effect of diverse 

chemotherapeutic agents.  

Despite being one of the least potent GSI in preclinical studies [157], DAPT has 

proven to be efficacious as single agent in treating NSCLC with altered NOTCH 

signaling pathway members [76], in inducing apoptosis and autophagy, 

preferentially in cells expressing EGFR wild type or without EGFR expression [133] 

by inducing cell cycle arrest in G1 and G2/M phases [100], and reducing the ALDH+ 

stem cell population [158]. Additionally, DAPT can enhance the effects of cisplatin 

by reducing the CD133+ stem cell subpopulation [159]. DAPT also prevents cross-

resistance to paclitaxel and doxorubicin [89], of docetaxel by decreasing the 

AP1/miR-451-induced MDR-1 expression [100], of gefitinib by reverting the EMT 

phenotype [131, 160], and of pterostilbene by preventing PI3K/Akt activation [161]. 

Several other GSI have shown to be able to attenuate EGFR TKI resistance to 

erlotinib: MRK-003 via increase of the ERK-regulated pro-apoptotic Bim [162], PF-

3084014 through downregulation of ALDH+ stem cells [130], and RO4929079 by 

decreasing CD44+ stem cells and increasing the miR-223-induced decrease in 

FBXW7 expression [163]. Additionally, BMS-708163 can revert resistance to 

gefitinib in NSCLC [164]. MRK-003 has shown therapeutic enhancement of 

docetaxel [54] and IGF-1R inhibition by inducing apoptosis [109]. GSI-XX enhances 

therapeutic efficacy of the combination including a HIF-targeting small molecule 

inhibitor (YC-1) and radiotherapy, but only when added after the combination [165]. 

GSI-XX also improves the response of cisplatin by promoting autophagy, reducing 
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the ALDHA1+ and CD44+ stem cells [90], or when combined with a BH3-mimetic 

(ABT-737) by inducing apoptosis in a Bim-dependent manner [166]. The doses used 

in these studies have been summarized in Table 3. 

Monoclonal antibodies against DLL4 used to target the tumor vasculature, result in 

an increase of branched vessels but with decreased functionality. Combination 

therapy with bevacizumab increases apoptosis, and decreases vessel branching and 

tumor progression [150]. One of the major problems with anti-VEGF therapy in the 

clinic is the increased levels of hypoxia leading to more aggressive treatment 

resistant tumor cell populations, but it also leads to hemoptysis, hypertension, and 

arterial thrombus embolism due to effects on the normal vasculature in the heart, and 

endocrine and nervous systems [167, 168]. Because these anti-angiogenic inhibitors 

are not tumor specific, successful clinical implementation will most likely consist of 

the use of drug doses/scheduling aiming at vessel normalization, promoting 

formation of functional vessels to improve drug delivery [169], or in their 

combination with other therapies, rather than those aiming at tumor regression. 

Tarextumab in combination with erlotinib, cetuximab, or CT16, increases 

therapeutic efficiency of EGFR targeting and delays acquired resistance by similar 

mechanisms as those with TKI therapy [132]. 

 

Natural-occurring compounds have shown remarkable anti-NOTCH effects not only 

by affecting the expression of NOTCH pathway members (NOTCH1 and HES1) 

which results in reversal of the hypoxic-induced EMT phenotype [170], but also by 

upregulation of miR-34a, TP53 and apoptosis [171]; inhibition of EZH2 [172]; and 

have shown to be able to potentiate anti-tumorigenic effects in combination with 

cisplatin [171].  

As described in this review, the NOTCH signaling pathway acts upon different 

aspects of the hallmarks of cancer described by Hanahan and Weinberg to promote 

cancer resistance, and its targeting can enhance the effect of chemotherapeutics or 

agents targeting oncogenic driver mutations when used in combination (see Figure 1 

for summary). Importantly, several studies have shown that NOTCH inhibition in 

combination with radiation therapy also improves outcome in NSCLC [165, 173, 

174]. Since most patients receive combinations of radiotherapy and chemotherapy, 

these results are significant and show there is great potential for combining NOTCH 

inhibitors with radiotherapy and chemotherapy to target the cancer stem cells and 

reduce treatment resistance. Further analysis on the implications of combining 

NOTCH-based targeted therapy with radiotherapy have been recently described [78, 

175]. 
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Clinical trials using NOTCH pathway inhibitors 

 

Only a few of the preclinically tested NOTCH inhibitors have progressed into clinical 

trials in NSCLC patients including BMS-906024, PF-3084014, RO4929079, MK-

0752, LY900009, LY3039478, BMS-986115, enoticumab, demcizumab, and 

MEDI0639 (Table 4 and 5). Clinical studies using Notch inhibitors as monotherapy 

have shown limited effect on local control and some have been halted [176, 177]. 

Nevertheless, conclusions on GSI effects in cancer patients are debatable since 

patients are not pre-screened for Notch signaling upregulation/mutation and different 

clinical GSIs have diverse potencies, specificities, and side effects [157].  

In the clinical trials including lung cancer patients, the best responses using GSI were 

obtained with LY900009 as single agent (NCT-01158404) with which 5/35 stable 

diseases were accomplished. GSI efficacy was confirmed by measuring on-target 

undesirable effects of NOTCH inhibition. Low clinical activity was explained by fast 

drug absorption and elimination [178]. Combination of RO4929097 with cediranib 

or temsirolimus (PJC-004/ NCI 8503) only marginally improved outcome, obtaining 

at best one partial response and 11/17-19 stable diseases with a median progression-

free survival of 4.2 months [179, 180]. In the latter studies, there was no association 

between NOTCH biomarkers and time to progression at the recommended phase II 

dose.  

 

Monoclonal antibodies against DLL4 have shown better outcomes compared to GSI 

treatment. DLL4 has been shown to be both important for tumor vasculature as well 

as for maintaining tumor initiating capacity of tumor stem cells in various tumor 

models [181]. As single agents (NCT-01577745), enoticumab, demcizumab and 

MEDI0639 may have up to two partial responses (enoticumab, MEDI0639) and 

between 36-44% of stable diseases lasting for an average of 6 months [182, 183]. 

Blood of demcizumab-treated patients presented a decrease in NOTCH and WNT 

pathway members, and an increase of their negative regulators, whereas the hair 

follicles had a downregulation of stem cell genes, and an upregulation of vascular 

genes. In enoticumab-treated patients however, there was no association between 

NOTCH biomarkers and time to disease progression. Clinical trials combining 

demcizumab with pemetrexed and carboplatin for non-squamous NSCLC 

(NCT01189968) obtained objective responses in 50% of patients, demcizumab-

target efficacy was observed in the blood, and a demcizumab dose was recommended 

for phase II trials [184]. Phase II trials (YOSEMITE) of demcizumab in combination 

with paclitaxel and gemcitabine to treat metastatic pancreatic cancer however were 

recently discontinued because primary efficacy endpoints (progression-free survival) 
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were not significantly better than placebo (chemotherapy alone) however, results on 

other trials (PINNACLE, DENALI) are yet to be evaluated. It remains to be 

evaluated how combination therapy with demcizumab would influence survival in 

NSCLC patients.  

 

Side-effects of NOTCH Therapeutics 

 

Gastrointestinal toxicity is an undesired on-target effect of γ-secretase inhibitors due 

to simultaneous inhibition of NOTCH1 and 2, which have redundant roles in 

regulating homeostasis in the crypt epithelium, resulting in excessive secretory 

differentiation and goblet cell metaplasia [185-189]. GSIs used preclinically (Tables 

3 and 6) result mainly in gastrointestinal toxicity, as seen for MRK-003 [190], PF-

3084014 [191], LY-411575 [188, 192], DBZ [187, 189, 193] and compound E [194]. 

These effects are usually found in combination with severe body weight loss but can 

be mitigated using glucocorticoids (dexamethasone) as shown for PF-3084014 [191] 

and DBZ [195]. The use of monoclonal antibodies such as OMP59R5 minimizes 

associated intestinal toxicity [124] probably because NOTCH1, one of the major 

contributors of normal gastrointestinal architecture, is not targeted. No 

gastrointestinal effects were detected for anti-DLL4 antibodies [196], which is 

explained by redundancy with DLL1 [197], and natural agents, except for curcumin 

where loose bowel movements were reported [198]. In clinical trials (Tables 4 and 

7), several studies reported severe gastrointestinal toxicities (grade III or higher) 

including diarrhea, nausea, dehydration and mucositis for RO4929097 [179, 180], 

LY900009 [178] and MK-0752 [199] (Table 7). However, these effects were 

mitigated with adequate scheduling [200]. Oral dosing of PF-03084014 twice a day 

resulted in manageable gastrointestinal toxicity, better than that for RO4929097 and 

MK0752 [201], indicative that not all GSI are equally potent nor biological 

equivalents because they target different NOTCH receptors and also have diverse 

off-target effects [157]. In clinical trials (NCT-01577745), only abdominal pain was 

reported for enoticumab [182], and gastrointestinal toxicity was milder than for GSI 

treatment in general [183].  

 

Skin adverse effects occur after GSI treatment due to the physiological function of 

Notch signaling in keratinocyte differentiation [192]. In preclinical studies (Table 6), 

NOTCH inhibition may cause epidermal and epithelial cell hyperplasia, and 

follicular and epidermal inclusion cysts [188, 192]. Natural inhibitors of NOTCH 

signaling showed mild to moderate dermatitis at the site of injection for delta-

tocotrienol [202] and piloerection for high doses of curcumin [198]. In patients 
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(Table 7), skin toxicity (grade III or higher) has been reported for GSI (but not for 

anti-DLL4 antibodies) and is attributed exclusively to skin rash for RO4929097 [179, 

180] and MK-0752 [199].  

 

In the immune system, NOTCH regulates megakaryocyte development and the 

myeloid and erythroid lineages [203]. In preclinical studies (Table 6), NOTCH 

inhibition may lead to mild eosinophilic inflammation, leukopenia, 

lymphocytopenia, altered lymphocyte development, thymus atrophy, and/or splenic 

marginal zone lymphoid tissue atrophy for PF-3084014 [191], LY-411575 [188, 

192] and DBZ [187]. In patients (Table 7), no severe toxicities (grade III or higher) 

were reported.  

 

In the vasculature, there are also toxicities reported in preclinical studies (Table 6), 

accounting for pathological activation of endothelial cells and sinusoidal dilation for 

HD105 [204]. In patients (Table 7), there were toxicities (grade III or higher) 

reported accounting for cardiac arrest, tachycardia, ventricular dysfunction, 

congestive heart failure for the GSI RO4929097 (NCT-0119386; NCT-01217411), 

for enoticumab [182] and for demcizumab [183].  

 

In the lung, there were generally no effects reported preclinically (Table 6) except 

for respiratory distress at very high doses of curcumin [198]. In patients (Table 7) 

however, toxicities (grade III or higher) included lung infection/sepsis, dyspnea, and 

pulmonary hypertension for RO4929097 (NCT-0119386; NCT-01217411) and for 

enoticumab [182].  

 

NOTCH inhibition in Lung cancer Comorbidities 
 

Lung cancer patients often present several comorbidities. When considering the 

potential for NOTCH/γ-secretase inhibitors, normal tissue effects are usually dose-

limiting. The potential role of NOTCH inhibition has been investigated not only in 

lung cancer but also in other lung pathologies, such as pulmonary goblet cell 

metaplasia, lung fibrosis, allergic asthma, chronic inflammation, and pulmonary 

arterial hypertension. The pathophysiology of pulmonary goblet cell metaplasia is 

similar to that of cystic fibrosis, bronchitis, and asthma. NOTCH inhibition may be 

of potential benefit in such cases by reducing the number of secretory cells and 

altering basal cell differentiation in adult lung towards a ciliated phenotype [205]. In 

lung fibrosis, characterized by fibroblast proliferation leading to excess extracellular 

matrix deposition (collagen and glycosaminoglycans) and tissue remodeling 
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occurring frequently 6-9 months after radiation treatment, GSI prevents 

NOTCH/JAGGED1-induced myofibroblast differentiation in response to FZZ1 by 

decreasing the expression of α-SMA [138, 206]. Asthma and chronic inflammation 

(which may occur after radiation treatment) are characterized by airway 

hyperresponsiveness and enhanced immune response. NOTCH receptors are 

expressed in the surface of mature lymphocytes whereas NOTCH ligands are present 

in antigen-presenting cells. Inhibition of airway hyperresponsiveness and 

inflammation by repressing Th2-mediated IL-4 production can be observed with the 

inhibition of NOTCH on CD4+ T-cells and JAGGED1 on bone marrow dendritic 

cells [207]. Pulmonary veno-oclusive disease (PVOD), an uncommon cause of 

pulmonary arterial hypertension (PAH), may appear after combined therapy 

consisting of surgery and mitomycin with perioperative chemotherapy. PVOD 

requires upregulation of NOTCH3, smooth muscle cell proliferation in small 

pulmonary arteries, and increased vascular resistance to develop. PAH severity 

correlates with NOTCH3 and its downstream effector HES5. Thus, targeting the 

NOTCH3-HES5 axis with GSIs may improve PAH treatment [208].  

 

Conclusions and Perspectives 

 

Non-squamous NSCLC is the most common form of lung cancer and a deadly 

disease. Despite detailed knowledge on tumor driver mutations and multimodal 

treatment regimens with surgery, and systemic treatment using chemotherapeutics, 

targeted agents, and radiotherapy, tumor resistance, relapse and dose limiting 

toxicities are common. NSCLC is a highly heterogeneous disease at different levels 

and is constantly striving for survival by acquiring new favorable pro-survival 

mutations. There is mounting evidence implicating cancer stem cells, and the 

dynamically changing tumor microenvironment, as the drivers of tumor 

heterogeneity which in turn results in tumor progression, metastasis, and therapeutic 

resistance. Cancer stem cells provide an interesting therapeutic targeting opportunity 

to tackle tumor resistance. There is paramount evidence for a role of the NOTCH 

signaling pathway in driving tumor-resistance through cancer (stem) cells and cross-

talk with other pathways. We identified roles for NOTCH signaling in mechanisms 

of tumor resistance mediated via, mainly, ABC drug transporters, epithelial-

mesenchymal transition, hypoxia, pro-survival pathways and VEGF, among others 

(Figure 1).  

 

Monotherapy treatment using NOTCH inhibitors, similarly to what happens for other 

therapies, is not sufficient to induce tumor control or cure. Because not all patients 
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have an aberrantly high NOTCH expression, and NOTCH-based therapeutics targets 

a specific subpopulation which is a minority in the bulk of the tumor, it should not 

be expected that monotherapy NOTCH-targeting treatments will have a significant 

impact on clinical outcome. Unfortunately, many clinical trials using NOTCH 

therapeutics are terminated, on hold or have reported limited efficacy. Parallel to this 

observation, it must be noted that the current interventional setting to evaluate 

NOTCH inhibition efficiency is sub-optimal. The most important shortcoming of the 

clinical trials is the lack of robust biomarkers to select patients and monitor responses 

to treatment. While there are many gene expression studies investigating on and off 

target effects of NOTCH targeting using GSI, they reflect the combined effects of 

NOTCH1-4 receptor blockade. Since Notch signaling in lung tissue is complex, with 

redundant but also opposing functions of specific NOTCH isoforms affecting 

prognosis and treatment sensitivity, such signatures are unlikely to yield predictive 

markers for patient stratification. It is anticipated that selection of patients would 

improve the quality and accuracy of the information from clinical trials. Companion 

biomarkers that are assessed dynamically over the course of cancer treatment are 

needed to monitor on-target efficacy and therapeutic redesigning. 

 

NOTCH receptor or ligand-specific targeting agents, as opposed to broad spectrum 

small molecule γ-secretase inhibitors, are more likely to induce less adverse effects 

however, proper scheduling, reduced dosing, and combination with glucocorticoids 

can mitigate the adverse effects of GSIs. New insights into γ-secretase’s complex 

composition may yield receptor-specific small molecule NOTCH inhibitors [209] 

that could aid in attenuating the side effects of broad spectrum inhibitors. 

Monoclonal antibodies have minimal toxicity to the gastrointestinal tract but they 

generally have limited biodistribution and prolonged half-life, a shortcoming that can 

be addressed using F(ab′)2 antibody fragments which allow more flexible control 

over the extent and duration of inhibition. Soluble decoys of the extracellular domain 

of NOTCH or its ligands block receptor-ligand interaction, however, their efficacy 

depends on their biodistribution and pharmacokinetic properties which remain to be 

assessed.  On the other hand, cancers may present more than one alteration that 

increases the activity of the NOTCH signaling pathway, therefore, the benefits of 

pan-NOTCH inhibitors, which target all four NOTCH receptors, versus selective 

NOTCH receptor targeting needs further examination.  

 

We discussed how NOTCH pathway inhibition can enhance chemo-/targeted agent 

sensitivity and even revert resistance in NSCLC. Although out of the scope of this 

review, similar opportunities exist for combining NOTCH inhibition with radiation 
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therapy [174], and potentially, immune therapies. Because NOTCH signaling 

impacts several features of the tumor microenvironment such as tumor hypoxia and 

tumor cell metabolism, the prospect of altering the microenvironment using NOTCH 

inhibitors is exciting since normal cells usually do not develop drug resistance, but 

challenging because of the adverse effects of NOTCH inhibitors on normal tissue. 

Recently, there has been a report that T-ALL cells restore NOTCH signaling 

activation upon GSI withdrawal, suggesting that the persisting cells are reversibly 

resistant to GSI through epigenetic alterations. Combination therapies with 

epigenetic modulators however, enhance NOTCH-inhibition therapy [210]. 

Nevertheless, it remains to be established whether epigenetic modifiers can prolong 

GSI effects in lung cancer with tolerable normal tissue effects.  

 

In summary, lung cancer is a complex heterogenous disease with interpatient, 

intratumor and inter-/intrametastatic heterogeneity at the subtype level, therefore, 

successful treatment options are likely to arise from personalized precision treatment. 

There is paramount preclinical evidence for potent anti-tumor activity of NOTCH 

therapeutics in NSCLC but our biological understanding of the tissue and context-

specific roles of NOTCH is understudied. Biomarkers will be essential to advance 

into clinical development to obtain meaningful and reliable answers on therapeutic 

ratios. Finally, while there is much attention into the development of smarter drugs 

to target specific drivers of progression and treatment resistance, efforts should also 

be directed towards identifying synergistic interactions of Notch inhibitors with 

clinically approved systemic treatments as such combinations are likely to lead to 

faster clinical implementation and hence, benefit the patients.  

 

Literature and Search criteria 
 

Studies including chemotherapeutics or targeted agents used as part of standard of 

care treatment against NSCLC, studies that included NOTCH signaling, non-

squamous NSCLC, preclinical and clinical studies, and studies using GSI, 

monoclonal antibodies, or natural agents to target NOTCH pathway members. 

Whenever possible, we analyzed data from studies after the year 2000.  
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Figure and Tables 

 

 
 

Figure 1: Notch and the Hallmarks of Cancer in tumor resistance to 

chemotherapy and targeted agents in NSCLC.  

Notch1 sustains proliferative signaling by upregulating PI3K/Akt pathway via 

PTEN repression and induction of IGF-1R under hypoxia. PI3K/Akt and 

MAPK/ERK/Ras then upregulate HIF-1α in an oxygen-dependent manner. HIF-1α 

binds to N1ICD to regulate each other: HIF-1α increases gamma-secretase activity 

to activate Notch signaling whereas factor inhibitor HIF (FIH) hydroxylates and 

downregulates NICD activity. Notch1 upregulates IGF-1R which forms a 

heterodimer (∞) with EGFR and increases survivin (apoptosis inhibitor) to resist cell 

death.  
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Cancer cells also resist cell death by upregulating the autophagosomal marker LC3 

nd/or drug transporters (ABCB1 and ABCG2) mediated by Notch-dependent 

AP1/microRNA-451 or through a glycolysis-associated mechanism via 

FOXO3a/Akt signaling thus promoting deregulation of cellular energetics. CSL 

binds to TP53 and they can both repress each other thus evading growth suppressors.  

Notch signaling also has a role in the maintenance of cancer stem cells. 

Chemotherapy induces an enrichment of resistant tumor cells expressing cancer stem 

cell (CSC) markers (CD133, ALDH, CD44). CSC have downregulated the AQP2 

and CTR1 drug transporters which prevent drug accumulation and reduce ds DNA 

damage. Additionally, CSC have increased DNA damage response (DDR) and repair 

pathways. Notch facilitates metastasis by increasing the epithelial-mesenchymal 

transition (EMT) via an increase in Twist, Snail, Slug and ZEB. Notch activation can 

also stimulate endothelial-to-mesenchymal transition (EndMT) which increases the 

production of cancer-associated fibroblasts (CAF) which are known to be involved 

in chemotherapy resistance.  

 

DLL4 ligand is positively regulated by proangiogenic factor (VEGF-A, bFGF), IL-

6 mediated by STAT3 activation, Foxc protein, Notch4 ICD, and HIF-1α to induce 

angiogenesis. DLL4 downregulates VEGFR2 to inhibit VEGF-A and endothelial 

cell proliferation and migration. DLL4 ligand targeting inhibits tumor progression of 

human lung adenocarcinomas. Upregulated NOTCH signaling activity has been 

found in cancers with other genetic alterations/mutations (KRAS, EGFR, HER-2, 

MET, ALK, PI3K) with which it cross-talks. *I: inhibitor, DDR: DNA damage 

response, miR: micro RNA, GSI: γ-secretase inhibitor.  
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Table 1: Outcome for preclinical trials in non-small cell lung cancer with γ-

secretase inhibitors (GSI) as monotherapy or in combination with other 

chemotherapeutics or targeted agents. SA: Single agent, ↑: increase/upregulated, 

↓: decrease/downregulated, GSI: γ-secretase inhibitor, GSI?: Unspecified GSI, RT: 

radiotherapy, neg.: negative, EGFR: Epidermal growth factor receptor, IGF-1R: 

insulin-like growth factor 1 receptor, DDR1: Discoidin domain receptor 1. 
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Table 2: Outcome for preclinical trials in non-small cell lung cancer with 

monoclonal antibodies (mAbs) or natural NOTCH inhibitors (inh) alone or in 

combination with other chemotherapeutics or targeted agents.  

SA: Single agent, ↑: increase/upregulated, ↓: decrease/downregulated, NSCLC: Non-

small cell lung cancer, RT: radiotherapy, EGFR: Epidermal growth factor receptor, 

DDR1: Discoidin domain receptor 1, PDX: Patient-derived xenograft, VEGF: 

Vascular endothelial growth factor, EMT: Epithelial-Mesenchymal transition, 

PARP: Poly (ADP-ribose) polymerase, EZH2: Enhancer of zeste homolog 2, APH1: 

anterior pharynx-defective 1, MMP9: Matrix Metalloprotease 9 
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Table 3: Comparison between preclinical in vivo doses of NOTCH-targeted 

agents used for non-small cell lung cancer treatment.  

GSI: γ-secretase inhibitor, mAb: monoclonal antibody, ip: intraperitoneal, po: per os 

(oral administration) 
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Table 4: Maximum tolerated dose (MTD) and recommended Phase 2 doses 

(RP2D) for NOTCH-based therapies in clinical trials for advanced or metastatic 

solid tumors who no longer respond to or have relapsed from standard 

therapies. Life-expectancy ≥ 3 months. *Selected patients with gene/protein 

alterations in NOTCH pathway. SCC: Squamous cell carcinoma, NSCLC: Non-

small cell lung cancer, SCLC: Small cell lung cancer, po: per os (oral administration), 

iv: intravenous, b.i.d.: Bis in die (= 2x/day), NR: not reached, MDT: Max dose tested, 

UD: Undocumented, ONG: Ongoing, Q12H: every 12h, QW: once every week, QD: 

quaque die (once per day), Q3W: once every 3 weeks, Q2W: once every 2 weeks. 
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Table 5: Outcome and on-target effects of NOTCH-targeted therapies in clinical 

trials where lung cancer patients have been included.  

GSI: γ-secretase inhibitor, mAb: monoclonal antibody, inh: inhibitor, SA: Single 

agent, ↑: increase/upregulated, ↓: decrease/downregulated, ORR: Objective response 

rate, OR: Objective response, CR: Complete response, PR: Partial response, DP: 

Disease progression, adv..: advanced, RP2D: Recommended Phase 2 dose, IC: 

inconclusive, SD: Stable disease, PFS: Progression free survival, OS: Overall 

survival, ∞: association, Aβ: amyloid-β peptide, NSCLC: Non-small cell lung 

cancer, po: per os (oral administration), UD: Undocumented, N1/3 ICD: NOTCH 1/3 

intracellular domain. 
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Table 6: Associated toxicities of NOTCH-based therapies used preclinically for 

non-small cell lung cancer. 

GSI: γ-secretase inhibitor, mAb: monoclonal antibody, ip: intraperitoneal, po: per os 

(oral administration), sc: subcutaneous, iv: intravenous, QW: once every week, ↑: 

increase/upregulated, ↓: decrease/downregulated, DLT: Dose-limiting toxicity 
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Table 7: Toxicity and Pharmacokinetics (PK) of NOTCH-targeted therapies in 

clinical trials where lung cancer patients have been included.  

** Better symptoms than those for RO4929097 and MK0752; ***Better GI toxicity 

than GSI. GSI: γ-secretase inhibitor, mAb: monoclonal antibody, inh: inhibitor, SA: 

Single agent, ID: identifier, T1/2: Half-life, UD: Undocumented, CL: Clearance, ∞: 

association, Q3W: once every 3 weeks, Q2W: once every 2 weeks, DLT: Dose-

limiting toxicity, [Conc]Max: Maximum observed concentration, AUC: Area Under 

the Concentration-Time Curve 
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Abstract 

 

Glioblastoma multiforme (GBM) is the most common malignant brain tumor in 

adults. The current standard of care includes surgery followed by radiotherapy (RT) 

and chemotherapy with temozolomide (TMZ). Treatment often fails due to the 

radiation resistance and intrinsic or acquired TMZ resistance of a small percentage 

of cells with stem cell-like behavior (CSC). The NOTCH signaling pathway is 

expressed and active in human glioblastoma and NOTCH inhibitors attenuate tumor 

growth in vivo in xenograft models. Here we show using an image guided micro-CT 

and precision radiotherapy platform that a combination of the clinically approved 

NOTCH/γ-secretase inhibitor (GSI) RO4929097 with standard of care (TMZ+RT) 

reduces tumor growth and prolongs survival compared to dual combinations. Our in 

vitro data demonstrates that GSI in combination with RT and TMZ attenuates 

proliferation, clonogenic survival and 3D spheroid growth of glioma cell lines U87 

and E2 and that inhibits CD133 and SOX2 expression. These findings indicate that 

NOTCH inhibition combined with standard of care treatment can provide improved 

survival benefit for GBM and encourage further translational and clinical studies. 

 

Introduction 

 

Glioblastoma multiforme (GBM) is the most common malignant brain tumor in 

adults. Multimodal treatment of surgery followed by radiotherapy (RT) and 

chemotherapy using temozolomide (TMZ) extends the two-year median survival rate 

of patients from 10% with radiotherapy alone to 27% when combined with 

temozolomide [1]. TMZ acts via alkylation of O6-Guanine, which induces replication 

errors, DNA damage and cell death. Epigenetic silencing of the O6-methylguanine-

DNA methyltransferase (MGMT) gene is correlated with an improved survival and 

response to TMZ [2]. However, approximately 50% of brain tumors [3, 4] as well as 

the large majority of the recurrent tumors [5, 6] are resistant to TMZ. Tumors often 

respond to radiotherapy, but subsequent recurrence is almost inevitable due to 

emergence of radiation resistant cells. Treatment failure leads to a high mortality in 

GBM patients and therefore, there is a great need for novel treatments that improve 

clinical management and disease outcome.  

In GBM, a subpopulation of radioresistant tumor cells expressing neural stem cell 

markers such as CD133 with high proliferative and self-renewal capacity have been 

shown to contribute to tumor recurrence. These cells are often referred to as glioma 

stem cells [7, 8]. Chemotherapeutic drugs including TMZ as well as radiation therapy 
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were shown to predominantly target the CD133-negative population and as such 

enrich the CD133-positive population [8, 9]. Thus, conventional chemoradiotherapy 

appears to effectively remove the bulk of tumor cells, while leaving many GBM stem 

cells alive, driving treatment resistance and tumor relapse. Altogether, it appears that 

eradication of these cells is needed to augment treatment efficacy and outcome.  

NOTCH ligands, receptors and target genes are frequently over-expressed in glioma 

tissues or cell lines [10-12] and the NOTCH pathway plays an important role in 

maintenance of glioma stem cells [13]. γ-secretase inhibitors (GSI) are used to inhibit 

NOTCH pathway in basic and pre-clinical research as well as clinical trials [14, 15]. 

Inhibition of NOTCH signaling in glioma stem cells has been shown to impair the 

tumorigenic capacity of these cells and enhance their radiation and chemo-sensitivity 

[16-18]. Importantly, GSI administration has also been shown to sensitize the 

glioblastoma cells that acquired EGF containing fibulin-like extracellular matrix 

protein 1 (EFEMP1)-mediated TMZ-resistance in vitro and in vivo [19]. While these 

results are promising, the therapeutic potential of NOTCH inhibition still has to be 

demonstrated in models that are more representative of the clinical situation to fully 

assess the benefit in the context of standard of care treatment.  

In this study, we investigated for the first time the efficacy of a clinically approved 

GSI (RO4929097) in tumor control when combined with RT-only, TMZ -only and 

RT+TMZ treatment groups in a 2D and 3D spheroid model in vitro as well as in an 

orthotopic mouse model in vivo. Combining GSI with either RT or TMZ significantly 

reduced the glioma spheroid growth and tumor progression and prolonged survival 

when compared with single treatment arms. This effect was most pronounced with 

the triple combination (GSI+RT+TMZ) and resulted in an increased tumor growth 

delay when compared with dual treatment arms. Our results suggest that one of the 

underlying mechanisms for the effect of NOTCH blockade in combination with TMZ 

and radiation is a reduced clonogenic survival of glioma stem /progenitor cells and 

that the expression of glioma stem cell marker CD133 was reduced by single or 

combined treatments with NOTCH inhibitors. 

 

Materials and Methods 

 

❖ Cell line culture 

 

U87MG-Luc2 (U87) and primary E2 glioma cell lines were used in this study. E2 

cells were derived from freshly resected human GBM specimens as previously 

described [20]. U87 cells were cultured in Hyclone MEM/EBSS (Fischer Scientific), 

10% fetal calf serum, 1% L-Glutamine (Invitrogen), 1% non-essential amino acids 
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(Invitrogen) and 1% sodium pyruvate (Invitrogen). E2 cells were cultured in MEMα 

(Gibco) supplemented with 5% L-glutamine. The U87 cell identity was confirmed 

using the short tandem repeat (STR) analysis (Identicell, Denmark). 

For western blotting and flow cytometry both cell lines were cultured in stem cell 

enriching conditions in Advanced DMEM F12 medium (Gibco) supplemented with 

1% B27 (Invitrogen), 0.5% N2 (Invitrogen), 4µg/ml heparin, 20ng/ml fibroblast 

growth factor (bFGF, Sigma), 20 ng/ml epidermal growth factor (EGF, Sigma) and 

1% L-Glutamine. Stem cell enriched cultures were grown on Matrigel (BD 

Biosciences) coated flasks (1:50 dilution) in serum free media. 

 

❖ Orthotopic Brain tumor Implantation and Drug treatment 

 

Immunocompromised CD1 nu/nu mice were used in this study. Animal work was 

performed in accordance with national guidelines. The procedure for tumor 

implantation has been described in detail previously [21]. After confirmation of 

tumor establishment, GSI was orally administered with a schedule of five days on 

and two days off for 3 weeks. One-week post-treatment GSI/vehicle mice were 

irradiated. Directly after irradiation, mice were treated with TMZ/vehicle with a 

schedule of 3 days on and 4 days off for 2 weeks. The control group received an 

intraperitoneal (ip) injection of 200 µl saline (TMZ-vehicle), and/or oral 

administration of 200 µl of 1.0% carboxymethyl cellulose with 0.2% Tween 80 in 

sterile water (RO4929097-vehicle). The TMZ-only treated group received 30 mg/kg 

TMZ (Selleckchem) ip and oral RO4929097-vehicle, while the RO4929097 treated 

group received 20 mg/kg RO4929097 orally and TMZ-vehicle ip RT-only group 

received 8Gy single dose irradiation using the small animal micro-IR (X-RAD 

225Cx, Precision X-ray Inc., North Branford, CT). The combined treatment group 

was administered with the same concentration of TMZ ip, RT and RO4929097 

orally. RO4929097 (2,2-dimethyl-N-((S)-6-oxo-6,7-dihydro-5H-dibenzo (b,d) 

azeptin-7-yl)-N'-(2, 2, 3, 3, 3,-pentafluoro-propyl)-malonamide) has been indicated 

as GSI in this study. The RO492909 was stored at 4°C.  

 

❖ In vivo Bioluminescence Imaging (BLI) 

 

Bioluminescent imaging (BLI) was performed using the Optix MX2 system (ART 

Inc., Saint-Laurent, QC). Animals were monitored 3x/week. Additionally, a selection 

of animals in each group were followed by contrast-enhanced micro-CT imaging 

using the small animal micro-IR (X-RAD 225Cx, Precision X-ray Inc., North 
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Branford, CT). All the procedures for imaging and analysis have been extensively 

described previously [21].  

 

❖ In vivo Irradiation: SmART-Plan. 

 

Radiotherapy dose was calculated and prescribed using the dedicated small animal 

radiotherapy planning system SmART-Plan (v1.3.1, Precision X-Ray, North 

Branford, CT), which has been previously validated [22]. Target delineation, 

treatment planning and irradiation was performed on anesthetized mice based on a 

contrast-enhanced micro-CT images that were shown to successfully visualize tumor 

boundaries as described previously [21, 23], and was completed while the animal 

remained anesthetized on the treatment bed. Within SmART-Plan the tumor was 

contoured and two 5-mm parallel-opposed beams were placed at the center of the 

tumor. This beam size ensured complete coverage plus a small margin for set-up 

uncertainties but still avoided irradiating most of normal brain tissue. Based on 

earlier work, a homogeneous dose of 8 Gy was prescribed to the target with each 

beam contributing an equal amount of dose. The source-to-axis distance was 30 cm. 

Radiation was delivered using the small animal irradiator at 225kVp, 12 mA 

(filtration of 0.3mm of copper) which provides a dose rate of approximately 3 

Gy/minute.  

 

❖ 3D Spheroid Assay 

 

Spheroid assay was used as a model for treatment response in vitro. 96-well plates 

were coated with 50µl of autoclaved agarose (0.750gr agarose was dissolved in 50 

ml serum free medium) [24]. 2800 U87 cells/200μl complete medium were seeded 

on the agarose coated plates per well. One spheroid per well was formed within 4 

days after seeding. For each condition, at least 12 spheroids were tested. 4 days post-

seeding first phase-contrast pictures were taken from all the spheroids individually 

and then the sphere volume was analyzed using an in-housed script using MATLAB 

program (MathWorks, 2009b, CT) and available for download [25]. Directly after 

image acquisition, treatment regimens were administered. GSI (RO4929097) and 

TMZ were administered immediately after irradiation in RT treated groups. The 

control group received only DMSO. Final concentration for GSI-only and TMZ-only 

treated group was 10 µM and 5 µM, respectively. The RT-only group was irradiated 

with a single dose of 4Gy. All the combination groups were treated with the same 

doses. So as not to disrupt the sphere structure, in all treatment groups 100μl of 
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medium was discarded very carefully and 100μl of the 2x treatment pre-mixtures 

were added. The drugs were washed out by refreshing the medium 3x/week. TMZ 

was washed out after three days incubation in the first week and the same treatment 

procedure was repeated in the second week, while GSI was refreshed twice weekly 

for two weeks. TMZ was diluted in DMSO and stored in 100mM stock at -80°. GSI 

was diluted in DMSO and stored in 10mM stock at -20°. Sphere volumes were 

measured 3 times a week and experiments were terminated when treated spheres 

reached 20 x treatment volume.  

 

❖ Proliferation assay 

 

500 cells/well (U87) or 2000 cells/well (E2) were seeded in 96 well plates and were 

treated 24h post-seeding with 5 µM TMZ and/or 10µM GSI (RO4929097) and/or 

single dose of 4Gy RT (Philips X-ray tube; 225kV; 10mA). The three treatments 

were tested as single, double and triple combinations with 6 replicates per condition. 

72h post-treatment TMZ was washed out and GSI was refreshed. Cell confluency 

was monitored every 2h using the phase-contrast mode of the IncuCyte ™ FLR 

(2011A) live-imager. TMZ was diluted in DMSO and stored in 100mM stock at -

80°. GSI was diluted in DMSO and stored in 10mM stock at -20°. 

 

❖ Quantitative Real Time PCR (qPCR) 

 

RNA extraction was performed using the NucleoSpin RNA II kit (Bioke). cDNA 

was prepared using the iScript cDNA Synthesis kit (BioRad). Reactions were carried 

out in a 10 μl volume using sensiMix SYBR low-ROX kit (GC Biotech) with the 

ABI Prism 7500 Sequence Detection System. Values for each gene were normalized 

to expression levels of Actin RNA. Primer sequences have been described previously 

[26]. 

 

❖ Clonogenic survival assay 

 

Cells were seeded in 6-cm dishes to be 70% confluent at the time of irradiation. Cells 

were irradiated with 2Gy, 4Gy or 6Gy and non-treated (Philips X-ray tube; 225kV; 

10mA). Directly after irradiation, cells were trypsinized and seeded at densities of 

250 or 1000 cells per well for E2 and 500 cells per well for U87 in triplicate in 6-

well plates and allowed to adhere for 4h in complete medium. Then, the medium was 

replaced with treated medium: DMSO in control group, 10µM TMZ for E2 cells and 
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5µM TMZ for U87 cells for 48h in TMZ-only treated group and 10µM RO4929097 

in GSI-only treated group. The combination groups were also treated with the same 

concentrations. RO4929097 was refreshed every 5 days during the experiment. 

Colonies were counted manually after 2 weeks. The minimum number of cells per 

counted colony was 30.  

 

❖ Flow cytometry 

 

Cells were first irradiated with 4Gy and then treated with 10µM RO4929097 and 

10µM TMZ as well as their combination. Cultures were disaggregated with accutase 

4 days post-treatment, cells were washed with PBS once and incubated with 

CD133/2-PE (1:200; Miltenyi Biotech) or isotype control antibody on ice for 30 min. 

Then cells were washed with PBS 2x, resuspended in 200µl PBS and fixed in 1% 

paraformaldehyde. Just before measurements of each FACS tube DAPI (final 

concentration 3µM) was resuspended in each tube. FACS analysis was carried out 

on FACS Calibur machine (BD Biosciences).   

 

❖ Western blotting 

 

Cells were first irradiated with 4Gy and then treated with 10µM RO4929097, 10µM 

TMZ as well as their combination. 4 days post-treatment total cell lysate was 

prepared using SDS lysis buffer. Lysates were blotted onto a PVDF-membrane. 

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). Anti-SOX2 (ab75485, Abcam), 

anti-Nestin (ab6320, Abcam), anti-beta-tubulin III (T3952, Sigma-Aldrich), anti-

GFAP (ab5804, Millipore) and anti-Lamin A/C (Sigma-Aldrich) were used at 1:1000 

dilution.  

 

❖ Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism Software (v5.02, San 

Diego, CA). For all measured quantities mean ± SEM are reported except where 

stated. Mann-Whitney or ANOVA tests were used to analyze differences in growth 

delay and in clonogenic survival. The log-rank (Mantel-Cox) test was used to 

compare the survival curves. A p-value smaller than 0.05 was considered statistically 

significant.  
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Results  

 

NOTCH pathway is active in GBM cells 

 

To address whether the NOTCH pathway was active in our glioma cell lines, we 

analyzed the gene expression profile of NOTCH receptors (NOTCH1-4), ligands 

(DLL 1,3,4 JAG 1,2) and target (HES, HEY) genes. Differential expression of 

NOTCH pathway components was confirmed by qPCR in both U87 and primary E2 

GBM cells (Figure 1A and C). Blocking NOTCH/γ-secretase using 5 or 10µM of 

GSI (RO4929097) significantly reduced the expression of the NOTCH target genes 

HES1 and HEY2 in U87 cells (Figure1B) and HEY1 and HEY2 in E2 cells (Figure 

1D). HEY2 expression in E2 cells was only significantly reduced at the 10µM GSI.  

 

NOTCH inhibition in combination with RT and TMZ attenuates 

proliferation and clonogenic survival in vitro 
 

Next, we investigated the effect of NOTCH inhibition as monotherapy or in 

combination with RT and TMZ on proliferation of U87 and E2 cells in a 2D growth 

format. In U87 cells, treatment with GSI, TMZ and TMZ+GSI did not affect 

proliferation significantly compared with the vehicle control (DMSO). Upon RT 

(4Gy) treatment, GSI-only, TMZ-only and TMZ+GSI significantly reduced 

proliferation compared to vehicle control (p<0.001, in all cases) in U87 cells (Figure 

2A). In E2 cells treatment with GSI and TMZ alone did not affect proliferation 

significantly compared with the vehicle control (DMSO), while TMZ+GSI did 

(p<0.05). Upon RT (4Gy) treatment, GSI significantly reduced proliferation 

compared to vehicle control (P<0.01). Similarly, after RT treatment TMZ+GSI 

significantly reduced proliferation compared to vehicle control, TMZ and GSI 

treatments (p<0.0001, p<0.001 and p<0.0001, respectively) (Figure 2B).  

Next, we examined the effect of combination treatments on clonogenic survival. In 

U87 cells, upon RT, GSI and TMZ did not affect the clonogenic survival compared 

with the vehicle control (DMSO), however the survival fraction was markedly 

reduced in GSI+TMZ treatment group at 2, 4, and 6Gy (p<0.0001) (Figure 2C). The 

mean inactivation dose (50% reduction in clonogenicity) for GSI +TMZ was 2.28Gy 

and for control +TMZ 3.2Gy, respectively. In E2 cells, RT, GSI and TMZ reduced 

the clonogenic survival compared with the vehicle control (DMSO) (p=0.047 and 

p=0.02, respectively). Clonogenicity was further reduced in GSI + TMZ irradiated 
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cells (p=0.0002) (Figure 2D). A representative image of the survived colony in E2 

cells upon different treatment combinations is shown (Supplementary Figure 1). 

We then investigated the effects of single and combined treatment in a three-

dimensional spheroid assay of U87 GBM cells. Four days post-seeding, U87 

spheroids were irradiated with a single dose RT (4Gy) and then treated with TMZ 

(5µM) and GSI (10µM) (Figure 3A).  

In the absence of radiation (0Gy), NOTCH inhibitor alone did not affect the spheroid 

growth compared with the vehicle control, however when combined with TMZ an 

enhanced effect was observed (p=0.01) (Figure 3B). RT treatment significantly 

delayed spheroid growth, which was further enhanced upon treatment with GSI 

compared to non-RT treated cells (p=0.005 and p=0.007, respectively) (Figure 3C). 

Finally, GSI combined with TMZ and single dose RT treatment resulted in the most 

pronounced growth delay when compared with either treatment combination 

including the standard of care, TMZ+RT, (p=0.02) (Figure 3D-E). Representative 

images of spheroids in each treatment group at different time points post-treatment 

are shown (Supplementary Figure 2). For E2 cells, spheroids formed but were not 

able to grow consistently over time in agarose-coated plates (data not shown).  

 

NOTCH inhibition combined with standard of care treatment reduces 

tumor growth and prolongs survival of intracranial GBM in vivo 

 

Next, we assessed the effects of NOTCH inhibition in combination with TMZ and 

single dose RT on the survival of mice with U87 intracranial glioblastoma. We 

previously determined that single dose RT of 8Gy results in a significant but modest 

tumor growth delay compared to tumors that did not receive any irradiation [23], 

thereby providing a window of opportunity where the combined effects of RT and 

TMZ could be measured. One-week post-implantation, mice were imaged with 

Bioluminescence imaging (BLI) 3x/week. Contrast-enhanced micro-CT was also 

used to monitor tumor growth periodically as reported previously [23]. Upon 

confirmation of tumor growth by BLI or micro-CT, mice were randomized into eight 

different treatment arms. These mice were treated with GSI/vehicle, TMZ/vehicle as 

well as radiation (Figure 5A) using a dedicated small animal irradiator and associated 

treatment planning software (SmART-Plan) to create irradiation plans to deliver a 

conformal dose of 8Gy to the tumor with minimal normal tissue exposure. An 

example of the parallel-opposed radiation treatment in sagittal, axial and coronal 

planes (Figure 4A-C) and the dose volume histograms (DVHs) for all irradiated mice 

is shown (Figure 4D). These DVHs demonstrate that a highly uniform dose 
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distribution across the tumor volume is achieved at the desired prescription dose of 

8Gy as previously determined [23].  

We determined the tumor growth delay using bioluminescence by calculating the 

time it takes for each tumor to reach 10x BLI signaling intensity from start of 

treatment (T10xSI). A significant growth delay was observed in GSI-, 8Gy- and 

TMZ-only treated groups (22 days, 25 days, and 36.4 days, respectively) compared 

to the control group (16.1 days) (p<0.05 for GSI- and 8Gy-only groups, p<0.001 for 

TMZ-only group) (Figure 5B). The median survival defined based on the 

neurological signs and abnormal behavior as humane endpoints for the GSI- and 

8Gy- single treatments were not significantly different from the control (± 20.5 days 

for GSI-only, ± 20 days for 8Gy-only, ± 19 days for control) (Figure 5C). Addition 

of GSI to either TMZ or 8Gy irradiation resulted in a significant growth delay (46 

days and 28.3 days, respectively) when compared with 8Gy or TMZ-only groups 

(p<0.01 and p<0.001, respectively) (Figure 5B). The median survival for these 

groups was significantly prolonged compared to control (± 33days for GSI+8Gy and 

± 44 days for GSI+TMZ, p<0.001 for both groups) (Figure 5C). Similarly, the 

standard of care treatment (8Gy+TMZ) resulted in a significant growth delay (±58 

days) when compared with 8Gy- or TMZ-only groups (p<0.0001) as well as the 

TMZ+GSI group (p<0.05). The median survival for this group was significantly 

prolonged compared to single treatments (±55 for 8Gy+TMZ, p<0.001 comparing 

with 8Gy- and TMZ-only). The most profound growth delay and increase in median 

survival was observed in mice treated with triple combination of 8Gy, TMZ and GSI 

(±81 days for 3 out of 4 mice, p<0.001 compared with control and GSI+8Gy, p<0.05 

compared with GSI+TMZ and 8GY+TMZ) (Figure 5C). One out of 4 mice showed 

a cure defined as being tumor-free for >14 weeks post start of treatment. 

Representative BLI and contrast-enhanced micro-CT images of a mouse in each 

treatment group at different time points post-treatment are shown (Supplementary 

Figure 3). We observed significant down regulation of HES1 mRNA expression in 

tumors from GSI treated mice, compared to control treated mice (p=0.01) (Figure 

5D). HEY2 mRNA was not altered upon GSI treatment (data not shown). 

No dose limiting toxicities were observed for single and double treatments although 

weight loss < 20% was invariably observed within the first or second week after 

treatment. Importantly, four out of eight mice receiving triple-combination 

treatments were euthanized due to a significant weight loss prior to reaching endpoint 

despite very small histologically confirmed tumor size. While we do not know the 

exact reason for this, we speculate that this could be due to toxicity associated with 

the triple therapy combination. 

  



216 | Chapter 6 

 

 

6 

Combination treatment (GSI + TMZ + RT) reduces the stem cell 

population 

 

To investigate the mechanism of increased radio- and chemo-sensitivity upon 

NOTCH inhibition, we evaluated the expression of the glioma stem cell marker 

CD133 using flow cytometry 4 days post-treatment in U87 and E2 cells grown under 

adherent stem cell conditions (Figure 6A-B). We observed a 4-fold increase in 

CD133 expression in primary E2 and U87 cells upon single dose 4Gy RT. Pre-

treatment with either GSI or TMZ reduced CD133 expression by 2.1 and 2.9-fold in 

primary E2 cells as well as 1.8 and 2-fold in U87 cells, respectively (Figure 6A-B). 

No significant differences were observed in TMZ + GSI treated cells (Supplementary 

Figure 4). Under the same treatment condition, SOX2 mRNA expression was 

significantly reduced upon GSI+RT and GSI+TMZ+RT treatments in both E2 and 

U87 (Supplementary Figure 4A-B). A strong reduction in SOX2 protein expression 

in E2 cells was only observed in the triple combination (Supplementary Figure 4C). 

GSI strongly inhibited NOTCH cleavage as shown by immunoblotting with Val1744 

recognizing the active cleaved form of NOTCH1 (NICD1) (Supplementary Figure 

4C). 

 

Discussion 

 

Given the highly proliferative and infiltrative nature of GBM and the lack of curative 

treatment, novel treatments are urgently needed in relevant in vitro and preclinical 

models that mimic clinical routine to enable swift translation. In this study, we show 

the therapeutic benefit of the addition of the clinically approved NOTCH/γ secretase 

inhibitor (RO4929097) combined with the standard of care in GBM patients that 

undergo radiotherapy and chemotherapy. Our results show that in an orthotopic 

model for glioblastoma, treatment with NOTCH inhibition enhances radiotherapy, 

TMZ chemotherapy as well as a combination of both such that in 1 out of 4 mice 

tumor cure (defined as being tumor-free for >14 weeks) was achieved and in the 

remaining cohort a survival benefit of ~62 days and ~26 days was obtained when 

compared to the untreated mice or the standard of care treatment group (TMZ+RT), 

respectively. 

Previously, we have shown the rational for using the 3D spheroid model system to 

better predict clinical efficacy [23]. Consistently, in this study we have shown that 

in vitro screening of the NOTCH inhibition combined with chemo-radiation 

(GSI+TMZ+RT) using 3D spheroid system is a robust methodology to identify 
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combination therapies for GBM that reflect in vivo response. The 3D model used 

here however still lack important factors from the tumor micro-environment such as 

vasculature, fibroblasts or immune cells. Therefore, we used our previously 

established orthotopic GBM model [21] to address the in vivo efficacy of the 

NOTCH inhibitors combined with chemoradiation. The effect of radiation on normal 

brain tissue is a determining factor in treatment of CNS tumors because of the 

radiation-induced necrosis. Considering this and in contrast to standard devices using 

a single large beam, we used an image-guided small animal micro-irradiator device 

that combines micro-CT imaging with conformal irradiation and millimeter-

adjustable beams [23]. This was combined with the use of the treatment planning 

software (SmART–Plan) and made radiation treatment planning and delivery highly 

accurate in this orthotopic GBM model. Similar to that in clinical practice, we 

determined dose-volume histograms (DVH) showing that the X-ray beams were 

highly conformal and localized to the tumor region, minimizing exposure to organs 

at risk such as the normal brain [22, 23].  

Based on our findings, growth responses between the in vitro spheroid and in vivo 

preclinical models did complement one another; however, there were some 

discrepancies as well. For example, NOTCH inhibition alone did not affect the 

spheroid growth in U87 cells but did result in a significant growth delay in vivo 

according to the BLI data. Our data are in accordance with the observation in other 

studies that showed γ-secretase inhibitors alone do not affect neurosphere formation 

in vitro [17], but single agents activity of these inhibitors prolong survival in 

orthotopic glioblastoma xenografts [18]. One explanation could be the contribution 

of Notch inhibition in the tumor microenvironment for example by disrupting tumor 

angiogenesis [27]  or blocking endothelial to tumor cell signaling  [28, 29] which 

was not addressed in this study. We additionally explored combination treatments of 

GSI with RT or TMZ as mono-therapy. In our 3D spheroid model and GBM tumor 

bearing mice, NOTCH inhibition potentiated the effect of RT or TMZ. Our findings 

confirmed previous results that showed the enhanced therapeutic effect of combined 

GSI with TMZ (in vitro and ex vivo) or GSI with RT (in vitro and in vivo) compared 

to each treatment alone [17, 28, 30]. While these findings are important to move 

NOTCH inhibitors forward as GBM therapeutics, contribution of GSI to current 

standard of care treatment (TMZ+RT) has never been reported to the best of our 

knowledge. In this study, for the first time we show that NOTCH inhibition in 

combination with TMZ+RT significantly enhances the 3D spheroid growth delay in 

vitro and prolongs survival of the mice bearing the orthotopic glioma compared to 

TMZ+RT. This result is encouraging in developing new combination therapy for 

GBM; however, the clinical relevance of this study could further be maximized by 
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the use of patient derived xenografts that may better reveal the gene expression 

profiles of the glioma patients and typical histological characteristics (micro-

infiltrative, highly vascularized, palisading necrosis) compared to established glioma 

cell lines [31]. Recently, integrated genomic profiling of glioblastoma has provided 

an improved molecular understanding of the etiology and has led to new 

classifications with prognostic and predictive importance [32-35]. Targeted 

therapeutics against ‘actionable’ targets have however led to limited clinical efficacy 

exemplified by Avastin and EGFR inhibitor trials in GBM [36]. This may in part be 

due to high heterogeneity in GBM and clonal expansion driven by treatment or de 

novo acquired resistance mechanisms [37]. Therapeutics targeting of the survival of 

tumor initiating cells are more likely to be successful as they target “driver” 

populations. Identification of these driver populations needs further investigation but 

our work and that of others highlight the importance of CD133+ cells in growth and 

treatment response and their dependence on NOTCH signaling. While NOTCH 

inhibitors may be effective in proneural subtype which has high NOTCH activity 

[38], in low grade glioma’s NOTCH1 loss of function mutations are observed and 

NOTCH inhibitors may be less evident [32]. While it remains possible that activating 

mutations in NOTCH1 (or NOTCH2/3) are only present in a subset of the tumor 

cells, it emphasizes the need for in depth molecular analysis prior to patient selection 

for NOTCH inhibitor therapy. 

To elucidate the underlying mechanism of the treatment response in our study, we 

observed that NOTCH inhibition influenced the radiation-enhanced CD133 

expression, in line with the expected role of NOTCH in the maintenance of glioma 

stem cells [28]. Importantly, it has been reported that endothelial cells can function 

as a stem cell niche to promote CD133+ self-renewal in glioblastoma [29] by 

providing NOTCH ligands that activate NOTCH receptors in CD133+ cells. 

Targeting NOTCH ligands in endothelial cells reduced the CD133+ population as 

well as the growth of intracranial glioma xenografts [39]. In line with this, Hovinga 

et al. showed that NOTCH inhibition in glioma explants resulted in decreased self-

renewal of CD133+ cells, which correlated with a decrease in endothelial cells [28]. 

If NOTCH inhibition also reduced CD133+ sub-populations directly or indirectly via 

endothelial cell signaling in vivo was not addressed in our study and requires further 

investigation.  

Our data showed that temozolomide was equally effective as single NOTCH 

inhibitor treatment or dual treatment in reducing radiation increase of CD133+ cells, 

consistent with other reports [40]. This finding could only be partly replicated in our 

clonogenics assays (not enriched for CD133+) suggesting that while CD133+ marks 

clonogenic cells, it does not reflect only glioma stem cells. Others report that CD133+ 
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cells are resistant to chemotherapy [9, 41]. However, in some of these studies the 

viability of CD133+ cells was assessed only in short-term culture using extremely 

high TMZ concentrations (0.2- 2mM) and culture conditions not suited for the 

maintenance of the cancer stem cell phenotype [42, 43]. In line with our data, TMZ 

treatment (5-25 µM) on glioma cells grown under stem cell enriched conditions 

reduced proliferation and survival at very low TMZ concentrations [44] and inhibited 

the growth of neurosphere in CD133+ sub-population and reduced tumorigenicity 

[40, 45]. Further investigation is needed to reconcile these findings but suggest that 

within the CD133+ population a treatment resistant clonogenic population exist 

sensitive to NOTCH inhibition which support this study and other studies showing 

that NOTCH inhibitors can sensitize to TMZ in xenografts [17]  

Although our data show depletion of glioma cancer stem cells upon GSI and TMZ 

administration after radiotherapy, the exact mechanism for the enhanced efficacy of 

the triple combination (GSI+RT+TMZ) treatment in vivo is not known. For example, 

triple treatment did not further reduce CD133+ surface population compared to dual 

treatments. We did observe a reduction of the glioma stem cell marker SOX2 in the 

triple combination only. Silencing of SOX2 in glioma tumor initiating cells blocks 

proliferation and suppresses tumorigenicity [46]. To what extent the expression of 

SOX2 and CD133 overlap in our systems is not known and the phenotypic 

identification of the cell types affected by these treatments in vivo would be a key 

step [47].  

Various clinical trials are underway to investigate whether NOTCH blockade using 

γ-secretase inhibitors improves cancer treatment [48]. However, one of the major 

challenges on the way is the untoward side effects associated with NOTCH 

inhibitors, especially the cytotoxicity in the gastrointestinal tract [49]. Most of the 

available γ-secretase inhibitors are originally engineered for treatment of 

Alzheimer’s diseases and therefore are designed for long-term and systemic 

treatments and are able to pass the blood brain barrier. New NOTCH inhibitors for 

cancer treatment are specifically designed not to cross the blood brain barrier because 

of cognitive defects seen in AD patients related to long-term on target NOCTH 

inhibition [50]. It will be crucial therefore to monitor GBM patients treated with 

NOTCH inhibitors for these side effects as well.  To maximize the therapeutic effects 

and minimize the systemic NOTCH-related side effects, improved dosage regimens 

have now been reported in phase 1 clinical trials that “spare “ the intestine [51]. In 

our study, using the same orally administrated GSI RO4929097 efficacy was 

observed with similar scheduling orally for (5 days on and 2 days off for 3 weeks), 

which did not lead to any weight loss or other toxic effects. However, we did observe 

deaths not due to the tumor burden but rather due to toxicity associated with the 
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prescribed triple therapy regimen by a yet unknown mechanism. Therefore, 

balancing efficacy and toxicity of γ-secretase inhibitors by optimizing treatment 

cycles and dosing schemes is paramount for successful future clinical applications. 

The dose of RO4929097 inhibitor used in our study is in a therapeutically relevant 

pharmacokinetic range for humans [52]. In this regard, a current clinical trial is 

recruiting patients to investigate the efficacy of RO4929097 in combination with 

radiation and TMZ (http:// ClinicalTrials.gov identifier NCT01119599). Taken 

together, we believe that our findings are promising for clinical translation to 

increase survival in GBM patients but that unanticipated toxicities may occur. 

Therefore, identification of a subset of patients who have active NOTCH signaling 

could predict the likelihood of increased response to anti-NOTCH therapy. More 

studies are needed to fully exploit the potent NOTCH inhibitors but also to recognize 

potential aggravating conditions that may occur. 
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Figure 1: NOTCH signaling in GBM cell lines. A and C) mRNA expression of the 

NOTCH receptors, ligands and target genes in GBM cell lines were determined by 

qRT-PCR in U87MG-Luc2 and E2 cells. B and D) mRNA expression of NOTCH 

target genes (HES1, HEY1 and HEY2) reduced after treatment with different 

concentrations of clinically available GSI RO4929097 as determined by qRT-PCR. 

Values were normalized to actin. Error bars indicate SEM, (*P<0.05, *P<0.01, ns: 

not significant). 
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Figure 2: Effect of NOTCH inhibition combined with TMZ and RT on 

proliferation and clonogenicity in vitro. A-B) Proliferation analysis of U87MG-

Luc2 and E2 cells after indicated treatments. C-D) Survival fraction of U87MG-Luc2 

and E2 cells upon indicated treatments following radiation. Error bars indicate SEM. 
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Figure 3: Effect of NOTCH inhibition combined with TMZ and RT on 3D 

spheroid growth in vitro. A) Schematic of the 3D spheroid assay treatment 

schedules. B-E) Individual spheroid growth was imaged 3x/week and the volume 

was calculated after indicated treatments till time to reach 20x starting volume. 

Spheroid growth demonstrates delays upon combination treatments compared with 

DMSO as vehicle control. Error bars indicates SEM.  
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Figure 4: Radiation treatment set-up and the resulting Dose Volume 

Histograms. A-C) Visualization of the tumor in the brain from different planes 

(Sagittal, Axial and coronal) and applied parallel-opposed radiation beams to target 

the tumor. D) Resulting DVHs of the tumors after 8Gy irradiation. Red line shows 

the average of the DVHs. 
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Figure 5: Effect of NOTCH inhibition combined with TMZ and RT in 

orthotopic U87MG-Luc2 glioblastoma in vivo. A) Schematic of the treatment 

schedules in vivo. B) Tumor growth delay upon indicated treatments measured by 

BLI signal intensity for mice in each treatment group and the end point was when 

the BLI signal intensity reached to 10x intensity of the starting treatment day. C) 

Kaplan-Meier survival curve indicates number of days mice survived post-treatment. 

End-point was assessed based on the neurological sign and weight loss. D) mRNA 

expression of the HES1 expression in tumor samples treated with GSI vs. control was 

determined by qRT-PCR. Values were normalized to actin.  Error bars indicates 

SEM. (*p < 0.05, **p < 0.01 and ***p < 0.001, ns: not significant). 
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Figure 6: Effect of NOTCH inhibition combined with TMZ and RT on 

CD133 expression. A-B) The expression of CD133 marker upon indicated 

treatments in U87MG-Luc2 and E2 cells was measured by flow cytometry. 

Graphs indicate the quantification of the relative CD133 expression 

normalized to IgG control upon indicated treatments. DAPI was used for the 

live cell staining. Concentration used in all cases was 10µM GSI and 10µM 

TMZ. Error bars indicate SEM. (*p < 0.05, **p < 0.01 and ***p < 0.001).  
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Supplementary information 

 

 
Supplementary Figure 2: E2 clonogenic assay. Representative image of the 

effect of GSI and TMZ treatment following radiation in E2 cells as measured 

by clonogenic assays. 

 

 
 

Supplementary Figure 2: U87MG-Luc2 spheroid assay. Representative 

image of the 3D spheroid upon indicated treatments over time. 
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Supplementary Figure 3: Following tumor growth using BLI and/or 

micro-CT. Representative BLI and contrast enhanced micro-CT images of 

different treatment groups at different time points post-treatment. 

 

 
 

Supplementary Figure 4: Effect of NOTCH inhibition combined with 

TMZ and RT on SOX2 expression. A-B) mRNA expression of the SOX2 

stem cell marker in U87MG-Luc2 and E2 cells upon indicated treatments was 

measured by qRT-PCR Error bars indicate SEM. C) Protein expression level 

of SOX2 and active form of NOTCH1 (NICD1) in E2 cells upon indicated 

treatments was analyzed by Western blotting. Actin serves as loading control. 

Concentration used in all cases was 10µM GSI and 10µM TMZ. Error bars 

indicate SEM. (*p < 0.05, **p < 0.01 and ***p < 0.001). 
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The search for “ordo ab chao” 

 

The “Edwin Smith Papyrus” dated back to 3000 B.C. in ancient Egypt, has the first 

written record of what we now call cancer, a term fathered by Hippocrates (460-370 

B.C.) from the Greek work “karkinos” which means crab (due to the finger-like 

projections characteristic of cancerous growth). Several cases of breast “ulcers” were 

documented, removed by cauterization, and it was remarked: “There is no 

treatment”. Where are we now? Five millenniums later, cancer continues to coexist, 

and its eradication is not on the horizon. What about its elimination? 

The first documentation of lung cancer dates back to 1761. Since then, several key 

discoveries have aided in the understanding and treatment of lung cancer [1]):  

1. The use of autopsies to relate disease with pathology (Morgani, Padua 1761),  

2. The introduction of surgery as therapeutic strategy for local cancer (Hunter, 

Scotland 1728-1793),  

3. Histological analysis of tissues of patients under the microscope (Virchow, 

Germany 19th century),  

4. Discovery of X-rays (Roentgen 1896; Nobel Prize 1901) later used for diagnosis 

and radiation treatment,  

5. Linking tobacco use as a cause for lung cancer (1950s, and Verner, London 

1620),  

6. Establishing of the TNM (primary Tumor, lymph Nodes, and Metastasis) staging 

system worldwide for cancer (1958),  

7. The use of imaging (ultrasound, computed tomography (CT), magnetic 

resonance imaging (MRI), and positron emission tomography (PET)) to 

diagnose cancer (1970s),  

8. The approval of cisplatin for NSCLC treatment (1978)  

9. Sequencing of the first human genome (Lander and Venter 2001),  

10. The approval tyrosine kinase inhibitors (gefitinib) in NSCLC (2003), 

11. The approval of anti-angiogenesis inhibitor (bevacizumab) for NSCLC (2006),  

12. The approval of immune therapy (nivolumab, pembrolizumab) for first-line 

treatment of advanced lung cancer (2015). 

These discoveries have set the basis for further research in the field of surgery, 

chemotherapeutics, cancer genetics and biological and targeted therapies, 

immunotherapy, radiotherapy, and combinatory treatments thereof.  

The Hippocratic view of cancer as an incurable disease has been modified since its 

conception. Almost five decades ago, ~50% of patients diagnosed with cancer 

survived after treatment for at least 5-years, nowadays, more than two-thirds survive 
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that long. Fortunately, part of the medical attention has been redirected to quality of 

life management of cancer survivors prolonging outcome. However, despite these 

improvements, cancer took 8.8 million deaths in 2015 worldwide, out of which 1.69 

million were due to lung cancer, the predominant cancer-related death worldwide 

(World Health Organization) and mortality is estimated to increase. There are several 

risk factors known for developing cancer: 1) Genetic (inheritable or sporadic 

mutations); 2) Behavioral/dietary (obesity, alcohol consumption and low fiber 

intake) and 3) Environmental/physical (UV, ionizing radiation), chemical 

carcinogens (tobacco, aflatoxin in polluted food, processed meat and red meat, 

arsenic in drinking water) and biological agents (e.g. bacterial, viral, or parasitic 

infections). Despite the scientific knowledge in cancer causes and biology, the 

increase in cancer survival is not proportional to the amount of treatment options 

available. This is due to two major obstacles: late diagnosis and the appearance of 

treatment resistance. 

Chest pain, dyspnea (shortness of breath), cough fatigue, sweating, pneumonia, 

hemoptysis, fever, chills, and body weight loss are all symptoms of lung cancer, 

some of which are shared with other milder diseases such as: common cold, food 

poisoning, asthma, bronchitis, and anaphylaxis, therefore misdiagnoses occur 

frequently. Over two-thirds of lung cancer patients are diagnosed at advanced stages 

(III-IV) where curative surgery is challenging due to spread throughout the lungs and 

lymph nodes or even metastases in other organs (e.g. brain, bones, liver, kidney or 

adrenal glands). Low-dose CT screening of populations at high risk of lung cancer 

occurrence could potentially increase the chance of early detection, however, it is not 

optimized yet for large-scale clinical implementation. Parameters such as precise 

definition of the high-risk population, timing and frequency, type of CT (2D versus 

3D), management of false positive cases, and cost-effectiveness, as compared to 

smoking cessation, require attention before proper assessment of its usefulness for 

clinical practice [2]. 

Therapies with curative intent at advanced stages mostly rely on chemotherapy or 

chemoradiation if performance status is not compromised, and on targeted therapies 

or immunotherapies when cancers are addicted to certain oncogene driver mutations. 

Regardless of treatment-type, the majority of cancers develop resistance to treatment 

causing relapse and tumor progression and increasing mortality. In this chaos, is it 

possible to find order (“ordo ab chao”)? Often the answer to problems lies in their 

simplification into smaller, manageable parts so, instead of looking at the big picture 

of “LUNG CANCER”, let’s break it down a NOTCH.  
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Treatment resistance and NOTCH signaling 

 

Standard first line treatment for inoperable locally advanced stage III NSCLC is 

concurrent polychemotherapy with fractionated radiation, 60Gy in 2Gy fractions [3], 

where chemotherapy usually involves a doublet where one is platinum-based [4]. 

Cisplatin and carboplatin have mechanistic similarities and a broad spectrum of 

action in a diversity of cancers. It has been suggested that cisplatin provides a 

survival advantage over carboplatin [5] but with a more pronounced toxicity profile 

including nephro-, neuro- and ototoxicity. Carboplatin on the other hand, is 

associated with significant myelotoxicity [6]. NSCLC patients treated with platinum-

based drugs often relapse because treatment becomes ineffective, and further lines 

of therapy have to be considered. Several resistance-mechanisms have been 

identified such as genetic mutations that confer a proliferative advantage, drug efflux 

systems such as ABC drug transporters, glutathione-dependent enzymes countering 

ROS, topoisomerases, O6-methylguanine-DNA methyltransferases and growth 

factors [7]. Some of the considerations taken for second-line therapy include not only 

the type of therapy, response, and toxicity of the first-line treatment, but also the 

performance status, the presence of comorbidities, gender, race, age, smoking status, 

and patient’s choice before entering further lines of therapies.  

Given the high extent of inter- and intra-patient heterogeneity in lung cancer it is 

evident that this underlies the temporal tumor regressions but ultimately relapse and 

progress. We now understand that this heterogeneity is driving the survival of 

subpopulations of tumor cells with stem cell properties -cancer stem cells- that 

underlie intrinsic and acquired resistance, and that current treatment fails to eradicate 

these tumor cells. In this thesis, we have concentrated our efforts in understanding 

how the NOTCH signaling pathway is involved in treatment resistance and how 

targeting this pathway might be a complementary therapy option. In chapter 2, we 

have reviewed the evidence pertaining to a role for NOTCH signaling in primary or 

acquired resistance to chemotherapeutics or targeted agents used in NSCLC. 

NOTCH signaling crosstalks with multiple pathways and hence, enhances tumor 

resistance in different ways such as maintaining cancer stem cells, upregulating ABC 

drug transporters, inducing epithelial-mesenchymal transition or endothelial-

mesenchymal transition, promoting hypoxia tolerance, downregulating TP53, 

upregulating PI3K/Akt, RAS or the growth factors IGFR, EGFR and VEGF. 

Upregulated NOTCH signaling occurs in ~40% of lung adenocarcinomas, 10% due 

to NOTCH1 gain of function mutations and 30% due to loss of the negative regulator 

of the NOTCH receptor, NUMB [8]. There is ample preclinical evidence for long 

lasting anti-tumor activity in lung cancer with small molecule NOTCH/γ-secretase 
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inhibitors (GSI) [9] or monoclonal antibodies against NOTCH receptors or DLL4 

ligands in combination with diverse chemotherapy, radiotherapy and targeted drugs. 

Our work has demonstrated that NOTCH signaling also promotes resistance to 

radiation therapy [10] and that GSI are effective in combination treatments with 

chemotherapy and radiotherapy [11] (chapter 6). 

Active NOTCH signaling has been linked in different cancers to poor prognosis but 

also to resistance towards a broad range of chemotherapeutics including cisplatin 

[12], docetaxel [13], gefitinib [14], anti-HER2 (human epidermal growth factor 

receptor 2) [15], anti-estrogens [16], dasatinib [17], temozolomide [11], doxorubicin 

and melphalan [18]. Therefore, targeting NOTCH could be a promising strategy not 

only for lung cancer but also for other types of cancer. In chapter 3, we developed 

2D and 3D cell models to identify novel treatment combinations of chemotherapy, 

radiation therapy and a NOTCH inhibitor for non-squamous non-small cell lung 

cancer. We observed that for most of the tested compounds, addition of the pan-

NOTCH GSI (BMS-906024) to clinically relevant concentrations of chemotherapy 

or chemoradiation regimens resulted in a synergistically enhanced 3D tumor 

spheroid specific growth delay. To our knowledge, there have been no further studies 

with these triplets. Our studies however, assess long-term survival after multiple 

populations doublings using concentrations of chemotherapeutics that are achievable 

in patients. 

 

The era of personalized medicine 

 

Personalized medicine is not a pioneer concept, Hippocrates already stated in his 

time: “It is far more important to know what person the disease has than what disease 

the person has”. However, it wasn’t until the sequencing of the hu 

man genome in 2001 [19, 20] that the possibility of implementing it became a reality. 

The birth of personalized medicine began in 2005 (and has thrived since then) with 

the generation of the “Omics” data [21] such as genomics [22], transcriptomics [23], 

proteomics [24, 25], metabolomics [26], epigenomics [27, 28] and radiomics [29]. 

Also, molecular and tumor hypoxia imaging using PET/CT, HX4, and MRI has 

contributed to improved diagnosis, patient selection and treatment monitoring [30-

32]. Nowadays, tumor biopsies can be sequenced in order to detect genes that could 

be causing oncogene addiction in cancer and/or could be implicated in resistance 

mechanisms such as mini real-time PCR tests for KRAS genotyping, dichotomous 

immunohistochemical stain and Fluorescence in situ hybridization for ALK 

rearrangement detection, non-invasive imaging such as tumor hypoxia PET imaging 

to apply radiation dose painting strategies [33], and the analysis of cell-free 
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circulating tumoral DNA in liquid biopsies for EGFR /KRAS mutations. However, 

clinical application of these diagnostic tests remains challenging and should be 

referred to in the ESMO (European Society of Medical Oncology) guidelines [34]. 

To date, there are no tests clinically implemented for NOTCH signaling however, in 

chapter 2 we comment on the possibility of screening NOTCH pathway target genes 

in the blood and the hair follicles and in chapter 4 we suggest a potential biomarker 

found in serum for NOTCH activity (e.g. thymic stromal lymphopoietin, TSLP), 

although further validation is required.  

In combination with improved sequencing techniques, WHO has performed a 

meticulous histology-based classification of lung cancer into over 70 different 

subtypes [35]. How does this improve our current understanding resistance to 

therapy? In chapter 2 we have discussed that genome profiles between lung 

adenocarcinomas and squamous cell carcinomas vary not only based on the mutation 

types but also in the frequency of the known mutations. This explains why different 

cancer subtypes are not equally responsive to the same therapy. For example, 

(chapter 2), comparing NSCLC patients with EGFR mutations, lung adenocarcinoma 

patients are more likely to benefit from EGFR-TKI therapy than squamous cell 

carcinoma in terms of objective response rates, overall survival, and progression-free 

survival [36],[37, 38]. Moreover, the brochioloalveolar subtype is the most likely to 

benefit from gefitinib treatment than the adenocarcinoma subtype [39]. Squamous 

cell carcinoma patients, in contrast to adenocarcinoma patients, have similar 

responses to both types treatment combinations, and could benefit more from a 

cisplatin plus etoposide treatment than a four-drug combination (cyclophosphamide, 

adriamycin, methotrexate, procarbazine)[40]. Large cell neuroendocrine carcinomas 

and small cell lung carcinomas have similar biological behaviors and respond 

similarly to some treatments: irinotecan, platinum, and taxanes, which are more 

effective than pemetrexed [41-43]. 

With genome sequencing, the treatment landscape of lung cancer patients is changing 

from systemic therapies using chemotherapy and radiotherapy to subtype specific 

mutation analysis for targeted therapeutics, although this strategy is similarly 

challenging due to the appearance of therapeutic resistance. For example, the 

tyrosine kinase inhibitor gefitinib, was initially FDA-approved in 2003 for the 

treatment of non-small cell carcinomas but was stopped again in 2005 due to lack of 

clinical activity in the setting for which it was approved [44]. Gefitinib approval was 

regained in 2009 when clinical activity was demonstrated after stratification of 

patients according to EGFR mutation status [45]. However, cancers became resistant 

to EGFR tyrosine kinase inhibitors by acquiring the T790M mutation (in the gefitinib 

binding pocket of EGFR) fueling 2nd and 3rd generation inhibitors with improved 
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response rates leading to approval of Osimertinib [46]. Recently, resistance against 

Osimertinib has been observed as well (C797S mutation) [47] emphasizing that 

tumor evolution is a continuous process and that treatments imposes a selection 

pressure for the development of resistant subclones. Recent studies have postulated 

(as discussed in chapter 2) that “cancer mutation signatures” are more predictive for 

treatment response than single mutation status [48] and other groups have reported 

that they are predictive of prognosis [49]. This brings us back the essence of cancer 

development: the multistep acquisition of mutations in gene pathways, 

encompassing the hallmarks of cancers, driving the adenoma-carcinoma sequence 

leading to invasive metastatic cancer [50]. Cancer genome sequencing has confirmed 

that human tumors are under continuous selection pressure and that multiple 

independent ‘clones’ arise and survive following linear and branched evolution 

models [51]. 

 

Improvement of preclinical models 

 

In order to test the combinations of therapies that improve the survival rate of 

patients, it is essential to have physiologically relevant, controlled, unbiased models 

in which to test such therapies. Such models undeniably are humans. Because it is 

unethical to test drugs indiscriminately on humans of which we know nothing of, we 

should reach a compromise in less optimal models prior for human studies. There 

are several models that can aid in the matter, some of which are the following: 

 

❖ 2D monolayer assays with tumor cell lines 

 

Cytotoxicity assays in cells growing in monolayer are fast and can be used for high-

throughput screening of compounds and have permitted great insight into the tumor 

metabolism and biology. However, this model fails to mimic the complexity and 

heterogeneity of clinical tumors, the organization and architecture, areas of limited-

oxygen diffusion, cell-cell interactions, and the interaction with the tumor 

microenvironment and the immune system.  

Using 2D models, we showed in chapter 3 that different non-squamous NSCLC cell 

lines have different responses to chemotherapeutics with/without radiation treatment. 

Screens in H1299 and H460 suggest that 21% versus 5% were synergistic, and 17% 

versus 11% were additive chemoradiation interactions, respectively. Etoposide, 

pemetrexed, and docetaxel were enhanced synergistically, whereas the small 

molecule ALK inhibitor crizotinib was enhanced additively by RT in the H1299. In 
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the H460, results suggest that crizotinib and etoposide interacted synergistically, 

whereas pemetrexed and docetaxel interacted non-synergistically with RT. 

Additionally, the effect of carboplatin, and paclitaxel, was only effective in H1299. 

Interestingly, some of the therapeutics found to be enhanced in both cell lines in 

response to chemoradiation are currently not part of standard of care for lung cancer 

in Europe such as irinotecan, mitotane and dasatinib. Irinotecan, however, has shown 

in Japanese lung cancer patients an increase in survival rates in combination with 

cisplatin compared to standard etoposide/cisplatin treatments [52]. Further studies 

are needed to determine potential benefits/toxicities of these combination treatments. 

Additionally, in chapter 3 and chapter 6 we showed that addition of NOTCH 

inhibition to chemoradiation (with paclitaxel for lung cancer and temozolomide for 

glioblastoma) attenuates proliferation and reduces clonogenic survival. Additionally, 

in chapter 6 we found that the glioma stem cell markers CD133, SOX2 and Nestin 

were reduced in the triple combination treatments and reduced tumor growth in vivo.  

 

❖ 3D spheroid multicellular assays 

 

3D models have been shown to better recapitulate tumor physiology in terms of 

oxygen, nutrients and metabolite gradients reflecting heterogeneity in cell 

proliferation and cell death, cell-cell interactions and sensitivity to radiation and 

chemotherapy [53]. In chapter 3, we showed that H1299 specific spheroid growth 

delay (SSGD) for cisplatin, etoposide, and crizotinib increased significantly (p<0.05) 

after the addition of the NOTCH inhibitor (BMS-906024) and for cisplatin, 

etoposide, paclitaxel, docetaxel, and crizotinib in combination with radiation and 

BMS-906024. Synergistic interactions (p<0.05) were observed between BMS-

906024 and chemoradiation (cisplatin, paclitaxel, docetaxel, and crizotinib). Similar 

results were observed for H460 spheroids using paclitaxel or crizotinib in triple 

therapy versus chemoradiation, and for crizotinib plus BMS-906024 versus 

crizotinib. In chapter 6, we additionally showed that in U87 glioblastoma 3D 

multicellular spheroid growth was delayed when the NOTCH inhibitor RO492909 

was added to temozolomide plus radiation. This sensitivity to radiation was related 

to a reduction in the CD133-expressing glioma stem cells that have been implicated 

in treatment resistance. 
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❖ In vivo models in rodents 

 

Rodent models permit easy handling (small size), and statistical power (greater 

numbers). Rodents are inexpensive to maintain, they reproduce fast and have large 

litters, and can be genetically manipulated. They have been proven useful in cancer 

gene discovery, therapeutics, in vivo imaging, and biomarker discovery. However, 

there are limitations as well, including specie-specific differences therefore, rodents 

are not always able to mimic human disease syndromes and cancer predisposition 

phenotypes. Mice have differences in drug penetration and metabolism compared to 

humans, thus changing drug pharmacokinetics and dynamics. The mouse diverges in 

size, life span, organ morphology and physiology, to humans. Telomerase enzyme is 

active in mice whereas it is minimally active in human adults, therefore mice cells 

transform and immortalize faster than human cells. Mice tumors require less genetic 

alterations than humans which occur mainly in germ line or a big proportion of 

somatic cells while in humans, the first are rare, and the second are sporadic. Mouse 

tumors are also less heterogeneous than human tumors, and have differences in drug 

affinity and metabolism which may affect responses, hampering identification of the 

most suited drugs for patients [54]. In order to avoid, at least partly, these limitations, 

human tumors can be grown in vivo using immune-compromised mice. There are 

still several options of models depending on the aim of the study [55]. 

 

❖ Ectopic subcutaneous xenograft immune compromised models  

 

Tumor cells are injected subcutaneously in the hindleg of mice. This model is 

standard in oncology drug testing studies since tumor volume and growth can easily 

be measured over time, radiation can be delivered to the tumor only by using a lead 

shield to avoid major toxicities to other organs. It is a model easy to work with, 

reproducible, and since tumor volumes may reach up to 2 cm3, the dynamics of tumor 

hypoxia can be studied over time. However, because mice are immune compromised, 

tumor interactions with the immune system are lacking. Moreover, because tumors 

develop in a non-native environment, tumor host tissue interaction in the hindleg are 

different that the interactions in the tissue from which the tumor originated. Also, 

mouse and human growth factor signaling and ECM may differ and therefore human 

tumors may respond differently in the mouse than in man.  

With this model, we showed in chapter 4 that NSCLC H460-NOTCHHigh tumor 

model (H460 overexpressing an oncogenic form of NOTCH1) is more sensitive than 

the H460 wildtype model to cisplatin treatment and may benefit in terms of specific 

growth delay (SGD) and survival, as opposed to the H460 wt model, by the 
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combination with GSI. We also report, in line with our previous work, that NOTCH 

expressing tumors are more resistant to radiotherapy than wildtype tumors, despite 

selecting an RT dose that rendered a considerably strong effect (in terms of SGD) as 

monotherapy. In line with our previous publication, H460-NOTCHHigh tumors grew 

faster than wildtype tumors. Previously, we reported that H460-NOTCHHigh tumors 

were more hypoxic than wildtype controls explaining why they were more resistant 

to RT, and further analysis of these tumors revealed that there was additionally an 

increase in vessel density, although the number of vessels and the vessel perfusion 

didn’t change significantly between models, indicative that the increase in vessel 

density was probable due to non-functional vasculature, explaining the increase in 

hypoxia (data not shown).  In this study, the addition of GSI in specific scheduling 

regimens improved GSI monotherapy regimens rendering 2 cures as opposed to no 

cures in monotherapy in H460-NOTCHHigh model. We demonstrate that NOTCH 

activity expression levels have an important role in tumor growth and sensitivity to 

treatment and that blocking it in combination with cisplatin or RT are promising 

interventions with adequate dosing and scheduling. Follow-up studies combining the 

three therapies remain to elucidate a potential increase in therapeutic benefit.  

 

❖ Orthotopic xenograft immune compromised models  

 

In these models, tumors are implanted in the original location from which they were 

derived, in immune-compromised mice (chapter 5 and 6). This model requires 

expertise to attain reproducibility and tumor growth monitoring is dependent on non-

invasive imaging techniques: computed tomography, magnetic resonance imaging or 

bioluminescence (using genetically modified tumor cells that express firefly 

luciferase). These tumors are more alike in progression to humans, and invasive 

capacity of tumors can be studied [55]. In chapter 5, we established a surgical 

procedure with 100% survival post-surgery rates, that enables tumor implantation in 

the right lung of mice in 60-70% of the mice. H1299 tumors that grow from this 

location can be monitored over time using dedicated small animal non-invasive 

imaging modalities such as bioluminescence imaging (BLI) and cone beam micro-

CT (CBCT). We show that bioluminescent signals of different wavelengths (with 

different tissue penetrance depths) can be acquired and relative quantification can be 

used in the future to generate accurate spatial tumor maps. We demonstrated proof 

of concept using dedicated SmART-Plan software in designing radiation plans for 

these orthotopic tumors illustrating the effect of different collimators and tumor 

volume, on the use of tumor margins and of static versus arc beams on dose-volume 

histograms, tumor coverage and calculated mean doses of RT to the organs at risk. 
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In chapter 6, we showed using an image-guided micro-CT and precision 

radiotherapy platform that a combination of the clinically approved NOTCH/γ-

secretase inhibitor (GSI) RO4929097 with standard of care (TMZ + RT) reduces 

tumor growth and prolongs survival compared to dual combinations. We previously 

demonstrated that BLI can be used to accurately predict tumor volume in GBM and 

in the future, could better complement CT for longitudinal imaging and perhaps 

treatment planning, but of course, this requires tumor cells with genetically encoded 

luciferase reporters which may not always be possible or desired. 

 

❖ Metastatic models  

 

These models can be obtained by injection of tumor cells via tail vein, orthotopic 

implantation of tumors with invasive abilities or followed by excision of the primary 

tumor and follow-up of potential metastasis. In chapter 5 we showed that the A549 

and H460 models injected orthotopically as cell suspensions are invasive and could 

be suited for therapeutic testing of late stages of lung cancer where the tumor has 

colonized the chest and nearby organs. We did however not focus on these models 

further. 

 

❖ Humanized mouse models  

 

The engraftment of human hematopoietic stem cells in IL2rynull mice induces a 

humanized immune response in mice that is suitable for immunotherapy studies of 

human tumors [56].  

 

❖ Other models  

 

There are of course many other models, such as genetically engineered mouse 

models to model human disease, syngeneic mouse models (e.g. Lewis lung 

carcinoma) whereby immortalized mouse cancer cells are engrafted into the same 

inbred immunocompetent mouse strain thus preventing tumor rejection and enabling 

immunotherapy studies, or spontaneous tumor models where tumors arise in the 

appropriate tissue environment in a host conditioned by the physiological events of 

tumorigenesis and progression in immune-proficient mice. Each model has its pros 

and cons and are best suited to answer different biological questions.  
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Is a NSCLC cure feasible with NOTCH inhibition therapy? 

 

Our results in glioblastoma and in lung cancer models presented in this thesis 

illustrate that there is potential for combination treatments   including NOTCH/γ-

secretase inhibitors. However, as we discuss in chapter 2, the current interventional 

setting to test NOTCH inhibition in clinical trials is sub-optimal. Lung cancer is a 

complex heterogeneous disease that is likely to benefit from individualized treatment 

planning. In order to obtain definitive evidence of the therapeutic efficacy of 

NOTCH/γ-secretase therapeutics the following is important: 

1. Acknowledging interpatient, intratumor and inter-/intrametastatic heterogeneity 

2. Treating patients based on histological subtype and genomic signature 

3. Patient stratification based on NOTCH signaling expression 

4. Optimal selection of scheduling and dosing to minimize toxicity 

5. Considering combining NOTCH inhibition with glucocorticoid treatment to 

overcome adverse gastrointestinal toxicity due to on-target NOTCH inhibition 

(see chapter 2) 

6. Using treatment combinations of therapies that interact synergistically 

7. Developing prognostic and predictive biomarkers for NOTCH interventions  

8. Develop companion biomarkers to enable therapeutic modulation 

9. Development and clinical validation of selective NOTCH inhibitors vs GSI 

10. Avoiding the use of NOTCH inhibitors that cross the blood-brain barrier for 

extracranial tumors to prevent potential toxicities 

Despite the fact that only a minority of non-squamous NSCLC have expression and 

or mutation of NOTCH pathway, aberrant NOTCH signaling upregulation correlates 

with poor outcome. With our understanding of tumor heterogeneity and cancer stem 

cells, and the demonstrated role of NOTCH in these cells, the impact of NOTCH 

therapeutics may be broader than what is predicted by whole genome analysis. Single 

cell gene expression analysis of bulk and tumor stem cells may uncover that NOTCH 

signaling is active in those subpopulations that are most difficult to eradicate by 

treatment and responsible for recurrence.  

Regardless, who decides who we fight for? Any one person is meritorious of our 

efforts. Who knows? The next person could be you or me.   
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In this thesis, we have investigated the potential of NOTCH signaling as a therapeutic 

target in non-squamous NSCLC and GBM. We developed novel in vitro and in vivo 

models to investigate whether NOTCH inhibition using small molecule inhibitors 

(GSI) when used in combination with standard of care conventional treatment with 

chemotherapy and radiotherapy improves treatment response.  

 

Chapter 2 provides a review on the role of NOTCH signaling in the intrinsic and 

acquired treatment resistance observed in NSCLC. We discuss how the NOTCH 

signaling pathway is associated with intrinsic mechanism of tumor resistance 

including its role in: cancer stem cells, ABC drug transporters, epithelial-

mesenchymal transition, hypoxia, and crosstalk with other oncogenic pathways such 

as with TP53, growth factor signaling (e.g. EGFR) tumor angiogenesis (e.g. VEGF) 

and the DNA damage response (ATM). We conclude that NOTCH-based therapeutic 

regimens in combination with radiation, and chemotherapy/targeted therapy is a 

promising strategy to further explore in NSCLC.  

 

In Chapter 3, we developed in vitro in 2D and 3D semi-high throughput drug testing 

assays to investigate whether NOTCH inhibition enhanced the anti-tumor effect of 

chemo- and chemoradiation treatments. We screened 101 FDA approved 

chemotherapeutics from the NCI library combined with RT and focused on those 

chemotherapies commonly used as part of first line treatment in NSCLC. Synergistic 

interactions (p<0.05) were observed between the clinical GSI BMS-906024 and 

chemoradiation (using cisplatin, paclitaxel, docetaxel, and crizotinib). Several 

combinations treatments were identified were NOTCH blockade enhanced the 

cytotoxic and RT effect of these treatments.  

 

In Chapter 4, we describe the development of an in vivo NSCLC tumor xenograft 

model to test the effect of these single and combined treatments on tumor growth. 

We identified drug doses of GSI and cisplatin that were effective in tumor growth 

inhibition but non-toxic. We combined GSI and cisplatin or GSI and RT in tumors 

with high oncogenic NOTCH activity and those with wildtype NOTCH signaling. 

Remarkably, we found that H460-NOTCHHigh tumors are more sensitive than the 

H460 wildtype model to cisplatin treatment. In tumors with high NOTCH activity 

we observed increased vessel density, however these vessels appeared non-

functional. H460-NOTCHHigh tumors are more resistant to radiotherapy than H460 

wildtype tumors and specific scheduling of GSI with respect to RT resulted in tumor 

cures for both tumor models.  
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In Chapter 5, the development of an orthotopic NSCLC preclinical model in mice 

is described. We tested several models and found that H1299 NSCLC most 

reproducibly produced tumors as a single localized nodule in the lung. We compared 

two non-invasive imaging modalities; dual wavelength BLI and dual energy CBCT 

and found that they correlated. Using these models, we illustrate the effect of 

different tumor volume-based radiation treatment plan set-ups that can be delivered 

employing an image-guided, high precision small animal irradiator taking into 

account tumor margins, radiation dose-volume histogram parameters to both the 

internal and planned target volume and organs at risk (lung, heart, spinal cord). 

 

In Chapter 6, we investigated the efficacy of NOTCH inhibitors on glioma tumor 

growth and tumor resistance in vitro and in vivo. Using primary and established 

glioma cell lines and 3D spheroid models we demonstrate that NOTCH signaling 

was active but that NOTCH inhibition alone was insufficient to block tumor cell 

survival. Next, we combined clinically approved NOTCH/γ-secretase inhibitor with 

the standard of care treatment for glioblastoma: concurrent alkylating chemotherapy 

with temozolomide and radiotherapy. We also tested these combination treatments 

in an intracranial model from GBM using U87 cells and tested NOTCH inhibitors 

alone or in combination with standard of care treatment and monitored tumor growth 

response using non-invasive imaging. We found that similar to our results in vitro, 

NOTCH inhibition alone did not significantly block tumor growth but that when 

combined with temozolomide, radiotherapy or both, it significantly prolonged 

survival. In vitro and in vivo NOTCH inhibition blocked the survival of treatment 

resistant CD133 cancer stem cells.  

 

Finally, Chapter 7 summarizes the findings of this thesis and comments on the future 

challenges and opportunities for NOTCH-based interventions in cancer.  
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Clinical relevance 

 

Cancer and cardiovascular diseases are the foremost causes of death worldwide. 

According to the 2018 report from the American Cancer Society, the 5-year relative 

survival rate for the combination of all cancers is 70 versus 63% in white and black 

races, respectively. Specifically for lung cancer, the 5-year survival rate is 18% and 

it can go up to 56% if it is localized, although only 16% of lung cancers are diagnosed 

at an early stage. For glioblastoma multiforme on the other hand, about 5% survive 

over 5-years but most patients will survive only for a year. Standard first-line 

treatment for glioblastoma has been clearly defined since 2005 as a combination of 

radiotherapy and temozolomide treatment, however, there is still controversy on 

further lines of treatment. There is a myriad of treatments available to treat cancer, 

some of which are efficient in initially reducing tumor burden, however, this positive 

outcome is not always long-lasting and within a few years the cancer recurs. It is this 

population of resistant cancer stem cells that we have aimed to tackle in this thesis 

by trying to prolong the effects of current standard of care (chemoradiation) 

combining it with a resistant cancer stem cell targeting agent: a NOTCH inhibitor.  

Monotherapy treatments with NOTCH inhibitors have not been successful in clinical 

trials and many have been halted. However, this effect should have been expected 

since NOTCH inhibitors only target a small percentage of cells from the bulk of the 

tumor, and its effects are likely to be potentiated when in combination with therapies 

that target a characteristic of all cancer cells such as uncontrolled cell division. 

Evidence of the latter can be seen in this thesis in preclinical studies both in non-

small cell lung cancer (NSCLC) and glioblastoma (GBM). One of the mayor 

challenges of NOTCH-based inhibition therapy is gastrointestinal adverse effects, 

resulting in the induction of diarrhea, due to the requirement of NOTCH protein in 

normal tissues. Nevertheless, in this thesis we have shown that intermittent 

scheduling, reduced dosing, and its combination with other therapies with which it 

synergistically interacts, greatly improves tolerability. We are not pioneers in 

showing that intermittent dosing reduces the side effects of NOTCH inhibitors. Other 

groups have also shown that using inhibitors that target a single or two NOTCH 

receptors different from NOTCH1, also reduces toxicity. In this study, we show that 

using a NOTCH inhibitor (BMS906024) that targets potently and equally all 

NOTCH receptors, at a low dose and with an intermittent schedule, is tolerable. The 

use of pan-NOTCH inhibitors would avoid pre-screening of tumors for the specific 

NOTCH receptor that is overexpressed, and a general NOTCH activity screen would 

be sufficient. In hematological tumors, the use of glucocorticoids in combination the 

NOTCH inhibition treatment, attenuates the adverse effects upon the gastrointestinal 
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tract. Recently, there have been reports of nanoparticles with glucose moieties loaded 

with γ-secretase inhibitors, that are internalized by breast cancer cells and stem cells 

in preclinical studies, where the uptake is correlated with the glycolytic profile of the 

cells and can efficiently reduce the cancer stem cell population within the tumor 

(Mamaeva, V et al. Molec Ther 2016; doi: 10.1038/mt.2016.42). These targeted-

delivery strategies could help minimize the adverse effects upon normal tissues.  

  

Societal relevance 

 

Doctors and scientists are continuously on the lookout for new ways to improve 

treatment, may it be through the accidental discovery of new drugs due to explosions 

or leaks into the environment; testing of plant, fungi, or animals; comparing the 

biology of cancer versus healthy cells; or by in silico simulation of the interaction 

between the potential new drug with its target. These new drugs are then tested first 

in vitro and later in vivo in two or more animal species, a process that will take ~3-4 

years, to evaluate whether the drugs do what they were designed for, and the potential 

side effects they may have, thus aiding in translation to human clinical trials. In 

clinical trials, doctors will collect information from 20-80 volunteers for ~1 year, on 

the dose at which the drug is effective, how it is metabolized, absorbed, distributed, 

excreted, and at which dose side effects are developed (phase I). In phase II clinical 

trials, minimum and maximum doses are identified in 100-300 volunteers for the 

following ~2 years, to assess the drug’s effectiveness for a specific cancer. In phase 

III clinical trials, it will be assessed how well the new drug works compared to 

standard treatment and the potential adverse effects it may have in 1000-3000 

volunteers for ~3 years. At this stage, the Food and Drug Administration (FDA) will 

review the data available for the drug (~2-3 years) and if the drug is effective, safe, 

and works better that standard of care, the FDA will grant approval for marketing. 

However, there is a last phase (phase IV) where long-term effects of the drug are 

assessed over the course of the years. This means that from the time that he drug is 

discovered until it is up in the pharmaceutical shelves where it is sold, it takes ~12-

14 years and a considerable amount of medical, scientific, and economical (in the 

order of billions of dollars) resources together with a substantial quantity of patient 

volunteers. Despite careful designing and preclinical efforts, only about 5/5000 drugs 

proceed to clinical trials, and 1/5 of the drugs that do proceed, actually make it to the 

market (www.medicinenet.com).  

The cost of health care for cancer patients is increasing not only due to inflation but 

also due to an increment in the number of procedures, cases, and the ageing of the 

population. Because cancer therapies, especially those involving stem cell 
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transplantations and palliative chemotherapy in NSCLC for example, are resource 

intensive, investors in cancer research (such as pharmaceutical companies and 

individuals who donate to the cause), and cancer patients who pay for the treatment, 

want to see the benefit of additional procedures and drugs, thus placing constraints 

on the expenditures. There is therefore a great need to improve decision-making to 

improve cost-effectiveness of tested treatments, and suggested treatments must show 

benefit versus current standard of care treatments. To meet this end, in this thesis we 

have suggested to use a new triplet combination consisting of standard of care 

treatment modalities (chemotherapeutic/targeted agents and radiation), from which 

the dose that is effective to reduce tumor burden with minimal side effects is known, 

with a small molecule inhibitor against γ-secretase thus preventing NOTCH protein 

activation. Despite the great availability of different efficient NOTCH inhibitors, 

there are none that are FDA-approved. However, several inhibitors have been tested 

in human clinical trials and side effects are known. This prior information would 

greatly facilitate further designing and development of clinical trials, reducing costs, 

and speedy implementation in the clinic in case of superior outcome to that of 

standard of care. There is a plethora of treatment options that are efficacious for the 

target they were designed for, however, due to a suboptimal clinical trial design, the 

complete efficacy of the drug upon the tumor burden has not been accurately 

evaluated. A clear example of this are the NOTCH inhibitors, which have not been 

successful in reducing significantly tumor burden when delivered as a monotherapy 

on an unstratified patient population. Our study gives evidence that when NOTCH 

inhibition treatment is delivered in NOTCH-expressing NSCLC or GBM 

multicellular spheroids in vitro, and in ectopic xenografts in vivo, both NSCLC and 

GBM growth is delayed, an effect that is further potentiated in combination with 

chemoradiation. Further studies are needed to substantiate our findings, but the 

results so far are encouraging. Moreover, it is imperative to identify companion 

biomarkers to assess, prospectively, the efficacy and or toxicity of the drug over the 

course of the treatment, enabling therapeutic regimen redesigning if need be. Here 

we suggest the use of TLSP as a potential companion biomarker, and although its 

validation still needs some more time and resources, money in the discovery of 

companion biomarkers would be well spent since they can aid tremendously in 

therapeutic assessment, and potentially reduce the amount of trials needed. 

 

Innovation 

 

The concept of combining chemotherapy or radiation with NOTCH inhibitors is not 

new, there are several ongoing clinical studies in different cancer types, 
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hematological and solid tumors including lung, breast, pancreas, colorectal, and 

brain cancers. However, what is novel is the triple combination of chemoradiation 

with NOTCH inhibitors, which is what we propose in both NSCLC and GBM 

models.  

In order to obtain optimal clinical translation, the most physiologically relevant 

models and clinically sound treatment options must be incorporated in preclinical 

studies. Our lab has invested a great amount of resources in obtaining more reliable 

models. The use of 3D cancer spheroid models to test the efficiency of treatment 

combinations in long-term in vitro is slowly starting to supersede the more common 

2D assays which monitor efficacy in short-term assays. In vivo, the use of orthotopic 

models and the application of treatment planning software (SmART-Plan) to 

precisely deliver image-guided radiotherapy using cone beams that can go as low as 

1-mm in precision, are novel models and technologies that more closely mimic the 

clinical setting compared to the ectopic xenografts models which are more widely 

used.  

 

Market Opportunities 

 

Current standard of care treatments for both advanced stage NSCLC and first line 

treatment for GBM, both consisting in a combination of chemotherapeutics/targeted 

agents and radiation, are giving rise to tumor recurrence. Therefore, there is a need 

to carefully and thoughtfully design treatment strategies for such patients to improve 

prognosis and prolong survival. In this thesis we have shown evidence that NOTCH-

based treatments are promising in such a respect even though there are still further 

preclinical studies to be addressed before considering progression into clinical trials 

such as addressing the effect of the triple combination (chemoradiation and NOTCH 

inhibition) in orthotopic models for NSCLC, and assessing the effect of the triple 

combination in immune proficient mice for both models. The observation that the 

triple therapy (chemoradiation and NOTCH inhibition) was more effective than 

chemoradiation for several chemotherapeutic agents and targeted agents in NSCLC 

and in GBM, is suggestive that other cancers with active NOTCH signaling may 

benefit of such treatments as well.  

NOTCH activating mutations occur in ~50% of T-ALL tumors, however in solid 

tumors the mutation rate is much lower. In this thesis we have shown that although 

tumors with NOTCH overexpression are more responsive to NOTCH inhibition 

therapy, NSCLC tumors with wildtype levels of NOTCH signaling activation, also 

show significant tumor growth delay with respect to placebo. This suggests that a 

greater patient population could benefit from the proposed regimen approach.  
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In conclusion, if patients that are susceptible to NOTCH inhibition therapy are 

recognized, companion biomarkers are identified, and the effect of the immune 

system potentiates, or at least is not detrimental, for the treatment strategy here 

proposed, it is highly likely that hematological and solid tumors receiving 

chemotherapeutic, targeted agent and/or radiation treatment will benefit from the 

addition of NOTCH-based therapies to prolong survival in cancer patients. 
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   First and foremost, I am grateful to my family, 

especially to my mom Conchita, and to my 

belated dad Manolo who recently lost the 

battle to duodenal cancer. They both not 

only paid and granted a trilingual (Spanish, 

English, and French) education, but they 

never faltered in believing in my potential 

to become a successful and good-hearted 

individual. My parents, grandparents, aunts, 

uncles and cousins gave me 

the courage to fight in the face of adversity, to 

stand up after a fall, and to strive to be a 

loving, honest, respectful, and forgiving 

person. As the roman poet Virgil once said: 

“love conquers all”. Their unconditional 

love, support, and motivation have helped 

me overcome the obstacles that life has 

thrown my way and have sculptured me into 

the woman I am today.  

 

I remember the day I decided to become a research scientist. I was in high school 

and a young man came to our class to offer us career advice and try to convince us 

to enroll in the University of Valencia in Spain. I remember I was torn between 

humanities and sciences, and my career interests were very broad. I wanted to be a 

doctor, a lawyer, a teacher, an interpreter for the United Nations, a psychologist…I 

wanted to do charity work for Amnesty International, Doctors without Borders, join 

Greenpeace… I soon realized that the coincidental root of these career choices was 

that I wanted to help those in need. The young career advisor started to talk about 

how the University of Valencia was a pioneer in Spain in introducing Biotechnology 

as a degree, a degree that would enable us to become research scientists. Research 

scientists specialized in the medical field could help understand the biology of 

diseases to ultimately improve treatment regimens for patients. I immediately felt the 

connection with the career so I completed my Biotechnology degree and my Master 

degree in Biomedicine, both in Catalonia, Spain. I spent my summer holidays during 

my degree doing research internships not only in Catalonia, but also in Taiwan and 

the Czech Republic. I felt like fish in the water in the lab. I enjoyed not only learning 

to work with bacteria, yeast, zebrafish, and human samples to better understand the 

complexity of signaling pathways, the process of senescence, breast cancer biology, 
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and the potential implications of microRNA in human disorders and therapeutics; 

but also, in collaborating as a unified team: from technicians, to PhD students, to 

eminent professors; with people from different ethnicities, cultures, religions, 

personalities, and specialized in diverse disciplines. We often hail individuals that 

have striven for and accomplished success, however we sometimes neglect to 

acknowledge that scientific triumphs come through collaboration. This is why my 

second acknowledgment goes to that young male career advisor who gave me 

direction and focus, and to all my teachers, from kindergarten to Master’s degree, 

who instilled the passion for science, the eagerness to learn, the logic in thinking, the 

importance of sportsmanship in competition, and the joys of team work. 

The process of application to funded PhD research positions in oncology took several 

months. Several self-financed offers were granted in Spain and in the United 

Kingdom (UK) in oncology, and a fellowship was offered for a PhD position to work 

in malaria in the UK. Having lost my emotionally-closest grandpa Benigno Iglesias 

to colorectal cancer when I was 11, and several close family friends to other cancers, 

I knew my research calling lied in oncology. During my wait, I gained further 

experience volunteering in the elementary school were my mom worked in, as her 

teacher assistant, and in her holidays we both hiked the trail of the “Tour of Mont 

Blanc” which started in Chamonix (France), crossed Switzerland, and ended in Italy. 

It was on the last day of the tour, already in Italy, when hiking was impeded by a 

heavy snow storm, that my patience was rewarded: I read a letter from Mrs. Carla 

Moonen, secretary to my soon-to-be boss, guide, and mentor Professor Marc Vooijs, 

scheduling an interview for a PhD position in lung cancer. After passing through the 

skype call interview phase, our first meeting in person was the day before my official 

interview, when I also had the pleasure of meeting Mascha Vooijs, Professor Marc 

Vooijs’ wife, and they both gave me directions to Universiteitssingel 50, where my 

interview would be held the next day. Professor Marc Vooijs’ official call of 

acceptance came some days later and brought tears of joy to my eyes, because I had 

finally accomplished my goal. On this day, my PhD path started under his 

supervision, and it is to him, and to the grant received from Worldwide Cancer 

Research, that I owe a great big “THANK YOU!” for the financial support to fulfill 

this opportunity. In addition, to Bristol-Myers Squibb for granting us the NOTCH 

inhibitor BMS906024 for free to test in our lab, to the University of Maastricht and 

all its workers, especially Professor Frans Ramaekers and Dr Ton Hopman for 

monitoring my PhD progress and personal well-being, and to Patrick Janssen and his 

secretary Martine Berghof, for their assistance in arranging the documents for me to 

become an UM-medeworker, and for their welcoming nature.  
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Firstly, I am extremely grateful to my PhD promotor, Professor Marc Vooijs, head 

of MaastRO Lab, who believed in my potential from the start, 
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knowledge with scientific articles, spoke his mind 

directly, taught me to be scientifically critical, provided 

me with resources and connections to make me fruitful in 

science, instigated me to join scientific conferences to 

present my work, gave me freedom to investigate and to 

become independent at work, and was patient with me when 

my father died on my last year of PhD.  

 

Secondly, I am very grateful to my co-promoters, Assistant Professor Jan Theys and 

Associate Professor Ludwig Dubois. They were not only my daily supervisors at 

work and believed in my potential as a researcher, but they also cared for me to have 

a balanced life outside of work, making sure I took care of myself, did other 

activities, and didn’t overwork.  

 

Jan, you were like a daddy lion who protected me, and our 

work, whenever it was criticized in meetings. Thanks to 

your care when I came to the Netherlands by helping me 

check out my would-be apartment in the city center, and 

to the Western Union worker who advised me against 

transferring money for an apartment before seeing it, I 

was not scammed when I arrived to the Netherlands. Jan, 

you were always there to give me a positive outlook on our 

data, which was a great balance for me since I am already quite 

auto-critical. Despite our initial challenges, I really value your input as a supervisor, 
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a concrete direction. Jan, you were a great model of written and oral communicator 

given that you certainly have that proverbial gift of gab.  
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Ludwig, you were my “go-to” mentor at whichever day, 
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schedule, to hear me out, solve my doubts, to help me 

irradiate mice late at night, and gave me advice on animal 

experiments and statistics. You were always diligent in 
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with your criticism, which helped me become a better 
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Thank you both for all your support and concern for my well-being during my 
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To Prof Dr. Dirk De Ruysscher, thank you for the one-to-

one meetings giving me advice on how best to analyze and 

approach my orthotopic lung cancer study, for the medical 

input on my manuscripts, and the inspiring awareness on 

how to make my study more clinically relevant.  

 

 

 

 

 

 

 



Acknowledgements | 269 

 

 

A 

To my fellow NOTCH group colleagues:  

 

To Dr Arjan Groot, the great scientific enthusiast! Thank you 

for spreading your positive eagerness to have the famous 

“killer experiments”, for sharing your past and present 

life anecdotes, for giving me conversation in English to 

make me feel welcome and integrated in the group, and 

for giving me your help when carrying out experiments, 

especially during my first year and when creating new cell 

lines for our study. Thank you for your support throughout 

this PhD process.  

 

To my lovely paranymphs: Dr Sanaz 
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science, sharing home-cooked food, laughs and games. You both have beautiful, 
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heart. Despite the time and the distance, I know we will be there for each other. Love 

you tons!!  
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of the party, the extremely sociable buddy, the person who 

wouldn’t miss an opportunity to crack a joke, and the 
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and chill attitude about life which made me want to stop 
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