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"You can know the name of a bird in all the languages of 
the world, but when you're finished, you'll know absolutely 
nothing whatever about the bird... So let's look at the bird and 
see what it's doing -- that's what counts."

- Richard Feynman -
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Undoubtedly, probabilistic causality and randomness are fundamental to the evolution 

of all living organisms and their complex cellular systems. This can certainly be said of 

cancer, a diverse collection of diseases with an extraordinary inter- and intra-tumour 

heterogeneity that arises through a process driven by random events. Despite that we 

are far from a complete understanding of cancer biology, our ever increasing knowledge 

and technological developments provide hope for new treatment strategies further 

extending the lifespan of patients diagnosed with cancer. This thesis describes three 

distinct studies that employ a common approach, that is, the use of RNA interference 

to identify genes that are involved in key aspects of cancer development, progression 

and therapy response. High throughput screens were designed to identify genes that: 

(a) regulate activation of NF-кB in response to TNFα; (b) influence the response to the 

chemotherapeutic agent cisplatin; and (c) interact genetically with the RAS oncogenes. 

The identification of such genes will aid our understanding of cellular networks and 

processes in cancer and may yield candidate drug targets and predictors of therapy 

response. In a nutshell, this chapter will outline the fundamental mechanisms of 

cancer development, describe lessons learned from hereditary and sporadic cancers, 

introduce the key networks and biological processes investigated in this thesis, and 

discuss how features associated with cancer development can be exploited for 

therapeutic intervention.

The origin of genetic variation & cancer

At its core, the genome carries vital information for the development and functioning 

of all living organisms [1]. It encodes for gene products and harbours regulatory codes 

that govern gene expression and contribute to the maintenance of genome integrity. 

In eukaryotes, the genome is organized in chromosomes that are composed of a 

structure called chromatin. The basic unit of chromatin is called the nucleosome, 

which consists of a DNA molecule wrapped around a histone octamer. In addition to  

DNA, histones can be modified chemically, a process known as epigenetics [2,3]. DNA- 

and histone-binding proteins, in part directed by the (epi)genetic code, regulate the 

transcription of genes and non-coding RNAs. The products of these genes exert a wide 

variety of functions within or outside the cell. During its existence a cell will encounter 

many insults – these can be environmental factors, like UV-radiation, or stress that 

is associated with internal processes, like active metabolism that produces reactive 

oxygen species – that can potentially induce DNA damage either through small events 

such as mutations or through large chromosomal rearrangements [4]. Consequently, 

these genetic alterations may result in deregulation of cellular functions and 
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transcriptional programs, which can be detrimental to the cell or, in some instances, 

may confer an advantage in propagation. In addition, changes in the epigenetic code 

induced by intra- and extra-cellular factors, like mutations, can affect the fitness of a 

cell and be passed on to the next generation of daughter cells [2,3,5]. If such mutations 

or epigenetic changes take place in the germline of a multi-cellular organism then this 

can result in progeny that carry these changes in every cell in their body. Analogous to 

a single cell, such a distinct hereditary make-up can go without notice, be beneficial 

to the carrier or result in pathologies and loss of overall fitness. It is the occurrence 

of such random events affecting the fitness of organisms prior to reproduction that 

stands at the basis of Darwinian evolution [6].

 The development of cancer, a process called carcinogenesis, is of a cumulative 

nature [7]. Although the disease originates from a single cell, it is the progressive 

accumulation of (epi)genetic alterations that gives rise to a diverse population of 

malignant cells (Figure 1) [8,9]. Hence, this multi-step process follows the principles 

of Darwinian evolution albeit at the level of a population of cells in the context of a 

multi-cellular organism [6,10,11]. Most cancers are sporadic and many are associated with 

environmental factors, such as UV radiation, smoking and alcohol consumption [12]. 

However, there are aslo ample examples of hereditary factors that contribute to the 

development of cancer i, [13]. Furthermore, because cancer can originate from almost 

any cell lineage, cancer is not one, but rather a collection of diseases with over one 

hundred types ii. Beyond the tissue of origin, there are numerous subtypes based on 

specific histo-pathological and (epi)genetic features, as well as distinct transcriptional 

programs, illustrated by Weigelt and colleagues for breast cancer [14]. In fact, principally 

every cancer, even when originating from the same cell lineage and manifesting itself 

with comparable features, has an unique genetic make-up marked by germline diversity, 

de novo mutations and intra-tumour heterogeneity as a consequence of the multi-step 

cancer progression model (reviewed in [15]) [16–19]. This intra-tumour heterogeneity may, 

in part, be attributed to selective pressures that can be highly localized resulting in a 

spatially restricted selection for subclonal populations [15,20–22]. Importantly, cancer is 

not a static disease, as it can change with time in response to environmental factors, 

like interactions with the tumour micro-environment, and anti-cancer therapies. Both 

intra-tumour heterogeneity and the interplay of cancer cells with the surrounding 

tissue present an order of complexity that is gaining appreciation in the cancer 

research community.

i Cancer Gene Census, Sanger Institute; http://www.sanger.ac.uk/genetics/CGP

ii National Cancer Institute; http://cancer.gov
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 Mapping the events underlying familial cancer provides a starting point for 

investigations aimed at resolving mechanisms operating in the disease. Work on 

sporadic and familial cancers directly complements one another. One major area of 

study, which is growing rapidly, is the application of genomic techniques to enable 

the identification of recurrent (epi)genetic alterations in sporadic cancers. Subsequent 

functional annotation of the genes identified by the aforementioned investigations 

can guide the reconstruction of cellular networks and processes. As a result, several 

decades of cancer research have yielded remarkable insight into the cellular networks 

and processes that support the growth and development of (pre)cancerous lesions 

(Figure 2) (reviewed in [23,24]).

Familial cancer

Many hereditary diseases have been linked to specific genetic alterations including 

common disorders like Cystic fibrosis and Huntington’s disease [25–29]. However, 

identifying causal relationships in a disease can be complicated by multi-factorial 

elements involved in disease onset, as is the case for type 1 diabetes [30]. The observation 

that different genes can be linked independently to a certain hereditary disease suggests 

that they may operate in a common process or network. This has been confirmed for 

a number of hereditary diseases, several of which are associated with the development 

of cancer including Fanconi anemia (FA), hereditary breast and ovarian cancer and 

hereditary non-polyposis colorectal cancer (HNPCC) [31–33].

 FA is a recessive genetic disorder associated with developmental problems, 

bone marrow failure and a predisposition to develop cancer [31,34]. To date 15 genes have 

been linked to this disease including genes that are also implicated in another familial 

disease, hereditary breast and ovarian cancer. More specifically, bi-allelic mutations 

Initial event 2nd event Et cetera

Figure 1. Cancer development
The development of cancer follows a multi-step process: originating from a single cell, the 
progressive accumulation of (epi)genetic alterations may give rise to a heterogeneous population 
of malignant cells.
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in several components of the breast cancer susceptibility (BRCA) network, including 

BRCA2, partner and localizer of BRCA2 (PALB2), BRCA1-interacting protein 1 (BRIP1) 

and RAD51, are the underlying causal event in FA complementation groups FANCD1, 

FANCN, FANCJ and FANCO, respectively [35–40]. Furthermore, experimental data has 

shown that these FA-BRCA proteins cooperate in a DNA damage response network 

involved in the repair of DNA cross-links caused by small molecules like cisplatin and 

mitomycin C, which are used in the clinic to treat certain cancers [31,40–42]. In fact, the 

observation that cells deficient for FA-BRCA function are hypersensitive to cross-

linking agents is exploited for the diagnosis of suspected FA patients [35,43]. In addition 

to exogenous cross-linking agents, it has been shown that the FA proteins are required 

for the repair of DNA damage caused by natural occurring metabolic by-products such 

as formaldehyde and acetaldehyde, suggesting that these molecules may contribute to 

the development of cancer in FA patients [44,45]. 

 Not all the people that carry mutations in BRCA2, PALB2, BRIP1 and RAD51 

develop FA. In fact, mutations in these genes can be associated with a spectrum of 

cancers, including a predisposition to breast and ovarian cancer. This difference in 

outcome is caused by the type of mutation, while bi-allelic mutations in FA and BRCA 

genes are associated with the onset of FA, mono-allelic mutations in members of 

the BRCA network predispose to breast and ovarian cancer [35]. Since BRCA and FA 

proteins share a function in DNA damage response, one may reason that mono-allelic 

mutations in the remaining FA genes also predispose to breast cancer development. 

However, there is currently no evidence supporting this suspicion, possibly due to 

the rarity of these genetic alterations [46–48]. Another explanation for this discrepancy 

can be sought in the potential haplo-insufficient character of BRCA network genes, as 

indicated for BRCA1 [49,50]. Furthermore, it may be possible that the BRCA genes have 

additional functions that are not shared with the FA genes.

 More than 70 genes have been linked to hereditary cancer and numerous 

genetic variants are reported to correlate with increased risk for the development of 

cancer i, [13,51]. However, the penetrance / extent of risk associated with these factors are 

diverse and in some cases the mechanisms underlying the predisposition to cancer 

remain largely unknown. Furthermore, it is still poorly understood why certain 

genetic alterations primarily predispose to the development of specific types of cancer. 

Taking carriers of mutated BRCA1 as an example and assuming that the initial step in 

cancer development requires loss of the remaining wild type allele, the predisposition 

to breast and ovarian cancer may be explained by the hypothesis that complete loss of 

BRCA1 function is detrimental to most cells, but somehow tolerated in cells of breast 
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and ovarian tissues [35]. Alternatively, and assuming a haplo-insufficient character of 

BRCA1, a quantitative requirement for BRCA1 function in breast and ovarian tissue 

specifically may underlie the cancer predisposition [49,50]. It is worth noting that BRCA1 

has functions that are unrelated to DNA damage response, such as transcriptional 

regulation, that may contribute to the development of cancer [52]. Additional research 

will be required to elucidate the mechanisms that underlie the specificity of cancer 

predisposition disorders. As a result, we may learn more about tissue specific gene 

functions and other factors contributing to the development of cancer such as 

localized stress and the presence of environmental or natural occurring mutagens.

Cancer genome examination

Genetic investigations of both hereditary and sporadic cancers have identified close to 

500 genes iii involved in the development of cancer [13]. This number is likely to increase 

in the coming years, in part due to the increasing number of cancer genomes being 

sequenced. Another key factor is the advent of multi-dimensional approaches that 

study many aspects of cancer cells including somatic mutations, copy number changes, 

DNA methylation and transcriptomes, such as those performed by The Cancer Genome 

Atlas consortium iii, [16]. These integrated studies are extremely valuable because loss of 

protein function can be achieved by many mechanisms, including mutations, gene loss 

and epigenetic silencing, as is observed for tumour suppressor p16INK4A in non-small 

cell lung cancers (NSCLC) and phosphatase and tensin homolog PTEN in sporadic 

colorectal cancers [53–55]. These modes of inactivation may cooperate to inactivate both 

copies of a tumour suppressor gene, a requirement to bring forth recessive phenotypes. 

Similarly, there are many ways to activate an oncogene. Mutations, amplifications and 

alterations in the epigenetic code can provide tumour cells with a selective advantage 

by increasing the activity or the expression level of a protein, such as the epidermal 

growth factor receptor (EGFR) in NSCLC [56]. Therefore, only a multi-dimensional 

approach can capture the full spectrum of events that contribute to the development 

of the tumour. 

 Cancer genome sequencing has revealed that, depending on the tumour 

type in question, mutations are often very abundant, numbering between thousand 

and hundreds of thousands per tumour (reviewed in [57,58]). The number and type of 

mutations as well as the extent of copy number changes can be very informative, as 

they can reflect exposure to mutagens and competence of DNA damage response 

mechanisms [59–61]. Furthermore, they may be used to identify patients that will respond 

iii The Cancer Genome Atlas, http://cancergenome.nih.gov
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to certain DNA damaging agents. For example, tumours with copy number signatures 

that resemble those deficient for BRCA1/2 are likely to respond to treatments involving 

crosslinking agents [62,63]. Despite the enormous number of mutations found in tumour 

cells, only a small selection of them would be considered driver mutations, that is 

to say they provide a selective growth advantage for tumour cells [64]. The remaining 

mutations are passengers that do not directly influence the growth of the tumour. 

Hence, as a result of positive selection, driver mutations are more likely to reoccur 

than passenger mutations. The analysis of cancer genomes seems to be confirming 

observations made prior to the advent of such high throughput technology, namely 

that only a handful of genes show frequent recurrent (epi)genetic aberrations [16,17]. In 

addition, these genes are implicated in a select series of cellular networks and processes 

supporting the notion that genes causally involved in a disease are likely to cooperate 

in common networks. In glioblastoma, the most common brain tumour in adults, 

three cellular circuitries stand out: (epi)genetic alterations affecting members of the 

receptor tyrosine kinase (RTK) / v-ras homolog (RAS) / phosphoinositide-3-kinase 

(PI3K), tumour protein 53 (TP53) and retinoblastoma (RB) signalling networks were 

found in 88%, 87% and 78% of the tumours evaluated, respectively [16]. Similarly, an 

extensive study involving ovarian carcinoma shows frequent (epi)genetic alterations 

affecting members of the RAS/PI3K (45%) and RB (67%) signalling networks, and 

a high frequency (97%) of mutations in the TP53 gene [17]. On the other hand, there 

are many genes that are altered at a low frequency in cancer and the challenge is to 

identify which of these genes cooperate in networks previously implicated in cancer. 

In addition to these common themes, different types of sporadic cancer show specific 

recurrent alterations, illustrated by the high frequency (90%) of genetic alterations 

affecting WNT signalling in colorectal cancer, the high frequency of BRAF mutations 

(> 60%) in melanoma and genetic alterations leading to increased nuclear factor кB 

(NF-кB) activity in 40-50% of classical Hodgkin’s lymphomas and 17% of multiple 

myelomas [65–68]. Analogous to the germline mutations that affect members of the 

BRCA network, these recurrent (epi)genetic alterations suggest a tissue type specific 

selective advantage associated with their acquisition.

 Although highly informative, a report of the (epi)genetic alterations alone 

does not explain all the characteristics of a tumour. For example, altered NF-кB activity 

is not always associated with (epi)genetic alterations affecting NF-кB transcription 

factors and their direct regulators; cells may display abnormal NF-кB signalling 

induced by cellular stress, inflammation, DNA damage and events that stimulate the 

RTK/RAS/PI3K signalling network [69–72]. In mammals, the NF-кB transcription factor 
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family consists of 5 members, p50/p105, p52/p100, RelA (p65), RelB and c-Rel, that 

form homo- and hetero-dimers that regulate the expression of specific target genes [73]. 

There are over 150 stimuli that can induce activation of NF-кB and they are channelled 

through two distinct NF-кB pathways, the canonical and non-canonical [70,74,75]. In the 

canonical pathway, NF-кB dimers are kept in the cytoplasm by binding to an inhibitor 

of кB (IкB) [76]. Upon activation, by for example transforming growth factor β–activated 

kinase 1 (TAK1), the IкB kinase complex (IKK), consisting of IKK-α, -β and NF-кB 

essential modulator (NEMO), phosphorylates IкB thereby targeting this protein for 

ubiquitination and subsequent proteasomal degradation [77–79]. Consequently, NF-кB 

dimers are released and free to enter the nucleus and bind target gene promoters. In 

contrast, in the non-canonical pathway NF-кB inducing kinase (NIK) phosphorylates 

IKK-α resulting in its activation and subsequent phosphorylation of NF-кB p100 [80,81]. 

As a result of this phosphorylation, p100 is subjected to ubiquitination and proteasomal 

processing giving rise to an active p52-RelB dimer that can enter the nucleus and bind 

target gene promoters [82]. In the nucleus, NF-кB transcription factors regulate the 

expression of hundreds of target genes involved in processes such as proliferation, 

differentiation, apoptosis, stress and immune responses [69,70]. Some of the NF-кB 

transcriptional targets, for example cytokine tumour necrosis factor α (TNFα), can 

activate NF-кB signalling in an autocrine and paracrine fashion [83,84]. In contrast, 

other NF-кB transcriptional targets, such as the deubiquitinating enzymes A20 and 

cylindromatosis (CYLD), function in negative feedback loops that inhibit activation of 

NF-кB in response to certain stimuli [85–89].

 As a result of abnormal activation, NF-кB signalling may contribute to cancer 

progression by conferring several selective advantages onto cancer cells directly or 

through its influence on the tumour micro-environment [69,71,90]. Most of the germline 

mutations found to affect the NF-кB transcription factors and direct regulators of 

NF-кB signalling are loss-of-function mutations that impair NF-кB signalling and 

result in severe immune disorders [91]. In contrast, germline mutations in CYLD cause 

constitutive activation of NF-кB and cylindromatosis, a hereditary disease marked 

by the formation of benign tumours at hairy parts of the skull [87–89]. In addition, 

abnormal activation of NF-кB has been implicated in haematological malignancies 

and breast cancer [67,68,92]. Genetic alterations affecting members of the RTK/RAS/

PI3K signalling network also cause activation of NF-кB, resulting in a dependency 

on sustained signalling through these networks [93–95]. Because of the important role 

for NF-кB in the development of cancer, maintenance of the malignant phenotype, 

immunity and inflammation, there is considerable interest in the development of 
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NF-кB inhibitors [71,96]. Moreover, the complex regulation of NF-кB activity illustrates 

the intricate nature of cellular signalling circuitries and supports the notion that one 

would require more than a comprehensive overview of the (epi)genetic alterations 

to accurately reconstruct the series of events that contribute to the malignant state. 

Hence, additional information obtained by, for example, transcriptome and (phospho)

proteomic analyses is required.

 In the coming years an immense collection of data will be generated based on 

a large number of tumours originating from distinct tissue types. Collectively these 

data sets may increase our understanding of the evolutionary process that drives 

cancer development. In addition, the identification and functional annotation of 

recurrent (epi)genetic alterations may give insight into the selective pressures involved 

in the development of cancer and increase our understanding of cellular networks and 

processes involved in normal tissue development and homeostasis. These studies will 

also allow us to further subdivide tumours based on their specific features including 

genetic alterations, epigenetic programs and gene expression signatures. Most 

important, such features may be actionable and as a result influence the guidelines for 

treatment strategies [97].

Functional genomics

To understand how a gene is involved in cancer requires knowledge of its function. 

Starting from germline or recurrent genetic alterations, a gene directed approach can 

guide the reconstruction of cellular networks and processes, which may shed light 

on how deregulation of a gene’s function confers a selective advantage onto the cell. 

Complementary to the gene directed approach, sets of genes may be queried for their 

involvement in specific cellular networks and processes. There are many methods that 

can be employed in such large-scale functional interrogations, but here we will focus 

on RNA interference (RNAi) [98].

 The interest in RNAi started with the observation that double stranded RNAs 

(dsRNAs) effectively silence protein expression in the model organism Caenorhabditis 

elegans [99]. Subsequent studies led to the identification of proteins involved in this post-

transcriptional silencing mechanism and both natural occurring as well as synthetic 

small RNA (sRNA) structures capable of inducing RNAi [100,101]. Briefly, introduction 

of these sRNA structures triggers the RNAi pathway, which then uses a single strand 

of RNA to bind endogenous transcripts that contain complementary sequences. 

Thereupon, translation is prevented by means of, but not limited to, degradation of 

the RNA transcript. The observation that RNAi is conserved in mammalian cells led 
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to the development of a variety of tools that can be applied in high throughput loss-

of-function screening projects [98,102]. In general, RNAi based screening tools can be 

divided by the RNAi pathway involved - either microRNA (miRNA) or short interfering 

RNA (siRNA) - and further subdivided by the variety of sRNA structures and delivery 

systems that have been developed over the years [103–107]. In particular, the development 

of vector-based RNAi delivery systems provided a powerful tool, as these reagents 

allow for stable suppression of target genes in vitro and in vivo [108]. This in contrast 

to synthetic siRNAs, which mediate transient gene silencing, and are therefore only 

suitable for measuring effects occurring within the time-span of approximately 5-10 

days, depending on the proliferation rate of the transfected cells [109]. 

 The discovery of RNAi and development of RNAi-based screening tools 

has facilitated the identification of genes that are involved in a variety of cellular 

processes (e.g. cell division and endocytosis), the development of resistance to drugs 

and overall cell viability [110]. Analogous to cancer genome analyses, RNAi screens 

may provide actionable information and guide treatment strategies, exemplified by 

the identification of several genes, whose expression or mutation status allows for 

predicting treatment responses [111–115]. Furthermore, genes identified through genetic 

screens may broaden our view of cellular networks and processes and perhaps explain 

why certain signalling networks are deregulated in cancers that are wild type for 

known regulators. Moreover, the identification of novel gene functions can tie distinct 

networks together thereby increasing our understanding of the complex interplay in 

cellular systems. Finally, together with rational strategies, genetic screens can lead to 

the identification novel drug targets for cancer treatment.

Cancer treatment and drug discovery strategies

Most treatment strategies include resection of the primary tumour. However, surgery 

does not clear a patient from metastatic cancer cells that have spread to distant sites. 

In addition, the margins used for surgery may be insufficient for extraction of cancer 

cells that have infiltrated neighbouring tissue. Hence, localized radiation and systemic 

treatments with small molecules or biological therapeutics are often required to 

prevent recurrence of a tumour at the primary site and outgrowth of metastases at 

distant locations. The success of systemic treatments relies in part on the therapeutic 

index, the window between therapeutic efficacy and the occurrence of harmful side-

effects [116]. To address this issue, drug target discovery and drug development programs 

can follow the following approaches: (a) identify and target a cancer-specific molecule 

or process; or (b) identify and target a non-cancer-specific molecule or process for 
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which the cancer cell has acquired a qualitative or quantitative requirement [116]. At the 

same time, it would be of benefit to identify a target that is shared among different 

types of cancer, thereby increasing the size of the target group amenable for therapy. 

The combination of (epi)genome, transcriptome and proteome analyses, together with 

genetic screens can be instrumental in the drug target discovery process. In particular, 

loss-of-function screens, which may mimic the effects of drug activity, have the 

potential to identify novel drug targets. In parallel, large collections of small molecules 

may be screened empirically for their toxic effect on tumour cells, and as a result yield 

candidate molecules for further drug development.

 In contrast to the vast amount of (epi)genetic alterations implicated in 

cancer, the number of networks and processes affected is small and are shared among 

many different cancers. Deregulation of these networks and processes results in the 

acquisition of features that are critically important for the development of cancer 

(Figure 2) [23,24]. In addition, as a result of (epi)genetic alterations and deregulation of 

cellular processes, cancer cells are characterized by the presence of several distinct 

types of stress (Figure 2) [117]. Both of these features are cancer-specific, shared among 

many types of cancer, and therefore provide a good rational for drug target discovery 

programs. In fact, classic DNA damaging agents like cisplatin may exploit several 

of these features, including high proliferation rate, impaired cell cycle checkpoints 

and defective DNA damage repair mechanisms, which combine to increase genomic 

instability [118]. As a result, cisplatin has proven very effective in the treatment of 

some cancers, which includes epithelial ovarian cancers, germ cell tumours and 

testicular cancers [119]. Other examples include angiogenesis and proteasome inhibitors. 

Angiogenesis inhibitors impair de novo formation and maintenance of blood vessels 

in the tumour, illustrating the importance of the interplay between tumour cells 

and their environment [120]. On the other hand, proteasome inhibitors are believed to 

exploit the presence of proteotoxic and mitotic stress, the first caused by an imbalance 

in protein expression as a result of (epi)genetic alterations and the second by genomic 

instability and sustained mitogenic signalling [117,121].

 Alternatively, drug discovery programs may focus on recurrent genetic 

alterations. In fact, experimental and clinical data suggest that inhibition of an 

oncoprotein’s function can be detrimental to cancer cells, known as oncogene 

addiction [122,123]. The mechanism of action for many of the targeted therapeutics is 

based on this kind of oncogene dependence, including monoclonal antibodies and 

chemical compounds targeting the epidermal growth factor receptor (EGFR) and 

human epidermal growth factor receptor 2 (HER2/neu) [123,124]. Mutations affecting 
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RTKs and downstream effector proteins including RAS and PI3K, are among the most 

frequent observed in human cancer [125–127]. In addition, genetic alterations affecting 

upstream and downstream components of the RTK/RAS signalling pathway can display 

a mutual exclusive pattern [128,129]. Hence, therapeutic agents targeting downstream 

effector proteins may be of benefit to a broad target group. In support of this view, 

cancer cells harbouring oncogenic mutations in RAS depend on continuous expression 

of this oncoprotein [130]. However, to this date all attempts to inhibit RAS oncoproteins 

have failed, and those that did make it to clinical trials, for example farnesyltransferase 

inhibitors, have yielded disappointing results [131]. Similarly, although cancer cells driven 

by the oncoprotein MYC clearly depend on its expression, drug discovery programs 

failed to yield therapeutically effective solutions [132,133]. In addition, complementary to 

Sustained proliferative signalling

Evasion of anti-growth signals
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Replicative immortality
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Figure 2. Cancer and associated features
Illustration of a tumour and its micro-environment. Listed are features associated with cancer. 
Left: features that (pre)cancerous cells may acquire and that contribute to the development of 
cancer. Top: features that may contribute to the development of cancer, although additional 
research is required to confirm this notion. Bottom: features that can enable the development 
and progression of cancer. Right: stress phenotypes of cancer cells. Adapted from [24,117].
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the work performed with oncogenes, it has been demonstrated that cancer cells can 

be highly sensitive to restoration of tumour suppressor gene function, as shown for 

TP53 [134]. However, the design of drugs reconstituting or mimicking the function of 

a tumour suppressor protein is very challenging and gene therapy based approaches 

for cancer are yet to gain entry to the clinic. Even though some frequently occurring 

genetic alterations may remain undruggable, they can be of great interest to drug 

discovery programs, because a genetic alteration may result in an acquired dependency 

on the function of another, potentially targetable, protein, a phenomenon known as a 

genetic interaction [135,136]. Hence the identification of such genetic interactions by, for 

example, RNAi screens can provide candidate drug targets that are specific to certain 

cancer genotypes [98,103]. Since such an acquired dependency may involve a gene that is 

not affected by (epi)genetic alterations, this phenomenon is known as non-oncogene 

addiction [117].

 In addition to drug target discovery programs, studies focused on drug response 

mechanisms of already existing cancer drugs may guide the development of improved 

targeting strategies. In addition, genetic screens may lead to the identification of genes 

that modulate the sensitivity of cancer cells to certain treatments. As a result, these 

genes may act as biomarkers that can be used for patient stratification, or be of interest 

as candidate drug targets for combination therapy.

 

Anticipating the next move

Although radiation and systemic treatments may result in an initial response or even 

full remission, it is not uncommon for this response to be transient. In fact, some 

cancers are intrinsically resistant, or non-responsive, and prove exceptionally difficult 

to target, as is often the case for pancreatic ductal adenocarcinoma, in which stromal 

cells may prevent the formation of vasculature, thereby complicating the delivery 

of therapeutic agents [137,138]. In other cancers, cellular mechanisms such as positive 

feedback may underlie the unresponsiveness. For example, while BRAFV600E oncogene 

expressing melanomas initially respond very well to the BRAFV600E specific inhibitor 

vemurafenib, the response of colon cancers positive for BRAFV600E is much more 

moderate [139,140]. This difference may be explained by a positive feedback mechanism 

that is activated in BRAFV600E positive colon cancer, but not in melanomas, resulting 

in phosphorylation of EGFR, downstream signalling and sustained activation of ERK, 

a downstream effector of BRAF [114]. Alternatively, cancer cells may acquire mutations 

that affect downstream effectors of the targeted oncoprotein, which can explain 

intrinsic or acquired resistance. Activating mutations in PI3K genes and (epi)genetic 
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alterations resulting in loss of PTEN function, a negative regulator of PI3K signalling, 

result in abnormal downstream signalling and can thereby cause intrinsic resistance to 

trastuzumab in Her2/neu positive breast cancers [111,141]. Similarly, activating mutations 

in KRAS and BRAF can render cancer cells insensitive to inhibition of EGFR signalling 

by for example the monoclonal antibody cetuximab [142–144]. Clearly, both the properties 

of the cancer cells, in part dictated by the cell of origin, and the tumour micro-

environment are major determinants of drug response. 

 In addition to de novo differences in sensitivity, cancers may initially respond, 

but manifest themselves resistant to a certain therapeutic agent over time. Such 

resistance mechanisms may not be limited to one therapeutic agent, as illustrated by 

tumour cells that display upregulation of drug transporters. High transporter activity 

limits the intra-cellular abundance of multiple small molecules resulting in resistance 

to a broad range of conventional cytostatic drugs (reviewed [145,146]). Resistance can be 

caused by (epi)genetic alterations acquired during the treatment, known as acquired 

resistance, or through positive selection of an intrinsically resistant subpopulation 

(reviewed in [147]). Similar to the mechanisms described above, this may involve activation 

of parallel or downstream signalling molecules [148,149]. Alternatively, cancer cells may 

develop resistance to small molecule inhibitors by mutations in the kinase domain of 

the targeted oncoprotein, as observed for BCR-ABL and EGFR in response to imatinib 

and gefitinib treatment, respectively [150,151]. Since it is impossible to check every cell in 

a cancer for mutations that confer resistance to a therapeutic agent, one may argue 

that there is no scientific support for acquired resistance. However, some observations 

suggest otherwise, namely the occurrence of secondary mutations in BRCA2 resulting 

in regained BRCA2 functionality, DNA damage repair and subsequent resistance to for 

example a PARP inhibitor or cisplatin [152–154]. Concurrently, these findings underscore 

the importance of BRCA2 function in the repair of cisplatin-induced DNA damage.

 In a mouse model for breast cancer, sporadic mammary tumours deficient 

for BRCA1 due to a large irreversible deletion show no signs of acquired or intrinsic 

resistance to cisplatin treatment [155]. However, although these tumours can be 

effectively treated with cisplatin, resulting in near to complete remission, there is 

always a remnant population that cannot be eradicated and which causes relapse when 

treatment is ceased. These findings suggest that the small fraction of tumour cells 

surviving cisplatin treatment may be cancer stem cells, a population of cells with stem 

cell like characteristics including self-renewal and a high tumour initiating capacity 

(reviewed in [156–158]). Furthermore, cancer stem cells may undergo mitosis infrequently, 

and as a result, they may be spared from the deleterious effects of cytotoxic agents 
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such as cisplatin. However, these BRCA1 deficient remnant cells were negative for 

cancer stem cell markers [159]. Hence, the mechanism by which these cells escape cell 

death in response to cisplatin-induced DNA damage remains unknown. Analogous 

to these remnant cells, not all cancer cells treated with microtubule stabilizing agents 

and arrested in mitosis will die. In fact, some of them exit mitosis without undergoing 

cell division, a phenomenon known as mitotic slippage [160–162]. Therefore, it is possible 

that some cancer cells survive a given treatment by temporal adaptation or stochastic 

escape.

 Further investigation of these resistance mechanisms may increase our 

understanding of cellular networks and processes involved in therapy response and 

yield novel targets for therapy that will shift the balance in favour of the patient. In 

particular therapeutic agents that target non-dividing cells, alone or in combination 

with other agents, may prove highly effective in treating intractable cancers. It is worth 

noting that, although initially appealing, specific targeting of cancer cells with stem cell 

like properties may be an inefficient approach on its own, because there is substantial 

evidence supporting plasticity of the stem cell population, with non-cancer stem cells 

dedifferentiating to cells with stem cell like properties [163–166] . Lastly, although drug 

target discovery programs may eventually lead to more potent therapeutic agents 

and drug combinations, the development of diagnostic tools to stratify patients for 

treatment, deserves equal attention [167].

Conclusion

Decades of cancer research have led to a better understanding of cancer biology. 

Gene directed as well as genome-wide studies, including cancer genome and RNA 

sequencing, (phospho)proteomics and functional genetics, will continue to aid our 

understanding of cellular networks and processes involved in the development of 

cancer, maintenance of the malignant phenotype and drug responses. As a result, 

these studies will yield valuable biomarkers and novel drug targets that guide the 

development of effective anti-cancer therapies.
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Abstract

The Nuclear factor кB (NF-кB) signalling pathway controls important cellular 

events such as cell proliferation, differentiation, apoptosis and immune responses. 

Pathway activation occurs rapidly upon TNFα stimulation and is highly dependent 

on ubiquitination events. Using cytoplasmic to nuclear translocation of the NF-кB 

transcription factor family member p65 as a read-out, we screened a synthetic siRNA 

library targeting enzymes involved in ubiquitin conjugation and de-conjugation for 

modifiers of regulatory ubiquitination events in NF-кB signalling. We identified F-Box 

protein only 7 (FBXO7), a component of SCF-ubiquitin ligase complexes, as a negative 

regulator of NF-кB signalling. FBXO7 binds to, and mediates ubiquitin conjugation 

to, cIAP1 and TRAF2, resulting in decreased RIP1 ubiquitination and lowered NF-кB 

signalling activity. 

Introduction

The Nuclear factor кB (NF-кB) signalling pathway controls important cellular events 

such as cell proliferation, differentiation, apoptosis and immune responses [1,2]. 

Binding of TNFα to its cognate receptor TNF receptor 1 (TNF-R1) promotes receptor 

trimerization and rapid recruitment of a multi-protein complex, also known as the 

TNF-R1 signalling complex (TNF-RSC). In addition to TNF-R1, this TNF-RSC consists 

of tumor necrosis factor receptor type 1-associated death domain protein (TRADD), 

TNF receptor associated factors 2 and 5 (TRAF2/5), cellular inhibitor of apoptosis 

proteins 1 and 2 (cIAP1/2), the linear ubiquitin chain assembly complex (LUBAC) and 

receptor interacting serine-threonine kinase 1 (RIP1) (reviewed in [3,4]). Here, TRADD 

functions as an adaptor protein, recruiting TRAF2, which through constitutive 

association co-recruits cIAP1 and 2 (cIAP1/2) to the TNF-RSC. It is well established that 

activation of NF-кB signalling relies heavily on ubiquitination events. Both TRAF2 and 

cIAP1/2 are ubiquitin ligases that have been proposed to attach K63-linked ubiquitin 

chains to RIP1. However, since K63-ubiquitination of RIP1 and NF-кB signalling 

activity are restored in TRAF2-/- MEFs upon reconstitution with an ubiquitin-ligase 

deficient TRAF2 mutant [5], it is a likely scenario that the role of TRAF2 rather is to 

serve as a scaffold, bringing RIP1 and cIAP1/2 into the vicinity of each other and thus 

enabling cIAP1/2-mediated ubiquitination of RIP1 [6,7]. The K63-ubiquitination of RIP1 

leads to recruitment and activation of the TAK1/TAB kinase complex, consisting of 

TGF-β activated kinase 1 (TAK1) and binding proteins (TAB), and the Inhibitor of 

кB Kinase (IKK) complex, consisting of IKKα, -β and the regulatory subunit NF-кB 

essential modulator (NEMO) [8–10]. In addition, K63-linked ubiquitination of TRAF2 has 
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been reported to aid in recruitment of the IKK complex [11]. Recently it was also found 

that linear ubiquitin chains formed by LUBAC enhance recruitment of NEMO to 

RIP1, thus increasing NF-кB signalling activity [12,13]. Once the IKK complex is active, it 

phosphorylates IкBα, targeting this inhibitor for ubiquitination by the S-phase-kinase-

associated protein-1 (Skp1) – cullin-1 (CUL1) – F-box protein E3 ligase complex SCFβTRCP 

and proteasomal degradation [14]. Subsequently, the NF-кB transcription factor hetero-

dimer p50/p65 translocates from the cytoplasm to the nucleus and induces target gene 

transcription [15].

 Apart from their likely role in K63-linked ubiquitination of RIP1, cIAPs have 

several other targets within the NF-кB signalling pathway. It is believed that K63-linked 

ubiquitination of NEMO is important for full IKK complex activation, with cIAP1 

being the responsible ubiquitin ligase [16]. Furthermore, over-expression studies have 

shown that wild type cIAP1 can ubiquitinate TRAF2, resulting in repression of NF-кB 

signalling. This indirectly suggests that cIAP1 may promote K48-linked ubiquitination 

of TRAF2 and proteasomal degradation of this scaffolding partner [17]. Finally the cIAPs 

can also auto-ubiquitinate themselves, resulting in their proteasomal degradation [18,19]. 

Despite these observations little is known about how the ubiquitin ligase activity and 

substrate specificity of the cIAPs is regulated. 

 A number of de-ubiquitinating enzymes (DUBs) have been firmly placed as 

negative regulators of NF-кB signalling. The Cylindroma tumor suppressor protein 

(CYLD) de-ubiquitinates NEMO and TRAF2 [20–22], while ubiquitin carboxyl-terminal 

hydrolase 15 (USP15) reverses SCFβTRCP-mediated ubiquitination of IкBα [23]. In addition, 

the dual-activity protein A20 removes K63-linked ubiquitin chains from RIP1, 

whereupon it targets this RIP1 for proteasomal degradation via its K48-ubiquitin ligase 

activity [24]. Finally, a number of additional DUBs have been shown to influence NF-кB 

signalling upstream of, or at the level of, IкBα (see [25–28]).

 Recruitment of the TNF-RSC and the ensuing ubiquitination events that 

trigger activation of NF-кB occur quite rapidly, in fact, within minutes after TNFα 

stimulation. In the context of this short timeframe we set out to identify additional 

modulators of regulatory ubiquitination within NF-кB signalling. We performed an 

imaging-based siRNA screen, monitoring the nuclear accumulation of endogenous 

p65 upon TNFα stimulation, using a gene-family siRNA library targeting DUBs and 

other proteins involved in ubiquitin conjugation. We identified several negative 

regulators of NF-кB signalling and focused our attention on F-box only protein 7 

(FBXO7), a member of the F-box protein family, which confers substrate specificity to 

SCF-ubiquitin ligase complexes. We show here that FBXO7 is a negative regulator of 
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NF-кB signalling, modulating ubiquitination of several components of the TNF-RSC, 

and ultimately lowering NF-кB signalling activity.

Results

A siRNA screen for novel regulators of NF-кB signalling

To identify novel modulators of regulatory ubiquitination in NF-кB signalling, we 

performed an imaging-based screen measuring sub-cellular redistribution of NF-кB 

family member p65, using a commercially available siRNA library targeting DUBs 

and other proteins involved in ubiquitination. U2OS cells were transfected with the 

siRNA library consisting of pools of 4 unique siRNAs targeting a specific gene, and 

left to propagate for 72 hours, after which they were stimulated with TNFα for 20 

minutes, or left untreated prior to fixation (Figure 1A). Subsequently, endogenous p65 

was visualized by immunofluorescence, and DNA was stained with DAPI. Images were 

acquired using an automated microscope and analysed with CellProfiler software [29,30]. 

The nuclear over cytoplasmic (Nuc/Cyt) ratio of the p65 signal was calculated and used 

to select candidate modulators of NF-кB signalling (Figure 1B).

 Wells that contained less than 30% of cells compared to the negative control 

were excluded from further analysis, and siRNA pools that displayed a Nuc/Cyt p65 

ratio beyond negative control +/- 3x standard deviation were considered for validation. 

Out of the 128 screened siRNA pools, 15 matched these criteria including those 

targeting the known negative regulators of NF-кB signalling CYLD and A20. Further 

validation led to the selection of 6 hits that showed reproducible phenotypes, and 3 of 

these could be validated with 2 unique siRNAs, decreasing the likelihood of potential 

off-target effects (Figure 1C). These validated and novel modulators of NF-кB signalling 

include F-box only protein 7 (FBXO7), OTU domain-containing ubiquitin aldehyde-

binding protein 2 (OTUB2), and signal transducing adaptor molecule binding protein 

(STAMBP). The siRNA-induced suppression of each of these genes results in increased 

nuclear accumulation of p65 upon TNFα stimulation as compared to a pool of non-

targeting siRNAs (Scrambled), and a pool of siRNAs targeting GAPDH (Figure 1C). This 

is in contrast to silencing of CYLD, which even in the absence of TNFα stimulation 

promotes an increase in nuclear accumulation of p65. As expected, knockdown of 

TNF-R1 abrogates the cellular redistribution of p65. We also tested the knock-down 

efficiency of the individual siRNAs. For each individual siRNA we observed a strong 

reduction in the mRNA levels of their intended targets (Figure 1D). 
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Figure 1. Screen for modulators of NF-кB signalling
(A) Screen setup: U2OS cells were transfected in a single well format with the DUB siRNA 
library (Thermo Scientific), stimulated with TNFα or left untreated, and analysed for cellular 
redistribution of NF-кB p65. Representative photos of unstimulated and TNFα stimulated cells 
showing endogenous p65 staining. (B) Control normalized ratios of nuclear over cytoplasmic 
(Nuc/Cyt) p65 intensity for the siRNA smartpools included in the screen. Error bars are shown 
in red. (C) Summary of three independent experiments for cellular redistribution of p65 
upon silencing of FBXO7, OTUB2, STAMBP, and control genes, GAPDH, TNF-R1 and CYLD. 
A non-targeting (scrambled) siRNA pool was used as negative control. (D) Summary of three 
independent experiments showing the silencing efficiency of the siRNAs used in (C), determined 
by qRT PCR for mRNA levels of the identified genes. (C and D) *P < 0.05, values are mean +/- 
standard deviation. P-value computed from unpaired two-tailed t-test.
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 Both OTUB2 and STAMBP are members of the family of DUB enzymes [31]. 

On the other hand, FBXO7 belongs to the F-box protein family, which in the context 

of Skp, Cullin, F-box (SCF) ubiquitin ligase complexes, confers substrate specificity 

in the ubiquitination process [32,33]. Interestingly, depending on the context, FBXO7 is 

able to both stabilize and destabilize its interaction partners [34,35], and certain recessive 

mutants of FBXO7 have been linked to early-onset Parkinson-pyramidal syndrome [36,37]. 

Furthermore, a study by Chang et al. suggests that cIAP1, a well-established positive 

regulator of NF-кB signalling, is ubiquitinated by the SCFFBXO7 complex. However, the 

influence of this modification on NF-кB signalling was not examined [38]. We therefore 

set out to investigate how FBXO7-mediated ubiquitination might influence NF-кB 

signalling.

FBXO7 is a negative regulator of NF-кB signalling

Having established that silencing of FBXO7 leads to increased nuclear accumulation 

of p65, we next examined whether NF-кB target gene activation is also affected by 

suppression of FBXO7. The NF-кB target genes IL8, A20, IRF1, and STX11 were selected 

for these experiments based on micro-array studies in U2OS cells treated with TNFα 

for 1 to 2 hours (data not shown). We measured the TNFα-induced activation of these 

NF-кB target genes by qRT PCR on RNA isolates of U2OS cells transfected with siRNAs 

targeting TNF-R1, CYLD, or FBXO7 (Figures 2A and S1). As expected, knockdown of 

TNF-R1 impairs the activation of these target genes. In contrast, suppression of CYLD 

results in an increase of transcriptional activation of IL8, A20, and IRF1. Similarly to 

CYLD, knockdown of FBXO7, using two unique siRNAs, results in hyper-activation 

of IL8, A20, IRF1, and STX11. Importantly, we observed similar effects on target gene 

activation in an independent cell line, BJ primary human fibroblasts immortalized by 

stable expression of human telomerase (hTERT). In these cells, suppression of FBXO7 

expression also leads to increased transcriptional activation of IL8 and A20 upon TNFα 

stimulation (Figure 2B).

 Next, we tested whether over-expression of FBXO7 would suppress NF-кB 

signalling. A NF-кB luciferase reporter was co-transfected with plasmids encoding 

either wild type (WT) FBXO7, or a FBXO7 F-box deletion mutant (ΔF), which can no 

longer form a SCF complex. We found that over-expression of WT FBXO7 but not the 

ΔF mutant suppresses the activity of the NF-кB luciferase reporter upon stimulation 

with TNFα (Figure 2C). We conclude that the regulation of NF-кB signalling by FBXO7 

depends on SCFFBXO7 complex formation, and that SCFFBXO7 negatively regulates NF-кB 

signalling.
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Figure 2. FBXO7 regulates NF-кB signalling
(A and B) NF-кB target gene, A20 and IL8, activation in response to TNFα stimulation. The 
mRNA levels were determined by qRT PCR. (A) U2OS and (B) immortalized primary human 
fibroblasts (BJET) transfected with siRNAs targeting FBXO7, TNF-R1, CYLD, or a non-targeting 
(scrambled) control. Values are mean +/- standard deviation of replicate measurements from a 
representative experiment. (C) NF-кB luciferase reporter assay in U2OS cells expressing the NF-
кB luciferase reporter construct, a SV40-Renilla construct, and either empty vector (pcDNA3.1), 
Flag-tagged wild type FBXO7 (WT), or Flag-tagged F-box deletion mutant FBXO7 (∆F). Values 
represent ratio of Luciferase activity over Renilla control activity in the absence or presence 
of TNFα stimulation. *P < 0.05, values are mean +/- standard deviation of four independent 
experiments. P-value computed from unpaired two-tailed t-test.
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FBXO7 acts upstream of IкBα degradation

In order to gain more insight into the function of FBXO7 as a negative regulator of 

NF-кB signalling, we investigated the influence of FBXO7 on the rate of IкBα protein 

degradation upon TNFα stimulation. This is a key regulatory step in the NF-кB pathway, 

separating effectors directly acting on NF-кB transcription factors and transcriptional 

activation of downstream targets, from upstream signalling events at the level of 

FBXO7

pIkBα

IкBα (L.E.)

IкBα (S.E.)

Cdk4

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 TNFα (min)

Scrambled CYLD Scrambled FBXO7
A

B

0 10 20 0 10 20 0 10 20 TNFα (min)
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Flag-FBXO7

WT ΔF

Flag

IкBα

HSP90

Figure 3. FBXO7 regulates NF-кB signalling upstream of IкBα degradation
(A) Western blot analysis of U2OS cells transfected with a non-targeting (scrambled) control 
siRNA pool or siRNAs targeting CYLD or FBXO7. Cells were stimulated with TNFα for 5, 10, 15, 
20 minutes, or left untreated. Western blot analysis was performed for FBXO7, pIкBα, IкBα, and 
Cdk4 (loading control). L.E., Long Exposure; S.E., Short Exposure. (B) Western blot analysis of 
U2OS cells expressing empty vector (EV), Flag-FBXO7 WT, or ∆F. Cells were stimulated with 
TNFα for 10, 20 minutes, or left untreated. Western blot analysis was performed for the Flag 
epitope, IкBα, and HSP90 (loading control).
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the TNF-RSC. We transfected U2OS cells with control siRNAs as well as siRNAs 

targeting CYLD and FBXO7, performed TNFα time-course experiments, and used 

Western blot analysis to visualize IкBα phosphorylation and degradation. As expected, 

knockdown of CYLD increases the rate of IkBα protein degradation independent of 

TNFα stimulation (Figure 3A). Suppression of FBXO7 expression results in a similar 

phenotype, however degradation of IкBα is primarily affected upon treatment with 

TNFα, in agreement with the results of the nuclear translocation assays (Figure 1C). 

Conversely, over-expression of WT but not ΔF FBXO7 results in stabilization of IкBα, 

explaining the diminished signalling observed upon over-expression of WT FBXO7 

in the NF-кB reporter experiments (Figure 3B and 2C). These observations point to 

the TNF-RSC as the site of action for FBXO7, which is supported by the previously 

reported interaction between FBXO7 and cIAP1 [38].

FBXO7 promotes ubiquitination of bound cIAP1

To gain further insight into possible sites of action of FBXO7 in the context of the 

TNF-RSC, we examined whether FBXO7 interacts with components of the TNF-RSC 

that are known to be ubiquitinated. First, in co-transfection experiments with tagged 

versions of either WT or ΔF FBXO7 and cIAP1, we confirmed that cIAP1 binds to 

WT, but also ΔF FBXO7 (Figure 4A). These interactions were not influenced by TNFα 

stimulation (data not shown). Next, we investigated whether cIAP1 is ubiquitinated 

by SCFFBXO7. We observed no change in the ubiquitination levels of total cellular cIAP1 

in the presence of exogenous FBXO7 (data not shown). However, when scaling up 

FBXO7-cIAP1 co-immunoprecipitation experiments, we found that cIAP1, associated 

with WT but not FBXO7 ΔF, is subjected to ubiquitination (Figure 4B).

 

FBXO7 binds to, and ubiquitinates, TRAF2

TRAF2 and cIAP1/2 are constitutively bound to each other and co-recruited to the TNF-

RSC upon TNFα stimulation [3,4]. We therefore posed the question whether FBXO7 also 

interacts with TRAF2 and represents a constitutive member of the complex. In order 

to answer this question, we immuno-precipitated Flag-TRAF2 from cells that had been 

co-transfected with GFP-FBXO7 WT or ΔF constructs. We found that FBXO7 binds 

to TRAF2 (Figure 5A), independently of TNFα (data not shown). We next examined 

whether FBXO7 also affects TRAF2 ubiquitination. HEK293 cells were transfected with 

constructs expressing Flag-TRAF2, HA-ubiquitin and GFP-FBXO7 WT or ΔF. To avoid 

possible ubiquitin contamination from co-immunoprecipitated proteins, we lysed 

cells in denaturing radioimmunoprecipitation assay buffer (RIPA). We then performed 
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Flag-immunoprecipitations and immuno-blots for HA-ubiquitin. We found that there 

is a significant increase in TRAF2 ubiquitination upon over-expression of WT but not 

ΔF FBXO7 (Figure 5B). In summary FBXO7 binds to cIAP1 and TRAF2, and promotes 

ubiquitination of both proteins, the consequence being decreased NF-кB signalling.

FBXO7 lowers RIP1 ubiquitination

Since TRAF2 and cIAP1 are both important for ubiquitin chain formation on RIP1, we 

next investigated whether FBXO7-induced changes in the levels of ubiquitinated TRAF2 

and cIAP1 affects RIP1 ubiquitination. First, in co-immunoprecipitation experiments 

we tried to determine whether FBXO7 and RIP1 interact. However, we were unable to 

detect this interaction (data not shown). We then measured RIP1 ubiquitination levels 

in HEK293 cells transfected with constructs expressing Flag-RIP1, HA-ubiquitin and 

Figure 4. FBXO7 interacts with, and 
mediates ubiquitination of, cIAP1
(A) Western blot analysis of a co-
immuno-precipitation experiment in 
U2OS cells expressing GFP-cIAP1 and 
Flag-FBXO7 WT or ∆F (B) Western blot 
analysis of ubiquitinated GFP-cIAP1 co-
immunoprecipitated with Flag- FBXO7 
WT or ∆F.

20120709_Thesis_FINAL.indd   37 9-7-2012   2:18:05



38

2

GFP-FBXO7 WT or ΔF. We found that over-expression of GFP-FBXO7 WT diminishes 

RIP1 ubiquitination compared to ΔF FBXO7 (Figure 5C). We hypothesize that this 

decrease reduces the recruitment and activation of kinase complexes, preventing IкBα 

degradation and ultimately resulting in reduced NF-кB signalling. 

Discussion

Here we screened a synthetic siRNA library for modulators of regulatory ubiquitination 

in NF-кB signalling. Employing cytoplasmic to nuclear redistribution of the endogenous 

NF-кB transcription factor subunit p65 as a read-out, we identified and verified three 

novel regulators, FBXO7, OTUB2 and STAMBP. We focused our attention on FBXO7, 

and showed that silencing of FBXO7 leads to increased nuclear accumulation of p65 

upon TNFα stimulation, and hyper-activation of NF-кB transcriptional targets. Using 

TNFα time-course experiments we placed FBXO7 upstream of IкBα degradation. We 

found that FBXO7 interacts with cIAP1 and TRAF2 and promotes ubiquitination of 

both proteins, which in turn results in decreased RIP1 ubiquitination, and lower levels 

of NF-кB signalling.

 FBXO7 has been reported to have several functions. In the context of SCFFBXO7 

proteasomal degradation of hepatoma up-regulated protein (HURP) is promoted [35]. 

Other functions, such as stabilization of Cdk6/CyclinD complexes, and pro-B cell 

differentiation have recently been linked to FBXO7 nuclear localization [39,40]. Contrarily, 

our data show that in the context of NF-кB signalling, FBXO7 exerts its function in the 

cytoplasm.

 RIP1 is a key protein within the NF-кB signalling pathway with K63-linked 

ubiquitin chains serving as recruitment platforms for two kinase-complexes, TAK/TAB 

and IKK [8–10]. This K63-linked ubiquitin conjugation depends on the recruitment of 

constitutively interacting TRAF2-cIAP1/2 complexes to the TNF-RSC [6,7]. We showed 

that FBXO7 binds to both cIAP1 and TRAF2 independently of TNFα, suggesting 

constitutive binding and co-recruitment to the TNF-RSC upon stimulation. We found 

that FBXO7 promotes ubiquitination of both cIAP1 and TRAF2, leading to a decrease 

in RIP1 ubiquitination and lowered NF-кB signalling activity. Different scenarios can 

be envisioned to account for the lowered levels of RIP1 ubiquitination. Within the 

context of NF-кB signalling, in addition to RIP1, the cIAP1/2 proteins can promote 

ubiquitination of NEMO, TRAF2 as well as auto-ubiquitination [16–19]. However, at 

present it remains unclear how cIAP1/2 substrate selectivity is determined. We 

observed that cIAP1 specifically bound by FBXO7 is ubiquitinated. Perhaps this post-

translational modification could switch cIAP1 substrate selectivity away from RIP1, 
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thus decreasing kinase complex recruitment. In a second negative regulatory step one 

could even speculate that the ubiquitin ligase activity of cIAP1 could be turned towards 

other targets within the signalling pathway, possibly triggering their proteasomal 

degradation. A change from K63- to K48-linked ubiquitin conjugation likely requires 

the exchange of an ubiquitin conjugating enzyme (E2) partner (as discussed in [41]), 

Figure 5. FBXO7 interacts with TRAF2 and affects 
ubiquitination of TRAF2 and RIP1
(A) Western blot analysis of a co-immuno-precipitation 
experiment in U2OS cells expressing Flag-TRAF2 and 
GFP-tagged wild type FBXO7 WT or ∆F. (B and C) Western 
blot analysis of an ubiquitination assays in HEK293 cells 
expressing HA-ubiquitin, Flag-TRAF2 (B) or Flag-RIP1 (C), 
GFP only, GFP- FBXO7 WT or ∆F.
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however whether SCFFBXO7 mediated ubiquitination of cIAP1 triggers such a change 

remains to be investigated. Interestingly, binding of two E2s, UbcH5, which is 

primarily responsible for K48 linked ubiquitination, and Ubc13 (K63-specific), has been 

observed for the C-terminus of Hsp70 interacting protein (CHIP) [42–44]. This ubiquitin 

ligase plays an important role in protein quality control through binding to the 

chaperone proteins Hsp70 and Hsp90, targeting their client proteins for proteasomal 

degradation (reviewed in [45]). However, at present there are no known targets for CHIP 

mediated K63-linked ubiquitination, and how E2 choice is determined also remains 

unknown. Specific cellular localization of certain E2s has been proposed to control 

some interactions [43]. In addition we speculate that post-translational modifications of 

ubiquitin ligases, causing conformational changes could also promote a switch in E2 

interactions.

 Some evidence exists that NF-кB induced inflammation may be involved in 

development of Parkinson’s disease (reviewed in [46]). As mentioned previously, certain 

recessive mutants of FBXO7 have been linked to the early-onset Parkinson-pyramidal 

syndrome [36,37]. We investigated whether such mutations might influence NF-кB 

signalling, and thereby promote disease phenotypes using two different FBXO7 patient 

mutants (R378G and R498X). However, neither binding to, nor ubiquitination of 

cIAP1 or TRAF2 was affected significantly by these mutations, and in NF-кB luciferase 

experiments patient mutants behaved like WT FBXO7 (data not shown). It remains 

possible that the investigated patient mutations give highly subtle phenotypes, or 

that defects are only noticeable in neuronal cell types. Alternatively, the development 

of Parkinson-pyramidal syndrome may be a consequence of yet to be determined 

functions of FBXO7.

 In conclusion, this study strongly implicates a novel inhibitory role of FBXO7 

at the TNF-RSC in modulating regulatory ubiquitin events in NF-кB signalling. Future 

experiments are required to elucidate the precise mode of action further, expanding 

our knowledge of this complexly regulated signalling pathway.

20120709_Thesis_FINAL.indd   40 9-7-2012   2:18:05



Identification of FBXO7 as a negative regulator of NF-кB | 41

2

Materials and methods

DUB siRNA screen and high-throughput immunofluorescence microscopy

The siGenome DUB siRNA library (Thermo Scientific) was aliquoted into black 

µClear 384 well plates (BD Biosciences). U2OS cells were transfected using a reverse 

transfection protocol and the Dharmafect 1 (Thermo Scientific) transfection reagent. 

Medium was refreshed 24 hours after transfection and cells were left to propagate for 

an additional 48 hours. Next, cells were treated with 10 ng/mL TNFα (Sigma) for 20 

minutes or left untreated, after which they were fixed using 4% formaldehyde PBS.

Fixed cells were washed with PBS, permeabilized with 0.2% Triton-X100 PBS for 10 

minutes, blocked with 5% BSA PBS for 1 hour, and incubated with rabbit-anti-p65 

(C-20, Santa Cruz) antibody at 1:10 dilution for 1 hour. After 4 wash steps with 0.5% 

Tween-20 PBS (PBST), cells were incubated with a fluorescent conjugated goat-anti-

rabbit Alexa488 (Invitrogen) antibody at 1:75 dilution for 1 hour. After another 4 wash 

steps with PBST, 4’,6-diamidino-2-phenylindole (DAPI) was used to stain the DNA 

content.

 Representative images were acquired at 20x with the BD Pathway 855 

High Content Imager (BD Biosciences) and analysed by Cell Profiler (http://www.

cellprofiler.org) image analysis software [29,30]. The DAPI channel was used for nuclei 

segmentation allowing for quantification of the Alexa488 signal in both the nuclei 

and the cytoplasmic compartment of every cell. The ratios of nuclei over cytoplasmic 

(Nuc/Cyt) p65 intensities were calculated, normalized to the negative controls, and 3 

technical replicates were summarized by mean +/- standard deviation to allow for hit 

selection. Wells that contained less than 30% of cells compared to the negative control 

were excluded from further analysis, and siRNA pools that displayed a Nuc/Cyt p65 

ratio beyond negative control +/- 3x standard deviation were considered for validation.

siRNA transfections and qRT-PCR
U2OS cells and immortalized BJ primary human fibroblasts (BJET) were transfected 

using a reverse transfection protocol and Dharmafect 1 or 3 (Thermo Scientific) 

transfection reagents respectively. Medium was refreshed 24 hours after transfection 

and cells were left to propagate for an additional 48 hours. Next, cells were treated with 

10 ng/mL TNFα (Sigma) for indicated times, after which RNA was isolated using either 

Trizol (Invitrogen) or the RNAeasy mini kit (Qiagen). Subsequently, 1 ug RNA was used 

for generating cDNA with the SuperScript II kit (Invitrogen). Using qRT primers listed 

below, and the FastStart MasterPLUS SYBR Green kit (Roche), relative mRNA levels for 
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genes of interest were measured. The relative levels were first normalized to the levels 

of RPL13 or RPL4 control gene mRNA, and then normalized to the negative control. 

The mean +/- standard deviation of technical replicates is either shown directly 

(representative figures), or used to summarize three independent experiments.

siRNA sequences

The following siRNAs gave reproducible phenotypes and knockdown:

FBXO7 no.1 (D-013606-02, Thermo Scientific):  GGAAUGACGAUCGUAUGUU

FBXO7 no.2 (J-013606-06, Thermo Scientific):  CUGAGUCAAUUCAAGAUAA

OTUB2 no.1 (D-010983-02, Thermo Scientific):  CCGUUUACCUGCUCUAUAA

OTUB2 no.4 (D-010983-04, Thermo Scientific):  AAAGAACGCGUACUGCAGA

STAMBP no.2 (D-012202-02, Thermo Scientific):  GAGAAGCCCUCCUUAGAUG

STAMBP no.4 (D-012202-04, Thermo Scientific):  GCAAGGAUCCACCUCUGUU

qRT primer sequences

The following TaqMan® Gene Expression Assays (Applied Biosystems) were used for 

knockdown validation experiments:

FBXO7  Hs00201825_m1

OTUB2  Hs01027047_m1

STAMBP Hs00197726_m1

The following primers were used for the NF-кB target gene activation assay: 

IL8_Fw  AGCACTCCTTGGCAAAACTG

IL8_Rv  CGGAAGGAACCATCTCACTG

A20_Fw  TCTTCTGGAGTTCTCTCCCGT

A20_Rv  TGACCAGGACTTGGGACTTT 

IRF1_Fw GACCCTGGCTAGAGATGCAG

IRF1_Rv A TCCTTGTTGATGTCCCAGC

STX11_Fw GCTTCTCGGTTCGCACTCT

STX11_Rv TGCTGGTCATATTGCTTGGA

RPL4_Fw GCTCTGGCCAGGGTGCTTTTG

RPL4_Rv ATGGCGTATCGTTTTTGGGTTGT

RPL13_Fw GAGACAGTTCTGCTGAAGAACTGAA

RPL13_Rv TCCGGACGGGCATGAC
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Materials, Antibodies and Plasmids

The Luciferase plasmid NF-кB-Luc was obtained from Clontech. SV40-Renilla was 

obtained from Promega. pEGFP-FBXO7 and pVlag-FBXO7 were cloned by PCR 

amplification of IMAGE clone 3611049. Sal I site containing PCR primers (GATC GTC 

GAC CAA CCC AAA TAC ATC TGG/ GATC GTC GAC CCA CTC CTG TGG AGG 

TT) were used to construct the ΔF-box mutant. pEGFP-cIAP1 was cloned by PCR 

amplification of IMAGE clone 3908352.

 Antibodies used were anti-GFP (FL) and (B-2), anti-p65 (C-20), anti-CDK4 

(C-22), anti-Ubiquitin (P4D1) from Santa Cruz, anti-flag (M2) from Sigma, anti-pIkBα 
and anti-IкBα (L35A5) from Cell Signalling Technology, anti-cIAP1 (AF8181) from R&D 

Systems, and anti-HA (12CA5) from a hybridoma culture supernatant grown in our lab. 

FBXO7 rabbit antibody is described in [34].  Normal mouse IgG from Santa Cruz was 

used as non-immune control in immuno-precipitation experiments. 

Cell cultures, transient transfections and reporter assays.

U2OS, BJET and HEK293 cells were cultured in Dulbecco’s modified eagle medium 

(DMEM), supplemented with 10% foetal calf serum. All cell lines were acquired from 

the American Type Culture Collection. DNA transfections of U2OS and HEK293 were 

done with the calcium phosphate method. For luciferase reporter assays 0.125 µg of 

NF-кB-Luc, 0.25 ng SV40-renilla and 0.625 µg pcDNA3.1 or pVlag-FBXO7 plasmids were 

transfected per 24-well. Forty-eight hours after transfection, cells were stimulated 

with 10  ng/mL TNF-α and luciferase activity was measured 72 hours after transfection. 

Immunoblotting and immunoprecipitation

Western blots were performed using whole cell extracts, separated on 8-10% SDS-

PAGE gels or pre-cast gradient gels (Invitrogen) and transferred to polyvinylidine 

difluoride membranes (Millipore). Western blots were probed with the indicated 

antibodies. Co-immunoprecipitation experiments were essentially done as in [47]. 

U2OS cells were transfected by calcium phosphate precipitation with the indicated 

plasmids. Seventy-two hours after transfection, cells were lysed in either ELB or 

ELB Plus buffer, supplemented with “complete” protease inhibitors (Roche) Proteins 

were immunoprecipitated with 2 µg of the indicated antibody conjugated to 

protein G sepharose beads. To detect flag-TRAF2 ubiquitination, HEK293 cells were 

transfected by calcium phosphate precipitation with the indicated plasmids, and 

immunoprecipitations were performed in the more denaturing RIPA buffer, with 

vortexing during cellular lysis.
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Figure S1. FBXO7 regulates NF-кB signalling
TNFα-induced NF-кB target gene, IRF1 and STX11, activation determined by qRT-PCR. U2OS 
cells transfected with siRNAs targeting FBXO7, TNF-R1, CYLD, or non-targeting (scrambled) 
control. Values are mean +/- standard deviation of replicate measurements from a representative 
experiment.
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Abstract

Cisplatin is a widely used chemotherapeutic agent for the treatment of a variety of 

solid tumours. The cytotoxic mode of action of cisplatin is mediated by induction of 

conformational changes in DNA including intra- and inter-strand crosslink adducts. 

Recognition of these DNA-cisplatin adducts results in the activation of DNA-damage 

response networks leading to cell cycle arrest, repair, and potentially, apoptosis. 

Despite the cytotoxic activity of cisplatin, many tumours are either intrinsically 

resistant or acquire resistance during treatment. The identification of cisplatin drug 

response modulators can aid our understanding of these resistance mechanisms, 

provide biomarkers that can improve treatment strategies or provide drug targets 

for combination therapy. Here we discuss functional genetic screens, including one 

performed by us, set up to identify genes whose inhibition results in an increased 

cellular sensitivity to cisplatin. In summary, the validated genes identified in these 

screens mainly operate in DNA-damage response including nucleotide excision repair, 

translesion synthesis, and homologous recombination.

Cis-diammine-dichloro-platinum (cisplatin) is a commonly used chemotherapeutic 

agent displaying clinical activity against a wide variety of solid tumours. However, the 

response to cisplatin is variable, tumours can be either intrinsically resistant or acquire 

resistance to platinum drugs during treatment. Besides resistance mechanisms, adverse 

effects like nephrotoxicity seriously limit the therapeutic efficacy of platinum drugs in 

the clinic. Cisplatin is particularly active against germ cell tumours, epithelial ovarian 

cancer, and is considered to be a curative treatment for testicular cancer [1]. Although 

different types of tumours initially respond very well to cisplatin, the majority of 

patients experience incurable recurrences. In ovarian cancer for example, the initial 

response rate can be up to 70%, but this results in a 5-year patient survival rate of 

only 15-20%. In other tumour types, like small-cell lung cancers, the relapse rate can 

be as high as 95% [2]. To further advance the clinical utility of cisplatin, it is crucial to 

increase our understanding of the mechanisms underlying the response to this drug. 

Of interest are those mechanisms that can be exploited to enhance the response to 

platinum drugs in a tumour-specific manner, or that can be used as biomarker for 

therapy response. A striking example of the latter is the high sensitivity of tumours 

with impaired function of breast cancer type 1 or 2 susceptibility (BRCA1/2) proteins to 

drugs that generate DNA interstrand crosslinks (ICLs). The BRCA proteins are essential 

for homology-directed DNA repair (HR), which allows error-free repair of the duplex 

breaks caused by the excision of platin-DNA adducts. Nucleotide excision repair (NER) 
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is required for the excision of cisplatin-DNA adducts. As a consequence, tumour cells 

with impaired HR or NER display an increased sensitivity to platinum drugs. These 

examples illustrate the importance of identifying genes that are involved in cellular 

response mechanisms to cisplatin. It is anticipated that large-scale genetic screens can 

be instrumental in this process. Here, we will discuss the current understanding of 

cellular mechanisms that affect cisplatin response and the results and interpretation 

of screening efforts aimed at the identification of genes involved in these mechanisms.

Cisplatin and DNA-damage response 

The cytotoxic mode of action of platinum drugs is predominantly mediated by the 

interaction with DNA to form DNA adducts. Upon cell entry, cisplatin becomes aquated 

and positively charged. In this state cisplatin is able to interact with nucleophilic 

molecules like DNA, RNA and methallothioneins. Over the years many mechanisms 

that modulate cisplatin drug response have been described, such as transporters that 

control the cellular accumulation of cisplatin by influx or efflux, and methallothioneins 

that form complexes with cisplatin, thereby limiting the pool of free cisplatin that can 

interact with DNA [3]. However, their clinical significance remains speculative, and in 

addition, recent studies suggest that responsiveness to cisplatin treatment is primarily 

determined by the competence of DNA damage repair mechanisms.

 Cisplatin preferably interacts with guanosine and at a lower frequency with 

adenosine. It thereby creates intrastrand crosslinks and, but to a lesser extent, mono-

adducts and interstrand crosslinks [1,4,5]. These cisplatin-induced conformational 

changes of DNA can be recognized resulting in activation of ATR-CHEK1 and 

ATM-CHEK2 DNA damage signal transduction pathways [6,7]. These pathways then 

orchestrate a cell cycle arrest to allow DNA repair or the clearance of damaged cells 

through induction of apoptosis.

 The repair of intrastrand crosslinks, the major lesion (80-90%) caused by 

cisplatin, occurs primarily through the nucleotide excision repair (NER) pathway 
[1,4]. The NER pathway includes genes that are mutated in Xeroderma pigmentosum 

(XP) and Cockayne syndrome (CS) patients. Indeed, defects in the NER pathway (XPA, 

ERCC2, ERCC4, ERCC5, ERCC6 and ERCC8) result in hypersensitivity to platinating 

agents [8]. Key components of NER include excision repair cross complementing 

(ERCC1) and Xeroderma pigmentosum F (XPF, also known as ERCC4). ERCC1-ERCC4 

cleaves the damaged strand 5’ of the DNA lesion, after which the resulting gap is filled 

in by DNA polymerases in the presence of replication factors. As a result of their 

function, increased expression of ERCC1 and ERCC4 causes cisplatin resistance in 

ovarian and gastric tumours [4].
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 The DNA distortions caused by cisplatin are also recognized by protein 

complexes constituted of mutS homolog 2 and 6 (MSH2-MSH6), a component of the 

mismatch repair (MMR) pathway, and high mobility group proteins 1 and 2 (HMG1/2). 

The MMR pathway is involved in replacing mispaired bases in the DNA duplex with 

correct bases after replication [9]. Although MMR proteins are able to recognize 

cisplatin-induced intrastrand crosslinks, they are not involved in the actual repair 

of cisplatin adducts. In fact, it is thought that upon crosslink binding these proteins 

contribute to activation of apoptotic signalling [10]. Hence MMR-deficient tumours can 

continue to proliferate in spite of cisplatin-induced DNA damage [11,12]. Similar to the 

MMR proteins, HMG1 and -2 can bind cisplatin induced intrastrand crosslinks, but are 

not involved in their repair. It has been suggested that binding of these HMG proteins 

can conceal the DNA damage from DNA damage repair pathways and thereby protect 

a cell from apoptosis induction [13].

 Instead of initiating repair, DNA-damage can also be actively ignored. When 

the replication machinery runs into a platinum-DNA-adduct it will stall due to the 

inability of a replicative polymerase to move across the lesion. However the replicative 

polymerase can be exchanged for translesion synthesis polymerases that can proceed 

across the DNA adduct, a process called translesion synthesis (TLS). As a result, human 

cells expressing low levels of the catalytic subunit of DNA polymerase ζ (REV3L) are 

more sensitive to cisplatin treatment [14]. The strong sensitization to cisplatin by 

downregulation of TLS can also be the result of TLS’ function in the repair of cisplatin-

induced interstrand crosslinks. The function of Polζ (REV3L-REV7), REV1, Polη, and 

RAD18 are all required for replicative bypass of cisplatin intrastrand crosslinks [15]. 

Although this form of DNA-damage tolerance is associated with cell viability, TLS is 

error-prone and as a result the accumulation of mutations can be detrimental to cells 

over prolonged periods of time [16].

 The interstrand crosslinks (ICLs) induced by cisplatin occur less frequent (2%) 

than the intrastrand crosslinks (80-90%). However, they impose an extreme danger 

to the cell [17]. Recently it was shown that the exceptional sensitivity of testicular germ 

cell tumours (TGCT) to cisplatin is associated with a decreased ability to repair ICLs. It 

appears that low levels of ERCC1-ERCC4 are rate limiting in this response [18]. The repair 

of ICLs is complex and involves a series of DNA-damage repair pathways including 

NER, TLS, HR, and Fanconi anemia (FA) proteins. Although our knowledge of ICL 

repair has increased significantly over the past years, a comprehensive understanding 

of the mechanism is far from complete [7,19].

20120709_Thesis_FINAL.indd   53 9-7-2012   2:18:06



54

3

 It is clear that several mechanisms are involved in the recognition and 

efficient repair of cisplatin-induced DNA damage. Mutations that deregulate these 

mechanisms can increase cellular sensitivity to cisplatin. To further improve cisplatin 

therapy, it is important to identify essential components of the cellular pathways 

involved in cisplatin response, as they may represent suitable biomarkers for patient 

stratification or targets for combination therapy [20,21]. To this date, several screens 

for modulators of cisplatin sensitivity have been performed in the model organisms 

Saccharomyces cerevisiae. In addition, RNA-interference (RNAi) based screens aimed 

at the identification of such modulators have been performed in several human 

cancer cell lines (Table 1). Although it remains questionable whether drug response 

mechanisms identified in vitro significantly contribute to resistance observed in the 

clinical setting [3], these screens seem to recover genes strongly implicated in DNA 

damage response mechanisms that deal with platinum drug induced DNA damage. 

It can be concluded that functional genomic screens, although still in infancy, show 

promise in the identification of components playing crucial roles in the sensitivity of 

cells towards cisplatin based therapies. Here we will compare the outcome of several 

screening efforts, including our own, and discuss the results in a wider perspective.

Screens for modulators of cisplatin sensitivity

Lessons learned from yeast

Several screens for modulators of cisplatin sensitivity were performed in the budding 

yeast S. cerevisiae. As the function of the genes identified by these screens is highly 

conserved between S. cerevisiae and humans, results of these screens are valuable 

for the understanding of the cisplatin response in human cells. A collection of 

yeast deletion strains with defined genetic alterations in DDR elements was used to 

determine whether these confer a specific vulnerability to a panel of chemotherapeutic 

agents, including cisplatin [22]. The drug sensitivity profiles showed that yeast strains 

deleted for genes in the key-pathways for cisplatin-induced DNA-damage repair, 

including the post-replication repair pathway (RAD6 and RAD18), recombinational 

repair (RAD50, RAD51 and RAD52), and TLS (REV1, REV3), are more sensitive to 

cisplatin treatment. In a similar screening model, using a panel of 4728 homozygous 

yeast deletion strains of nonessential genes, sensitivity profiles were determined for 

cisplatin, oxaliplatin and mitomycin C (MMC) [23]. The identified genes, that upon 

deletion confer sensitivity to these anticancer agents, include those operating in NER 

(e.g. RAD1, RAD2, RAD4, RAD10 and RAD14), postreplication repair (RAD5, MMS2), 
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TLS (REV1 and REV3), recombinational repair (MMS4, RAD54, RAD55, RAD57, RAD59 

and SAE2), and ICL repair (PSO2) (Table 1). Interestingly, ES cells with a homozygous 

deletion of the mouse ortholog of PSO2, mSNM1, display increased sensitivity to 

MMC, but not to cisplatin [24]. In both screening models, no genes were identified 

operating in the non-homologous end joining (NHEJ), DSB repair pathway, the base 

excision repair (BER) pathway, or in DNA-damage checkpoints [22,23]. However, Brown 

and colleagues did identify other genes involved in cisplatin sensitivity, IMP2, PPH3, 

PSY1, PSY2, and PSY3. PSY2 was previously identified by Shoemaker and colleagues, in 

a screen of 78 therapeutically active chemical agents in a genome-wide screen using 

yeast heterozygotes [25]. Heterozygous deletion of PSY2 (platinum sensitivity 2) caused 

increased sensitivity towards cisplatin. The human ortholog of PSY2, PP4R3, is part of 

the protein phosphatase 4 cisplatin sensitive complex (PP4cs). Taken together, these 

screens in S. cerevisiae led to the identification of genes mainly involved in the DDR.

Towards understanding the platinum response in human cancer

A genome-wide screen to identify modifiers of cisplatin sensitivity was performed by 

Linsley and colleagues [26]. Their validated hits show a considerable overlap with the 

orthologs identified in S. cerevisiae (Table 1). The genes recovered in this screening effort 

mainly operate in pathways that are activated by stalled replication forks (ATR, CHEK1 

and RAD18) or execute HR (BRCA1, BRCA2, RAD51, SHFM1, REV1L, and REV3L). In a 

smaller scaled siRNA screen comprising 2400 pools of siRNAs, sensitivity to cisplatin, 

gemcitabine or paclitaxel was tested [22]. The results show unique drug response profiles 

for the genes tested, similarly to the yeast screen described above. In another study, 

Azorsa and colleagues performed a screen for cisplatin drug response modulators in 

an ovarian cancer cell line, SKOV3, using an RNAi library targeting kinases [27]. They 

identified three genes, ATR, CHEK1, and PRKAB1, whose silencing causes an increased 

sensitivity to cisplatin. PRKAB1 is a subunit of the adenosine monophosphate-

activated protein kinase (AMPK) that had been implicated in cisplatin drug response 

before. Follow-up studies on CHEK1 show that, similar to CHEK1 silencing, inhibition 

of CHEK1 by a small molecule inhibitor results in increased sensitivity towards 

cisplatin treatment [28]. Using a siRNA library targeting the kinome and ceramidome 

(reviewed in [29]), Nick and colleagues performed a screen to study drug response to 

several chemotherapeutic agents, including paclitaxel, doxorubicin, 5-FU and cisplatin 
[30]. One of the hits they identified was COL4A3BP (CERT), a ceramide transporting 

protein. Knockdown of COL4A3BP sensitized diverse cell types to the small molecules 

tested. Many chemotherapeutic agents, as well as knockdown of CERT, cause ceramide 
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accumulation, which is toxic to cells. Thus, the sensitizing effect of CERT silencing on 

cisplatin treatment might be explained by a ceramide dependent additive or synergistic 

effect.

 To explore the possibility of identifying additional modulators of sensitivity to 

cisplatin, we performed a screen with an RNAi library consisting of 7000 siRNA pools 

targeting the kinome and druggable genome (Table 1 and Figure 1A-C). In contrast 

to previously described screens, we used primary human fibroblasts (BJs) that were 

immortalized by stable introduction of the catalytic subunit of human telomerase 

(hTERT), and which stably expresses a TP53-knockdown vector (BJET-p53KD) leading 

to a p53null phenotype (data not shown). We chose a primary cell line, because most 

of the DNA-damage response pathways, except those relying on p53, are still intact 

in these cells. In contrast to other drug modulator screens in mammalian cells, we 

used a viability assay based on counting nuclei using DAPI to stain DNA content, 

high content image acquisition and automated image analysis. An advantage of this 

approach is that nuclei counts, in contrast to metabolic assays, are not affected by 

changes in metabolism caused by knockdown of genes involved in these processes. 

However, a reduction in nuclei count is not associated with reduced cell viability per se, 

as such a reduction can also be caused by a proliferative arrest.

 Based on the original screen data we selected 37 genes, which upon 

knockdown selectively reduced the nuclei count (>30%) in BJET-p53KD cells treated 

with cisplatin, and which only show a modest toxicity (<25%) in untreated BJET-

p53KD cells (Figure 1A). To confirm the observed phenotypes, we then retested the 37 

candidate siRNA pools. For 7 out of the 37 (19%) pools tested, we obtained reproducible 

results (Figure 1B). To exclude possible off-target effects, we subsequently tested the 

4 individual siRNAs that make up these pools separately. In addition, we included 4 

On-Target Plus (OTP) modified siRNAs. OTP siRNAs carry a base modification in the 

antisense strand to reduce binding through seed-sequences and miRNA-mediated 

effects, one of the potential off-target mechanisms. For 4 (57%) genes, we were able to 

reproduce the results with 3 or more unique siRNAs (Figure 1C). With this approach 

and selection criteria, we were able to validate ATR, BRCA1, BRCA2, and REV3L. These 

four genes are components of DNA repair pathways previously implicated in cisplatin 

sensitivity. Importantly, the results of our screen show an almost complete overlap 

with the results described by Linsely and colleagues [26]. However several of the genes 

(CHEK1, RAD51, and SHFM1) identified by Linsley and coworkers were not selected 

for validation in our study despite the fact that the siRNA pools targeting these genes 

enhanced cisplatin cytotoxicity. These genes were not selected because their silencing 
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already impairs the proliferation and/or survival of untreated cells. A difference in the 

cell lines used for screening can be one explanation for this discrepancy. We have used 

primary human fibroblasts in contrast to HeLa cells, a human cervical carcinoma cell 

line, in which confounding mutations can mask the consequences of knockdown of 

these genes. Other genes identified by Linsely and colleagues such as BARD1, REV1 
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and BRIP1 could not be validated or their knockdown had only a marginal effect on 

cisplatin sensitivity in the BJET-p53KD cell line. In addition, members of the RAD family, 

that were identified in the mammalian and yeast screens described above, were not 

selected in our screen, because they influenced cell viability of untreated cells in a 

positive or negative way, more than our stringent selection criteria permitted. 

Overlapping hits in common pathways

Despite differences in the size of the libraries and the genes they target, the screening 

models, treatment schedules, and assays used to readout cell viability, most of the 

screens described above led to similar results. The majority of the identified genes that 

upon knockdown enhance cisplatin cytotoxicity share overlapping functions in TLS, 

HR and ICL repair. Although the screens are based on in vitro models, many of the 

genes and their associated pathways have been implicated in cisplatin responsiveness in 

vivo, including mouse models and human tumours with genetic alterations that affect 

the function of these genes [31]. No genes were identified that have functions in signal 

transduction pathways such as MEK/ERK or PI3K, encode for inhibitors of apoptosis 

or other stress sensors. Thus cisplatin response is predominantly determined by the 

integrity of DNA damage sensing, signalling and repair pathways. However, some 

proteins were identified that are not yet implicated in DDR, such as a subunit of AMPK 

and CERT. Although the available data suggest a mechanism for AMPK and CERT in 

modulating cisplatin drug response, it is of interest to further elucidate the role of 

these non-DDR related proteins in cisplatin response in vivo, and explore whether they 

have clinical significance. Interestingly, none of the screens led to the identification of 

Figure 1. (Left) A siRNA screen for modulators of cisplatin sensitivity
(A) Data from the screen presented in a scatter plot with the mean normalized nuclei counts 
for every siRNA pool in both the untreated as well as the cell line treated with 0.4 µM cisplatin 
(IC10). Grey: experimental samples, blue: negative controls, red: positive controls, green: selected 
candidates. In total 37 candidates were selected based on the following criteria: mean normalized 
nuclei count in untreated setting between 0.75 and 1.50, >25% reduction in nuclei count in 
the treated setting, and a relative reduction in nuclei count of >30% in the treated versus the 
untreated setting. (B) A validation experiment with siRNA pools targeting the candidate genes 
to determine the reproducibility of the phenotypes observed in the screen. Only those that 
showed a reproducible phenotype are shown. Error-bars represent standard deviation of three 
measurements. (C) Summary of a validation experiment with siRNA pools (SP) and individual 
siRNAs (1-4) from the siGenome and on-target plus (OTP) collection of ThermoFischer 
Dharmacon. Only data for the validated genes, ATR, BRCA1, BRCA2, and REV3L are shown. 
Error-bars represent standard deviation of three independent experiments. Asterisks denote 
significant (student t-test, p < 0.05) differences between the treated and untreated settings.
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genes in the expected NER or Fanconi anemia pathways despite their well-established 

involvement in the DDR to cisplatin. However, as RNAi results in suppression of 

protein levels rather than complete ablation of protein function, remnant levels of 

NER activity or low levels of FA proteins might be sufficient for the cell to deal with the 

DNA damage induced by cisplatin treatment. The same argument can be used against 

the notion that saturation in RNAi screening for modulators of cisplatin sensitivity 

has been reached. It is also noteworthy that the libraries used in the screens described 

are based on distinct reagents and show differences in their coverage.

 In conclusion, the sensitized screens with RNAi or yeast mutants both yielded 

novel chemical-genetic interactions and highlight the importance of the ATR-CHEK1 

DNA damage signal transduction pathway, NER, HR, TLS, and ICL repair in response 

to cisplatin induced DNA-damage.

The next steps

The major task at hand is exploration of the clinical significance of the modulators 

of cisplatin sensitivity that have been described. For example, clinical trials with 

combinations of cisplatin and a compound targeting CHEK1 are ongoing [32]. In 

addition, it is attractive to investigate whether tumours that show the BRCAness 

phenotype, meaning wild type BRCA-genes, but yet showing similar defects as those 

with BRCA-mutations [33,34], bear (epi)genetic alterations in one of the genes listed in 

Table 1. The presence thereof may be associated with a better response to cisplatin 

treatment [35–37]. It will also be interesting to screen for genes that sensitize cells to 

cisplatin in cellular models that are highly resistant to cisplatin. Hits identified with 

this approach are candidate drug targets for combination therapy in patients that 

show no response to cisplatin. Of equal importance, the identification of cisplatin 

drug response modulators can help to stratify patients most likely to benefit from a 

platinum-based treatment [21]. In conclusion, sensitized RNAi screens, as discussed 

in this Extra View, can yield important insights into drug resistance mechanisms, 

which may be exploited in the clinic to improve the treatment of cancer patients in a 

personalized manner.
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Screens based on RNA interference (RNAi) have been widely applied to identify genes 

involved in a variety of cellular networks and processes (reviewed in [1,2]). By extending 

the functional annotation of our genome, these loss-of-function screens can increase 

our understanding of mechanisms that underlie human pathologies including cancer. 

Moreover, the discovery of novel functions associated with a gene may provide 

actionable information for the treatment of a disease, such as candidate drug targets 

or findings that help to stratify patients based on predictors of treatment response.

 The first part of this thesis describes two screens, the first aimed at identifying 

novel regulators of TNFα-induced NF-кB signalling and the second aimed at identifying 

genes involved in drug response mechanisms associated with cisplatin treatment. 

In both studies we made use of commercially available arrayed libraries consisting 

of siRNA pools that are each constituted of 4 unique siRNAs targeting one specific 

gene (Thermo Scientific – Dharmacon). After selecting the siRNA pools that upon 

introduction yielded the phenotype of interest, a series of experiments were performed 

to confirm and validate that silencing of the intended gene is indeed associated with 

the observed phenotype. The latter includes testing of the individual siRNAs present 

in the pool and determining the efficiency of gene silencing to establish a knock down 

phenotype correlation. Testing additional siRNAs is particularly important in the 

follow-up of these screens as individual siRNAs may affect the stability or translation 

of a transcript other than the intended target, known as an off-target effect [3]. Hence, 

this discussion will focus on the genes for which 2 or more unique siRNAs were found 

to yield a phenotype of interest.

 In this chapter we will discuss the rationale for each of the screens presented 

in the preceding chapters and the findings that followed from further investigations. 

In addition, there will be a brief discussion on the possible mechanisms underlying the 

inhibitory function of the genes identified in the screen for regulators of NF-кB, but 

which were not followed up in the original study.

Screening for modifiers of regulatory ubiquitination events in 
NF-кB signalling

Nuclear factor кB (NF-кB) transcription factors play a central role in immune responses 

and it is therefore not surprising that germline mutations affecting regulators of NF-

кB activity give rise to severe immune disorders [4,5]. In addition, NF-кB signalling is 

involved in cellular processes such as cell proliferation, apoptosis and stress response 

mechanisms, and can thereby contribute to cancer development [6]. Activation of NF-кB 

in cancer cells can be the result of germline or somatic mutations affecting NF-кB and 
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its direct regulators, oncogenic signalling, cellular stress and paracrine stimulation [4,7,8]. 

The latter may involve inflammation of the surrounding tissue and excreted cytokines 

such as tumour necrosis factor α (TNFα) (the history of TNFα and its role in cancer 

is reviewed in [9]). Because of its both pro- and anti-tumorigenic effects as well as an 

important role in immune responses, TNFα has received a lot of attention in several 

research areas and from pharmaceutical companies.

 Binding of TNFα to TNF receptor 1 (TNF-R1) results in the assembly of 

the TNF-R1 signalling complex (TNF-RSC) containing several proteins including 

TNFR associated death domain (TRADD), receptor-interacting serine/threonine 

protein kinase 1 (RIP1), TNFR associated factor 2 (TRAF2) and cellular inhibitor 

of apoptosis proteins 1 and 2 (cIAP1/2) (reviewed in [10,11]). Within the TNF-RSC, the 

cIAP1/2 E3 ubiquitin ligases modify RIP1 with ubiquitin chains. These ubiquitin chains 

then facilitate the recruitment and activation of a kinase complex constituted of 

transforming growth factor-β-activated kinase 1 (TAK1) and binding proteins (TAB), 

which subsequently activates the inhibitor of IкB kinase (IKK) complex consisting of 

the subunits α (IKK-α), -β (IKK-β) and NF-кB essential modulator (NEMO). Next, the 

IKK complex phosphorylates the inhibitor of кBα (IкBα) thereby targeting this protein 

for ubiquitination and proteasomal degradation. Upon degradation of IкBα the NF-

кB dimer is released and free to enter the nucleus, bind to target gene promoters 

and mediate transcriptional activation. This whole process takes place within 10-20 

minutes after TNFα stimulation and is heavily regulated by ubiquitin modifications 

and enzymes that either conjugate or hydrolyse these ubiquitin modifications [11,12]. A 

better understanding of this signalling cascade may help to explain how the NF-кB 

pathway is activated in cancer cells and guide the development of therapeutic agents 

for inflammatory diseases and cancer.

 Almost a decade ago Brummelkamp and colleagues screened a shRNA 

library targeting 50 de-ubiquitinating enzymes (DUBs) for regulators of TNFα-

induced activation of NF-кB signalling using a NF-кB reporter system [13]. They and 

others at the time identified cylindromatosis (CYLD) as negative regulator of NF-кB 

signalling hydrolyzing K63-linked polyubiquitinated chains bound to components 

of the TNFα-induced NF-кB signalling pathway, including TRAF2 and NEMO [13–16]. 

Prior to this discovery, mutations in CYLD were implicated in the onset of the familial 

tumour predisposition syndrome Cylindromatosis, a finding that led Brummelkamp 

and colleagues to speculate that these patients might benefit from small molecule 

inhibitors of NF-кB signalling [13,17]. This was subsequently tested in a follow-up study 

using topical application of salicylic acid, a derivative of aspirin and a known inhibitor 
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of NF-кB signalling, which resulted in complete remission for 2 out of the 12 treated 

cylindromas [18]. Despite this interesting observation, additional studies supporting the 

use of NF-кB inhibitors in treating cylindromatosis are currently lacking.

 In the years that followed, the list of putative DUB enzymes increased to almost 

one hundred [19–21]. To investigate whether this list harbours additional regulators of 

TNFα-induced NF-кB signalling, we screened a siRNA library targeting 128 ubiquitin 

modifiers, most of which are DUBs. 

Identification of F-box only protein 7 as a negative regulator of NF-кB

Using a RelA/p65 specific antibody in combination with immunofluorescence and a 

high throughput imaging readout, we are able to measure NF-кB activation by nuclear 

accumulation of endogenous RelA/p65 upon TNFα stimulation. This assay was used 

to screen the ubiquitin modifier library for novel regulators of TNFα-induced NF-кB 

signalling. The screen and subsequent validation experiments led to the identification 

and verification of three novel regulators of NF-кB signalling, F-box only protein 7 

(FBXO7), OTU domain-containing ubiquitin aldehyde-binding protein 2 (OTUB2) and 

signal transducing adaptor molecule binding protein (STAMBP). Silencing of FBXO7, 

OTUB2 and STAMBP increased the fraction of nuclear RelA/p65 in cells stimulated 

with TNFα. This was in concordance with a decrease in FBXO7, OTUB2 and STAMBP 

mRNA levels, respectively. While OTUB2 and STAMBP are both DUBs, FBXO7 is a 

member of the F-box protein (FBP) family, which in the context of the S-phase-kinase-

associated protein-1 (Skp1) – cullin-1 (CUL1) – F-box protein (FBP) (SCF) E3 ligase 

complex SCFFBXO7 confers substrate specificity in the ubiquitin conjugation process 
[22,23]. A study by Chang and colleagues provided indirect evidence for a regulatory 

function of FBXO7 in NF-кB signalling [24]. They showed that FBXO7 can interact with, 

and mediate ubiquitination of, cIAP1 [24,25]. However, from these observations it was 

still unclear if and how the interaction between FBXO7 and cIAP1 influences NF-кB 

signalling. Therefore, we decided to study FBXO7 in more detail. 

 We confirmed that FBXO7 can bind and promote ubiquitin conjugation 

to cIAP1. We also found that FBXO7 can interact with, and mediate ubiquitination 

of, TRAF2. In contrast, we observed that overexpression of FBXO7 reduced the 

level of RIP1 ubiquitination and lowered NF-кB signalling activity. Together these 

observations support a model in which SCFFBXO7 mediated ubiquitination of cIAP1 and/

or TRAF2 results in reduced RIP1 ubiquitination and inhibition of NF-кB signalling. In 

agreement, silencing of FBXO7 by RNAi increases the rate of IкBα degradation, resulting 

in an increase of RelA/p65 nuclear accumulation and hyperactivation of NF-кB target 
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genes. However, these observations also raise some questions, including: what is the 

consequence for cIAP1 and TRAF2 upon ubiquitination by SCFFBXO7, and how does this 

translate into a reduction of RIP1 ubiquitination? The simplest explanation involves 

SCFFBXO7 mediated K48-linked ubiquitination of cIAP1 and/or TRAF2, resulting in 

their degradation by the proteasome and as a result reduced RIP1 ubiquitination. 

However, we did not observe any change in cIAP1 and TRAF2 protein levels when 

we overexpressed or silenced FBXO7 (data not shown). In another model, ubiquitin 

conjugation mediated by SCFFBXO7 may direct cIAP1’s E3 ligase activity away from RIP1 

and towards itself or TRAF2, a process that might involve switching of E2 ubiquitin 

conjugating enzymes (see chapter 2).

 Although our study is the first to show that FBXO7 inhibits TNFα-induced 

activation of NF-кB, it is clear that additional experiments are required to fully resolve 

the mechanism by which FBXO7 regulates this signalling pathway. In particular, it is 

unclear whether SCFFBXO7 conjugates ubiquitin to both cIAP1 and TRAF2 directly or 

that the modification of one depends on the E3 ligase activity of the other. Moreover, 

it would be interesting to know which type of ubiquitin modifications are covalently 

linked to cIAP1 and TRAF2 upon FBXO7 overexpression, as this determines the fate of 

the modified protein (reviewed in [26]).

The impact of FBXO7 on cellular processes associated with NF-кB activity

The NF-кB signalling pathway controls the expression of many genes involved in a 

variety of cellular processes such as proliferation, differentiation, apoptosis and immune 

responses [6,8]. However, the outcome of NF-кB activation depends on the nature and 

the cellular context of its induction. Therefore, another important question that 

arises from our observations is: what is the impact of FBXO7 on the cellular processes 

governed by NF-кB activity? Addressing this question is experimentally complicated as 

FBXO7 has several functions independent of regulating NF-кB signalling, which may 

influence these cellular processes.

 Overexpression of FBXO7 promotes cyclin D/Cdk6 complex formation, 

resulting in increased cyclin D/Cdk6 activity, E2F target gene transcription, and Cdk6-

dependent transformation of murine fibroblasts [27]. Interestingly, overexpression of 

FBXO7 did not affect cell cycle progression or proliferation in this setting. Similarly, 

we did not observe an effect on proliferation upon silencing of FBXO7 in U2OS cells or 

in hTERT immortalized primary human fibroblasts, BJET (data not shown). However, 

silencing of FBXO7 in a murine pro-B cell line results in increased proliferation and 

reduced B cell maturation independent of Cdk6 levels [28]. This study also shows that 
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this effect on proliferation may involve p27, as suppression of p27 phenocopies the 

effects observed upon silencing of FBXO7 in this system [28]. In support, silencing of 

FBXO7 results in a decrease of p27 protein levels [27,28]. This together with the finding 

that FBXO7 can interact with p27 suggests an additional role for FBXO7 in regulating 

p27 protein levels directly [27]. Additional experiments are required to confirm and 

resolve the mechanism behind this proposed function of FBXO7.

 Instead of investigating in detail how FBXO7 might affect proliferation or 

differentiation in the context of NF-кB signalling, we chose to investigate whether 

silencing of FBXO7 attenuates TNFα-induced apoptosis by increasing activation of 

NF-кB pro-survival signalling prior to apoptosis induction. U2OS and BJET cell lines 

were transfected with siRNAs targeting TNF-R1, CYLD, caspase 8 (CASP8), FBXO7 or 

a pool of non-targeting siRNAs (control). As expected, suppression of TNF-R1, CYLD, 

and CASP8 almost completely attenuated the apoptotic response induced by an 8 hour 

treatment with TNFα and cycloheximide (CHX), an inhibitor of protein translation 

used to suppress NF-кB target gene expression upon TNFα stimulation (data not 

shown). However, suppression of FBXO7 did not affect the apoptotic response. In fact, 

Annexin V - PI FACS analyses suggested that silencing of FBXO7 in the pro-B cell line 

BaF3 leads to a slight increase rather than a decrease in apoptotic response upon TNFα 

and CHX treatment (data not shown). In line with this observation, FBXO7 knockout 

MEFs display an increased sensitivity to the TNFα and CHX treatment compared 

to wild type MEFs (data not shown). The reason behind this differential response 

is unclear and requires further investigation. It might be that a NF-кB independent 

function of FBXO7 protects against apoptosis. For example, FBXO7 may regulate the 

activity of another IAP family member, XIAP. Unlike cIAP1/2 it has been well accepted 

that XIAP can mediate ubiquitination and subsequent degradation of caspases and 

thereby protect against pro-apoptotic signalling independent of NF-кB signalling 

(reviewed in [29,30]).

 To investigate the effects on immune responses, it is common to study the 

production of cytokines upon stimulatory events such as the presence of infectious 

agents or by addition of cytokines such as LPS and TNFα. Upon activation of NF-

кB, a repertoire of target genes are transcriptionally activated, including many genes 

involved in immune responses, such as IL-6 and IL-8 [31–34]. These two target genes are 

widely used to demonstrate, or measure NF-кB induced immune signalling. In our 

initial experiments we have shown that, in addition to the well characterized NF-кB 

target gene and negative regulator A20, transcriptional activation of the cytokine 

IL-8 is increased upon suppression of FBXO7. Furthermore, we show that silencing of 
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FBXO7 results in hyperactivation of interferon regulator factor 1 (IRF1) and syntaxin-11 

(STX11), both implicated in immune responses [35–37]. Hence, these observations support 

a role for FBXO7 in immune responses regulated by NF-кB activation. In conclusion, it 

will be important to investigate the effect of FBXO7 silencing in vivo and to determine 

whether the effects observed depend on FBXO7’s inhibitory function on NF-кB 

signalling.

FBXO7 in cancer and Parkinsonian-pyramidal syndrome

There is currently no direct evidence supporting a role for FBXO7 in cancer such as 

reports of recurrent somatic mutations or differential expression patterns. However, 

the finding that FBXO7 inhibits NF-кB signalling suggests that FBXO7 may have anti-

tumorigenic effects. In contrast, another study suggests the opposite, overexpression 

of FBXO7 transforms murine fibroblasts (NIH3T3) in a Cdk6 dependent manner 

indicating that an increase in FBXO7 activity may promote tumour growth [27]. 

Therefore, in vivo studies are required to determine whether and how FBXO7 plays a 

role in cancer.

 Shortly after we discovered that FBXO7 negatively regulates TNFα-induced 

activation of NF-кB signalling, it was reported that mutations in FBXO7 are causally 

linked to the Parkinson-like disease Parkinsonian-pyramidal syndrome (PPS) [38–40]. 

Although mostly circumstantial, several findings suggest a role for TNFα in Parkinson’s 

disease (PD) (reviewed in [41]). This includes the observation that patients with PD 

have high levels of TNFα in the brain [42]. In addition, mice deficient for both TNF 

receptors, TNFR1 and TNFR2, are protected against the effects induced by MPTP (a 

dopaminergic neurotoxin), used to model the development of PD [43]. Moreover, there is 

an association between early onset PD and polymorphisms in the non-coding regions 

of TNFα [44,45]. Since our data show that FBXO7 regulates TNF-RSC signalling, we set 

out to determine whether the PPS mutations in FBXO7 may affect this function. We 

generated two of the mutants found in PPS, and first tested whether they could still 

form a SCF complex together with Skp1 and CUL1. The ability to form this complex 

was still intact as, similar to wildtype (WT) FBXO7 the PPS mutants FBXO7R378G and 

FBXO7R498X co-immunoprecipitate CUL1, while the F-box deletion mutant FBXO7∆F 

does not (data not shown). In addition, both PPS mutants as well as WT FBXO7 

co-immunoprecipitate TRAF2 and were able to mediate ubiquitin conjugation to 

cIAP1 and TRAF2 without an obvious difference compared to WT FBXO7 (data not 

shown). These observations suggest that the PPS mutants do not affect TNFα-induced 

NF-кB signalling. To test this hypothesis more directly, it will be important to test 
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whether the PPS mutants can rescue silencing of endogenous FBXO7. Although we 

tried extensively, we were unable to provide this valuable information due to several 

technical complications in setting up this experiment.

 In conclusion, it is clear from these results that further investigation regarding 

the role of FBXO7 in PPS will be required to determine the underlying disease 

mechanism. Although unlikely based on our results, this may involve NF-кB signalling. 

Lastly, because FBXO7 can inhibit NF-кB signalling it would be of interest to study the 

effects of loss of FBXO7 function on immune responses and the development of cancer 

in mice models.

OTUB2 and STAMBP

In addition to FBXO7 we identified two other inhibitors of TNFα-induced activation 

of NF-кB, OTUB2 and STAMBP. OTUB2 is a member of the otubain family of DUBs, 

which also includes A20 and cezanne, both inhibitors of NF-кB signalling [46–48]. During 

our work on the mechanism by which FBXO7 inhibits TNFα-induced activation 

of NF-кB, Li and colleagues published a study describing how OTUB2 can inhibit 

activation of NF-кB signalling [49]. They show that OTUB1 and OTUB2 can interact 

with TRAF3 and TRAF6 and hydrolyze ubiquitin chains covalently bound to these 

proteins, potentially explaining a reduced Sendai virus (SeV)-triggered activation of the 

interferon-stimulated response element (ISRE) and NF-кB. In addition, these authors 

showed that silencing of OTUB1 or OTUB2 potentiates the SeV-triggered activation 

of ISRE and NF-кB. Based on the findings by Li and colleagues one could hypothesize 

that our observation, silencing of OTUB2 enhances RelA/p65 nuclear accumulation in 

cells treated with TNFα, involves TRAF3 and/or TRAF6. However, TRAF3 and TRAF6 

are mainly implicated in signal transduction downstream of receptors other than 

TNFR1 and TNFR2 [50]. It is worth noting that our experiments have been performed 

in the presence of serum, which means that we cannot exclude the involvement of 

different cytokines and their target receptors. Alternatively, OTUB2 may be involved 

in the hydrolysis of ubiquitin attached to additional TRAF proteins such as TRAF2, 

and thereby regulate TNFα-induced activation of NF-кB signalling at the TNF-RSC.

 STAMBP, also known as associated molecule with the SH3 domain of STAM 

(AMSH), was originally discovered as an interactor of signal transducing adapter 

molecule 1 (STAM) [51]. STAMBP belongs to the JAMM-domain metalloprotease family 

of DUBs and is found to localize to early endosomes, in part by clathrin binding 
[52,53]. Here, STAMBP can hydrolyze ubiquitin modifications attached to endosomal 

cargo such as activated and internalized receptors (reviewed in [54,55]). In addition to 

20120709_Thesis_FINAL.indd   73 9-7-2012   2:18:10



74

4

STAMP, another DUB, ubiquitin carboxyl-terminal hydrolase (USP8), associates with 

endosomes, binds STAM and can deubiquitinate endosomal cargo [56]. While USP8 can 

hydrolyze both K63- as well as K48-linked ubiquitin chains, STAMBP only exhibits 

DUB activity towards K63-linked ubiquitin chains [57]. So far, most studies on STAMBP 

have focused on its role in regulating the levels of activated receptors such as the 

epidermal growth factor receptor (EGFR) [57,58]. Silencing of STAMBP results in increased 

levels of ubiquitinated EGFR and enhanced degradation of this receptor. In contrast, 

expression of a catalytic dead STAMBP mutant results in EGFR stabilization [57,59]. It has 

been suggested that this difference in outcome may involve the competition between 

STAMBP and USP8 for STAM binding [55]. In addition to EGFR also other receptors 

including TNF-R1 are internalized upon ligand binding [60]. The internalization of 

TNF-R1 in response to TNFα binding is required for subsequent disassembly of the 

TNF-RSC, resulting in the release of TRADD [61]. Furthermore, this process is required 

for the formation of a second complex named death-inducing signalling complex 

(DISC) consisting of TRADD, Fas-associated protein with death domain (FADD) and 

caspase-8, which mediates TNFα-induced apoptotic signalling (reviewed in [62]). Hence, 

TNFα-induced pro-survival signalling through activation of NF-кB signalling and 

pro-apoptotic signalling is spatially controlled. One could envision that K48-linked 

ubiquitination followed by proteasomal degradation of TNF-RSC components, as well 

as hydrolysis of K63-linked ubiquitin chains resulting in destabilization of the TNF-

RSC, are involved in the transition from TNF-RSC to DISC. DUBs such as STAMBP 

and USP8 capable of hydrolysing ubiquitin from endosomal cargo may contribute 

to this process. Consequently, silencing of STAMBP may impair this transition by (1) 

reducing hydrolysis of K63-linked ubiquitin from TNF-RSC components such as RIP1 

and (2) increasing activity of USP8 resulting in removal of K48-linked ubiquitin chains, 

which were meant to target TNF-RSC components for proteasomal degradation. 

 Altogether these findings warrant further investigations on OTUB2 and 

STAMBP. Experiments addressing the specificity of OTUB2 for TRAF proteins and, vice 

versa, the specificity of TRAF proteins for upstream signalling may help to understand 

the mechanism behind OTUB2’s inhibitory function towards NF-кB. Furthermore, 

it would be interesting to study ubiquitin modifications of TNF-RSC components at 

endosomes and the effects of STAMBP silencing on the disassembly of the TNF-RSC 

and subsequent formation of the pro-apoptotic DISC complex.
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Concluding remarks NF-kappaB screen

In summary, the siRNA screen described in chapter 2 led us to identify three novel 

regulators of NF-кB signalling, FBXO7, OTUB2 and STAMP. We show that FBXO7 can 

interact with, and mediate ubiquitin conjugation to, cIAP1 and TRAF2 resulting in a 

reduction of ubiquitinated RIP1. This is in agreement with the siRNA experiments 

showing that silencing of FBXO7 results in an increased rate of IкBα degradation, 

enhanced nuclear accumulation of RelA/p65 and increased NF-кB activity. However, 

the question remains whether the FBXO7 mediated ubiquitination events are direct 

or causally linked to one another, and how these modifications translate into the 

observed reduction of ubiquitinated RIP1. Furthermore, additional research will be 

required to elucidate the mechanism by which OTUB2 and STAMBP regulate TNFα 

induced activation of NF-кB signalling. In this discussion we described some initial 

observations and hypotheses that might direct these investigations. Finally, it would 

be of great interest to study these proteins in relation to cancer, inflammatory diseases, 

and in case of FBXO7, Parkinson’s disease.

A RNAi screen for modulators of cellular sensitivity to cisplatin

The history of chemotherapy starts at the time of the Second World War with 

experiments involving nitrogen mustard, a small molecule exhibiting cytotoxic effects, 

used to treat a patient diagnosed with non-Hodgkin lymphoma (a brief overview of the 

history of chemotherapeutics is given in [63]). In the years that followed, several small 

molecules joined nitrogen mustard, among which cis-diammine-dichloro-platinumII 

(cisplatin). The first reports showing anti-tumour activity for cisplatin date back more 

than 40 years ago [64,65]. About ten years after this discovery, in 1978, the use of cisplatin 

in treating testicular and bladder cancer, was approved by the US Food and Drug 

Administration (FDA). Since the FDA approval, cisplatin is used as a single agent or in 

combination with others to treat a variety of tumours including bladder, non-small cell 

lung (NSCLC), ovarian, head and neck, and testicular cancer i. In particular testicular 

tumours are highly sensitive to cisplatin treatment. As a result, the combination of 

surgery and systemic treatment regimens that include cisplatin is responsible for 

curing 80% of the patients diagnosed with testicular cancer [66]. However, the success 

rate for cisplatin treatment is a lot lower in other types of cancers. In ovarian cancer 

for example, the initial response rate can be up to 70%, yet result in a 5-year survival 

rate of only 15-20% [67].

i National Cancer Institute, http://www.cancer.gov
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 These differences in success rates can be caused by differential responsiveness 

associated with the cell/tissue of origin and the tumour’s genetic make up. Years of 

research led to the identification of a variety of possible mechanisms by which cells 

are intrinsically resistant, or can acquire resistance to cisplatin treatment (reviewed 

in [68–71]). However, of equal interest are mechanisms that cause increased sensitivity 

to cisplatin treatment such as a reduced activity of nucleotide excision repair (NER) 

in testicular cancers [72–74]. The major mode of cisplatin’s cytotoxic activity is mediated 

by its interaction with DNA, resulting in DNA adducts, most (85-90%) of which are 

intrastrand crosslinks that are primarily repaired by NER (reviewed in [69,71] & chapter 3). 

In addition to intrastrand crosslinks, the interaction between cisplatin and DNA can 

give rise to interstrand crosslinks (ICLs), albeit with a lower frequency (<5%), which 

are extremely deleterious to a cell if not repaired [75]. The repair of ICLs involves the 

collaboration of different repair pathways and many proteins, including components 

of the Fanconi anemia (FA) and breast cancer susceptibility (BRCA) network (reviewed 

in [76–78]).

 Although cisplatin has proven efficacious in treating cancer, its use is associated 

with severe adverse effect such as toxicity to normal tissue including kidneys and the 

gastrointestinal tract [68]. Therefore one would like to distinguish the patients most 

likely to benefit from cisplatin treatment from those who are not. Instrumental to this 

stratification is the identification of factors that affect the cellular sensitivity to this anti-

cancer agent. Several genetic screens have been performed, including one by ourselves, 

to identify genes involved in the cellular response to cisplatin (chapter 3). For this aim, 

we screened siRNA libraries targeting human kinases and genes annotated druggable 

using an immortalized primary human fibroblast cell line wherein expression of the 

tumour suppressor protein 53 (TP53) was suppressed by stable integration of a shRNA 

construct targeting TP53. In part, silencing of TP53 mimics the mutation status of 

TP53 observed in high-grade serous ovarian cancer (~95%) and lung adenocarcinomas 

(~65%), the most frequent subtype of NSCLC [79,80]. Twenty-four hours after siRNA 

transfection, we started cisplatin treatment at an IC10 concentration for 3 of the 6 

replicates, and the effect of cisplatin treatment was measured 72 hours later. We were 

mainly interested in siRNA pools that enhanced the cytotoxic effects of cisplatin, but 

did not affect cell viability in the untreated setting. Hence, only those siRNA pools were 

selected for validation. After confirmation of the results and testing of the individual 

siRNAs constituting the pool, we ended up with 4 modulators of cisplatin sensitivity, 

ataxia telangiectasia and Rad3-related protein (ATR), BRCA1, BRCA2 and reversionless 

3-like (REV3L). Unfortunately, all four have been previously implicated in DNA damage 

response mechanisms associated with cisplatin-induced DNA damage [81–84].
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Concordance and discordance with other genetic screens

In chapter 3 we compared 7 screens for modulators of cisplatin sensitivity, including our 

own. There were many differences between the screens, including the model system 

used for screening, the libraries and genes targeted, the assays used to readout cell 

viability, the dose of cisplatin, and the treatment duration. Despite these differences, 

most of the screens yielded similar results, albeit with a certain degree of discordance. 

Most of the genes identified in these screens have been implicated in cisplatin-

induced DNA damage response mechanisms before, underscoring their importance 

in augmenting cisplatin-induced cytotoxicity. This includes genes involved in DNA 

damage response signalling, NER, translesional synthesis, homologous recombination 

and ICL repair (reviewed in [69,76–78]). 

 Some of the evaluated studies described the identification of genes that 

were not included in our list of candidates. Among those genes are serine/threonine-

protein kinase Chk1 (CHEK1), REV1 homolog REV1L, BRCA1 associated RING 

domain 1 (BARD1) BRCA1 interacting protein C-terminal helicase 1 (BRIP1), RAD51 

and components of the NER machinery. Although loss-of-function mutations in 

FA genes cause hypersensitivity to crosslinking agents such as cisplatin, none of the 

screens identified FA genes (e.g. FANCD2) other than those belonging to the extended 

FA-BRCA network [76–78]. Revisiting the data obtained by the initial screen taught us 

that the genes clearly implicated in cisplatin response mechanisms, but which did not 

make it to the candidate list for validation, can be divided into 3 groups. The first group 

contains modifiers of cisplatin response, which were not targeted by our libraries. The 

second group encompasses siRNA pools that caused a differential reduction in cell 

number upon cisplatin treatment, but which were excluded from follow-up, because 

they failed to meet the stringent hit selection criteria. This includes siRNA pools 

designed to target FANCD2, BARD1, BRIP1, RAD51 and REV1L. Finally, the last group 

contains siRNA pools targeting genes such as CHEK1 and components of NER that 

did not affect the cell viability or proliferative capacity of cells treated with cisplatin 

specifically. One possible explanation for not detecting a marked increase in sensitivity 

to cisplatin treatment upon silencing of the genes targeted by the siRNA pools that fell 

in groups 2 and 3 can be sought in the silencing efficiency. Not all siRNAs are equally 

potent in silencing the intended target gene, and as a result the phenotypes may be 

subtle or absent due to residual activity of the gene product. Therefore, one can argue 

that RNAi screens will never reach the point of saturation. 
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Concluding remarks cisplatin screen

In summary, we screened approximately 7000 genes for modulators of cisplatin drug 

response and identified ATR, BRCA1, BRCA2 and REV3L. Using multiple siRNAs we 

show that silencing of these genes results in enhanced sensitivity to cisplatin treatment. 

Unfortunately, all four of these genes have been previously implicated in DNA 

damage response pathways involved in the repair of cisplatin-induced DNA damage. 

Nevertheless, the identification of these known drug sensitivity modulators illustrates 

the potential of RNAi-based screens. In support, similar screens, although they are 

predominantly based on the use of shRNA reagents, have led to the identification of 

novel drug response modulators that may be exploited as biomarkers or targets for 

combination therapy [85–88]. 

 A comparable screen setup can used to screen for genes, whose silencing 

selectively reduces the viability or proliferative potential of cells with a defined genetic 

make-up [89]. For example, by using an isogenic cell line pair, one could identify genes 

essential to cells that express oncogenic RAS. As a result, therapeutic agents targeting 

the products of these genes may have a high therapeutic index and show a good 

clinical performance. The phenomenon of two genetic alterations being incompatible 

with viability in combination, but not individually is known as synthetic lethality [89,90]. 

There are several examples of such synthetic lethal screens including one performed 

by ourselves. They are discussed in the second part of this thesis.
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"Whenever a theory appears to you as the only possible 
one, take this as a sign that you have neither understood 
the theory nor the problem which it was intended to solve."

        - Karl Popper -
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Abstract

In cancer research the quest continues to identify the Achilles’ heel of cancer. The 

ideal cancer drug targets are those that are essential in tumour cells, but not in normal 

cells. Such targets can be defined as cancer specific vulnerabilities or as synthetic 

lethal interactions with cancer-specific genetic lesions. The search for synthetic lethal 

interactions focuses on proteins that are frequently mutated but elude pharmacological 

inhibition, for example, RAS, or proteins that are lost in cancer cells and by definition 

cannot be targeted, such as those encoded by the tumour suppressor genes TP53, APC, 

and RB. These genetic interactions could yield alternative, yet effective targets for 

cancer treatment. However, it remains very difficult to predict these synthetic lethal 

interactions from existing knowledge. With the discovery of RNA interference (RNAi), 

unbiased large-scale functional genomic screens for the identification of such targets 

have become possible, potentially leading to major advances in the treatment of cancers. 

In this review we will discuss the biological basis of synthetic lethal interactions in 

relation to existing targeted therapies, lessons taught by targeted therapeutic agents 

already used in the clinic, and the implementation of RNAi as tool to identify such 

synthetic lethal interactions.

 

The need for cancer-specific treatment strategies

Tumour development is an evolutionary process driven by an accumulation of 

mutations that allow cells to acquire traits that can ultimately lead to a cancerous 

state [1]. As a consequence, cancer is presented as a collection of diseases with a high 

differential complexity that is not limited to differences in the location of origin and 

the stage of the disease, but which extends to the genetic context and heterogeneity 

within one tumour type. Although surgery may be used to efficiently resect a primary 

tumour, it cannot clear the patient of metastatic cancer cells that may already reside 

at distant locations. Furthermore, the location of the primary tumour may not allow 

sufficient surgical margins to assure resection of infiltrating tumour cells in nearby 

tissue. Hence, in most instances, localized or systemic treatment with radiation, 

conventional cytotoxic or targeted molecular therapeutic agents is needed to prevent 

both recurrence of the primary tumour and metastases. 

 Even after 70 years of cancer drug discovery, most of the therapeutic agents in 

use today share the same mode of action: interference with DNA replication by DNA 

damage, or interference with cell division through (de)stabilization of microtubules [2]. 

Their effectiveness of these agents is based on two general cancer hallmarks: increased 

proliferation and impaired DNA damage checkpoints, both of which drive cancer cells 
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to a certain death in the presence of additional damage. Despite their established 

effectiveness in a wide range of cancers, and some remarkable success stories such as 

the use of cisplatin regimens in testicular cancer and in Hodgkin’s lymphoma, these 

conventional cytotoxic drugs generally have low therapeutic indices as they cause 

many side-effects at the cost of therapeutic efficacy [3,4]. Moreover, differences in 

sensitivity as well as intrinsic or acquired resistance to a treatment can cause patients 

with similar tumour types to display diverse response rates. For this reason, it is of 

equal importance to identify biomarkers that can predict treatment response. As a 

result, these biomarkers can be used to select patients most likely to respond to a 

specific therapy [5].

 To develop new cancer-specific treatments with an improved therapeutic 

index two strategies can be followed: (1) targeting a cancer-specific molecule or 

process; or (2) targeting a non-cancer-specific molecule or process for which the cancer 

cell has acquired a qualitative or quantitative requirement [6]. A major challenge in 

cancer treatment is the presence of dormant cancer cells, which rarely or never divide 

during the treatment, and thus are not killed by conventional therapeutic agents. 

This population of cells may include cancer stem or initiator cells that can give rise 

to a recurrent tumour or metastases [7]. Hence, there is a need for targeted therapies 

that are highly selective for cancer cells, and that do not rely on cell division for their 

toxicity. Ideally such therapies should also target and kill dormant cancer cells.

Targeted cancer therapies & network addiction

Advances in molecular and cancer biology have led to rational drug-design strategies, 

resulting in the development of so-called targeted therapies [2,8]. Among these are 

therapeutic agents that target driving oncoproteins, for example the successful 

small molecule inhibitor Imatinib mesylate, which targets the breakpoint cluster 

region - Abelson tyrosine-protein kinase 1 (BCR-ABL) fusion protein, c-KIT, and the 

platelet-derived growth factor (PDGF) receptor in chronic myelogenous leukaemia, 

gastrointestinal stromal tumours and hyper-eosinophilic syndrome, respectively [9–11]. 

Other targeted therapeutic agents like gefitinib, a small molecule inhibitor of epidermal 

growth factor receptor (EGFR) that is used for treating Non-Small-Cell Lung Cancers 

(NSCLC), and the antibody trastuzumab, which is used to block epidermal growth 

factor receptor 2 (HER2/neu) signalling in breast cancers, have also shown successes in 

the clinic [12–15]. The mechanism of action for this class of targeted therapeutic agents is 

based on an acquired dependency of cancer cells on a specific signalling pathway, also 

known as oncogene addiction [16]. The importance of sustained oncogenic signalling 
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is strengthened by the mechanisms involved in resistance to these targeted therapies. 

In the case of acquired resistance to imatinib mesylate, cancer cells may harbour 

mutations in the kinase domain of BCR-ABL, or contain genomic amplification of 

the BCR-ABL locus [17]. However, the mechanisms of resistance do not always involve 

the target. Mutations or epigenetic alterations affecting  downstream components 

of the signalling network may cause resistance to a targeted therapy. In the case of 

trastuzumab, mutations that result in the activation of the phosphoinositide-3-kinase 

(PI3K) effector pathway, which is downstream of HER2/Neu, are a major determinant 

of cellular responsiveness to trastuzumab [18]. With respect to gefitinib, mutations or 

amplification of its target EGFR, or amplification of hepatocyte growth factor receptor 

(MET), confers resistance to gefitinib in NSCLC. However, MET is not downstream of 

EGFR, but confers resistance to gefitinib by driving v-erb-b2 erythroblastic leukemia 

viral oncogene homolog 3 (ERBB3) dependent activation of the PI3K pathway [19]. This, 

and the observation that introduction of a constitutive active PI3K mutant is sufficient 

to confer resistance to gefitinib, indicates that these cancer cells have in fact become 

addicted to the activation of a specific signalling network, which is not mutated itself, 

but deregulated by distinct upstream genetic alterations [20–22].

 The notion that cancer cells can acquire a dependency on a genetic alteration 

led to the ‘oncogenic shock’ model [23]. It is based on the observation that oncogenic 

signalling induces both pro-apoptotic and pro-survival signals and that inactivation 

of an oncoprotein may cause pro-apoptotic signalling to sustain for a longer period of 

time than the pro-survival signal, resulting in apoptosis. An alternative explanation for 

oncogene addiction involves another (epi)genetic alteration that can only occur in the 

presence of the pre-existing (epi)genetic alteration that caused abnormal activation of 

the oncoprotein. Hence, inhibition of that oncoprotein can result in a lethal phenotype 

caused by unmasking the second alteration. In addition to (epi)genetic alterations, 

this secondary event can be an accumulation of cell intrinsic or extrinsic stress only 

tolerated in the presence of the genetic alteration to which the cancer cell is addicted. 

 The addiction to specific genetic alterations is not restricted to oncogenes, 

as reintroduction of tumour suppressor proteins such as tumour protein 53 (TP53), 

retinoblastoma (RB) or adenomatous polyposis coli (APC) also cause cancer cells to 

arrest or undergo apoptosis [16,24]. This phenomenon is named tumour suppressor 

hypersensitivity and is best illustrated by stabilization of wild type p53 in human cancer 

cells. A large fraction of human tumours have retained expression of wild type p53. 

However, in these tumours, the p53 pathway may be inactivated by other alterations, 

like increased expression of the E3 ubiquitin ligase MDM2, a negative regulator of p53 
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protein levels. Inhibition of the MDM2-p53 interaction by treatment with an MDM2 

inhibitor called Nutlin-3a results in stabilization of p53 and induction of apoptosis 

in cancer cells, but not in normal cells. The finding that knockdown of p53 binding 

protein 1 (53BP1) can rescue p53 wild type cancer cells from the nutlin-3a mediated 

effects suggests that these cancer cells exhibit intrinsic DNA damage signals, which are 

masked by MDM2-mediated suppression of p53 function, but which upon stabilization 

of p53 cause activation of the p53 pathway resulting in apoptosis [25].

 The mechanisms by which cancer cells can become resistant to targeted 

therapies have increased our understanding of the networks to which cancer cells 

are addicted. These detailed insights can guide the development of novel targeted 

therapeutic agents directed to crucial hubs in these networks. In addition to being 

more widely applicable, such therapies might be less prone to acquired resistance by 

secondary mutations in up- or down-stream signalling molecules. Since these targets 

may be unaffected by (epi)genetic alterations, this form of dependency is known as non-

oncogene addiction (reviewed in [26-28]).  Although the exploration of these concepts has 

just started, it is clear that these cancer-specific dependencies are of great importance 

for the development of novel targeted therapies.

Molecular buffering & genetic interactions

Although the majority of the current targeted therapeutic agents is based on the 

concept of oncogene addiction, many oncoproteins have proven to be difficult targets 

for small molecule inhibition. For example, activating mutations in the v-Ras oncogene 

homologs H-, K- and N-RAS are frequent in human cancer, but so far targeting RAS 

oncoproteins has remained a major challenge [29]. An analogous situation applies to 

v-myc myelocytomatosis viral oncogene homolog MYC, a transcription factor that 

upon mutation or amplification acts as an oncogene. Cancer cells driven by oncogenic 

RAS or MYC can become addicted to these oncogenic signalling pathways, which was 

illustrated by mouse models with inducible expression of mutant RAS or MYC. In 

these mouse models, inactivation of transient RAS or MYC expression in established 

tumours results in tumour regression and apoptosis or differentiation [30–32]. Therefore, 

inhibition of proteins acting up- or down-stream of these oncoproteins may provide 

an indirect way of targeting these genetic lesions. However, the cancer cells’ acquired 

dependencies are not restricted to the linear network up- or down-stream of the 

oncoprotein per se. Different molecular networks may control or buffer overlapping 

cellular processes. As a result, perturbations in one cellular network can result in an 

acquired dependency on another. Such possible interactions are difficult to predict 
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from existing knowledge, and require unbiased approaches for their identification. For 

example, two genes are said to have a synthetic lethal interaction if cells die when they 

have both genes mutated, while they survive when either gene alone is mutated [33,34]. 

The identification of such negative genetic interactions, in particular those involving 

genetic alterations that frequently occur in human cancer, can yield novel drug targets 

and guide further investigation of cancer specific vulnerabilities [35,36].

 One of the best characterized synthetic lethal interactions involves breast 

cancer susceptibility genes 1 and 2 (BRCA1/2) and poly(ADP-ribose) polymerase 1 

(PARP1), which is currently being investigated in clinical trials [37,38]. PARP1 is required 

for base excision repair, which is the preferred method of repairing modified bases in 

DNA prior to entry into S-phase. Loss of PARP1 function results in single-strand breaks 

that lead to the collapse of replication forks during S-phase. On the other hand, BRCA1 

and BRCA2 are involved in homologous recombination (HR), which can resolve these 

single-strand breaks during S-phase by using sister chromatids as templates. In the 

absence of both PARP1 and BRCA1/2, error-prone repair mechanisms take over, which 

eventually cause an accumulation of DNA damage and cell death. Recently, a synthetic 

interaction between PTEN and PARP1 was observed [39]. Cells that have lost expression 

of PTEN also lost the expression of RAD51, which, like BRCA1/2, is involved in HR. The 

enhanced sensitivity to PARP inhibitors could be restored by introduction of either 

PTEN or RAD51 confirming this genetic interaction. These are clear examples of two 

DNA damage repair networks that have a genetic interaction. The BRCA1/2 interaction 

with PARP1 and other examples of synthetic lethal interactions based on DNA repair 

and checkpoint networks, including TP53–ATM, and TP53–MK2, are reviewed in [40,41].

  To identify genetic interactions in human cancer cells, one can take two 

approaches: an educated approach based on current knowledge of signalling pathways 

and data from model organisms, or a completely unbiased approach using functional 

genomic screening techniques. The first approach is based upon the assumption that 

the synthetic interactions are conserved during evolution. Most insights into genetic 

interactions have been obtained from the model organism Saccharomyces cerevisiae, 

for which a genome-wide deletion collection has been generated that can be used with 

high throughput screening techniques to identify genetic interactions [42]. An extensive 

review on genetic interactions and large scale studies in model organisms is given by 

Dixon and colleagues [43]. In addition to S. cerevisiae, large scale genetic interaction 

screens have been performed in Schizosaccharomyces pombe and Caenorhabditis elegans, 

which allow assessment of the conservation of such networks between different 

species [44–46]. Comparative analyses of genetic interaction networks in S. pombe and C. 
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cerevisiae show that approximately 30% of the negative interactions are conserved [44]. 

However, only a very small percentage, approximately 5%, of the genetic interactions 

are conserved between C. elegans and yeast [45,46]. A possible explanation for the higher 

conservation between S. cerevisiae and S. pombe compared to C. elegans, is given by 

Dixon and colleagues [43]. Cellular-level redundancy in multi-cellular organisms might 

mask the detection of certain genetic interactions, which manifest themselves in a 

subtle way and require alternative phenotypic readouts. Alternatively, the lack of 

selective pressure on genetic interactions may result in a low conservation [45,46]. During 

evolution, additional redundancies for a certain process can be acquired resulting 

in the loss of the genetic interaction without affecting the genes that displayed that 

interaction, as exemplified by gene duplication. It is yet to be solved how much rewiring 

of such genetic interactions can occur in human cancer, and what the implications  are 

for acquired resistance to targeted therapies based on such genetic interactions. With 

regard to the search for novel cancer-specific targets, the low conservation of genetic 

interactions between species directs us to the second approach, unbiased functional 

genomics screens to identify negative genetic interactions with frequently occurring 

genetic alterations in human cancer.

RNAi and the identification of synthetic lethal interactions

Although the phenomenon of RNA interference (RNAi) was first described in plants in 

1990, the discovery of this mechanism in C. elegans stands at the basis of loss of function 

genomics in higher organisms, rewarded with the Nobel price in 2006 [47,48]. RNAi is the 

mechanism whereby introduction of dsRNA into a cell results in the degradation of an 

mRNA product that shares high complementarity with the dsRNA. Since its discovery, 

advances in the generation of tools that mediate RNAi have resulted in an extensive 

set of genome-wide RNAi libraries [49]. These libraries can be divided in two major 

classes: synthetic short interfering RNA (siRNA) and vector based short hairpin RNA 

(shRNA) libraries (Figure 1). The siRNA libraries can be subdivided into those derived 

from algorithm-driven design, chemical synthesis and those generated enzymatically 

by RNaseIII digestion of dsRNA fragments of approximately 500bp, also known as 

endoribonuclease-prepared siRNAs (esiRNAs). The wide availability and ease of use of 

synthetic siRNAs have led to their extensive application in many studies [50]. Although 

knockdown efficiency of siRNAs is high, the knockdown is transient, restricting the 

use of siRNAs to short-term experiments. In addition, testing siRNAs across multiple 

cell lines can be challenging, because it may require optimization of transfection 

conditions for every individual cell line. 
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 The development of vector systems expressing shRNAs that are processed in 

the cell to siRNAs, has provided a tool for long-term experiments [51,52]. These libraries 

can be subdivided by the vector used (e.g. retroviral or lentiviral) or by the shRNA 

design, for example a shRNA or a shRNA embedded in a microRNA structure, known as 

shRNA-miR [49]. The introduction of the shRNA constructs through viral transduction 

makes these libraries more suitable for testing in large panels of different cell lines. 

The shRNA libraries can be used to screens in a single well format and in contrast to 

siRNA libraries, they can also be used in a pooled format (Figure 1). In this approach 

large numbers of shRNA vectors are combined and used to transduce a single, large 

Single well Pooled

Format

Library

Synthetic siRNAs Vector based shRNAs

Readout

Cell vability and/or
cell death

Relative abundance
and depletion

Isogenic cell lines

Cell line panel based on
distinct tumour types

Cell line panel based
mutation status

Screening model

Figure 1. Screening systems and models to identify cancer-specific vulnerabilities
Advances in the field of RNAi have led to the generation of several distinct siRNA and shRNA 
libraries, which can be used in single well or, in the case of shRNA libraries, in single well and 
pooled format screens. To identify cancer-specific vulnerabilities, three strategies can be taken: 
an RNAi screen in isogenic cell lines, a panel of cell lines based on distinct tumour types or a 
panel of cell lines for which the mutation status of a given gene is known. When the single 
well approach is taken, the effect of the siRNA or shRNA on the viability of the cell can be 
measured with either cell viability or cell death assays. In the case of a pooled shRNA approach, 
a microarray barcode or deep-sequencing readout can be used to measure the negative selection 
against a certain shRNA over time.
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population of cells. After selection, the integrated shRNA cassettes can be recovered 

by PCR on genomic DNA and the relative abundance of each individual shRNA can be 

determined by hybridization to DNA micro-arrays or deep sequencing [53]. This barcode 

technology has been applied successfully to positive selection screens, but to a lesser 

extent to negative selection screens. The latter approach can be more easily affected 

by under-representation of individual vectors due to library construction and virus 

production, the limits of the detection system to measure high complex populations 

or by cross-hybridization and background issues associated with barcode arrays. 

However, owing to technical advances in the design and generation of the shRNAs 

and barcodes, the pooled format approach has recently found its entry into negative 

selection screens [54,55].

 Both RNAi platforms, as reviewed by Mullenders and Bernards, have led to 

the identification of novel modulators in signalling pathways, yielded insight into 

complex biological processes, and will undoubtedly contribute to the discovery of 

candidate drug targets in cancer [50]. Several screens have led to the identification of 

genes, whose silencing affects proliferation or results in apoptosis. When such screens 

are performed in a pair of cell lines, one of which carrying a specific genetic alteration, 

it is possible to identify genes that have a synthetic lethal interaction with that specific 

genetic alteration. Several labs have applied such screening models, and those that 

have been completed are discussed below (Table 1). Although the initial results are 

encouraging, we likely have only seen the beginning of the potential outcomes.

screening models for the identification of genetic interactions

One of the first genetic interaction siRNA screens in human cells was aimed at the 

identification of genes that, upon knockdown, selectively sensitize MYC overexpressing 

cells to an agonistic antibody for death receptor 5 (DR5) [56]. DR5 is one of the 5 receptors 

that can bind TNF-related apoptosis inducing ligand (TRAIL) and like TRAIL, DR5-

agonistic antibodies stimulate DR5 mediated apoptotic signalling. The cytokine TRAIL 

and DR5-agonistic antibodies have received a lot of attention as potential cancer 

therapeutics, because several tumours including those with high expression of MYC 

display increased sensitivity to these agents [57]. Rottmann and colleagues screened a 

library of 624 siRNAs and identified 13 genes, including glycogen synthase kinase 3 β 

(GSK3β), that upon knockdown differentially sensitize a MYC overexpressing cell line 

to a DR5-agonistic antibody [56]. GSK3β can phosphorylate MYC, which targets this 

protein for SCFFBW7-mediated ubiquitination and subsequent proteasomal degradation 

(reviewed in [58]). As a result, knockdown of GSK3ß or FBW7 results in increased levels of 
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MYC and its downstream transcriptional target DR5 [56]. Since DR5 is required in a dose 

dependent manner for DR5-agonistic antibody mediated apoptosis, high expression or 

stabilization of MYC explains the increased sensitivity to the DR5-agonistic antibody. 

Thus, MYC and proteins controlling the levels of MYC act as indirect markers 

for the treatment response to TRAIL and DR5-agonistic antibodies. Furthermore, 

GSK3ß inhibitors may potentiate TRAIL or DR5-agonistic antibody therapies. These 

observations suggest that there is genetic interaction between GSK3ß and MYC in the 

context wherein the DR5 receptor is sufficiently activated. However, the question 

remains whether GSK3ß inhibition by itself induces apoptosis in MYC overexpressing 

cells, as high levels of MYC are associated with pro-apoptotic signalling.

 Another RNAi screen was designed to identify genes essential to specific cell 

types. Ngo and colleagues used an inducible shRNA library targeting around 700 genes 

selected on their relevance to cancer cell proliferation and survival [59]. They identified 

several genes that are specifically required for the survival of activated B-cell like Diffuse 

Large B Cell Lymphoma (DLBCL) cells, but not germinal center B-cell like DLBCL 

cells. Among the hits were genes involved in nuclear factor-kappa B (NF-кB) signalling,  

including caspase recruitment domain family member 11 (CARD11). The identification 

of modulators of NF-кB signalling was in agreement with previous observations: 

DLBCL cells dependent on activation of NF-кB for their survival [60]. Similarly, Shaffer 

and colleagues, using an inducible shRNA library, screened for genes essential to 

myeloma, but not lymphoma cell lines [61]. They validated interferon regulatory 

factor 4 (IRF4) as a crucial transcription factor for myeloma cells. IRF4 controls the 

expression of a large number of genes including the oncogenic transcription factor 

MYC, implicating that the selective sensitivity to IRF4 knockdown can be the result 

of changes in expression of one or even a combination of target genes. Therefore, 

additional research is required to fully understand the mechanism behind this specific 

dependency. Although these screening models - cell lines derived from two or more 

tumour types - obscure the underlying cause of the specific dependency, the genes 

identified by this approach can be of great interest as tumour type specific drug targets.

 Naik and colleagues took a different approach to identify synthetic lethal 

interactions [62]. They screened a siRNA collection targeting kinases for genes involved 

in the WNT signalling pathway by measuring the activity of a WNT/β-catenin 

luciferase reporter. Since a fraction of colon cancers has a constitutive activated 

WNT pathway and have become addicted to its activity, the identification of genes 

that upon knockdown reduce the activity of the WNT/β-catenin luciferase reporter 

represent interesting drug targets. This screen led to the identification of 5 genes, 
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including the vascular endothelial growth factor receptor 1 (VEGFR1), whose silencing 

caused a reduction of the WNT/β-catenin reporter activity. A follow-up experiment 

showed that inhibition of VEGFR1 selectively reduces the viability of colon cancer 

cell lines that have constitutive activation of, and are addicted to, the WNT pathway. 

Furthermore, these authors showed that inhibition of VEGFR1 results in decreased 

phophorylation of β-catenin without affecting its stability or nuclear accumulation. 

Thus VEGFR1-mediated direct or indirect phosphorylation of β-catenin might be 

required for β-catenin dependent transcription. In conclusion, VEGFR1 is a candidate  

drug target for the treatment of WNT/β-catenin addicted colon cancers.  However, it is 

worth noting that although the approach taken in this screen led to the identification 

of a specific vulnerability to VEGFR1 inhibition in cells addicted to an activated 

WNT/β-catenin pathway, its setup was limited to the identification of genes directly 

involved in β-catenin-mediated activation of an artificial reporter and did not allow 

the identification of vulnerabilities associated with the altered gene expression profile 

as a result of abnormal activation of the WNT/β-catenin pathway. 

 Bommi-Reddy and colleagues performed a true genetic interaction screen for 

genes specifically required for the viability of cells that have lost the expression of Von 

Hippel-Lindau protein (VHL) [63]. They infected two pairs of isogenic cell lines with 

100 shRNA constructs targeting 88 kinases that were pre-selected based on viability 

screens executed in HeLa and HEK293 cell lines. One of the 5 validated hits was cyclin-

dependent kinase 6 (CDK6). They then went on to shown that VHL-/- cells are more 

sensitive to a CDK4/6 inhibitor than reconstituted VHL wild type cell lines. Although 

the mechanism behind this genetic interaction remains to be elucidated, these 

observations suggest that patients diagnosed with clear cell renal carcinomas that 

frequently harbour inactivating mutations in VHL, might benefit from therapeutic 

agents that target CDK6.

screens for synthetic lethal interactions with oncogenic RAS

Several groups have undertaken RNAi screens to identify genetic interactions with 

the oncogene RAS, the product of which has proven very difficult to inhibit by small 

molecules (Table 1) [29]. Sarthy and colleagues screened a siRNA library targeting 4000 

genes for selective toxicity in cells expressing mutant KRAS and found that these cells 

are more sensitive to depletion of survivin (BIRC5) [64]. They subsequently showed that 

knockdown of BIRC5 results in a G2/M arrest followed by resynthesis of DNA and 

polyploidy due to a failure to undergo cell division. 
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 In another effort, Luo and colleagues screened a genome-wide shRNA library 

in a pooled format and identified several genes, whose silencing selectively impairs 

proliferation of KRAS mutant cells [65]. The genes identified include components of 

the anaphase promoting complex (APC/C) and polo-like kinase 1 (PLK1), suggesting 

that KRAS mutant cells have an increased dependency on mitotic checkpoints and 

processes involved in mitotic progression. The authors also showed that these KRAS 

mutant cell lines are more sensitive to a PLK1 inhibitor. Furthermore, xenografts 

of these KRAS mutant cell lines in mice show regression upon treatment with the 

PLK1 inhibitor. These observations suggest that PLK1 inhibitors might be effective in 

treating of a broad range of tumours including those expressing RAS oncogenes (a 

comprehensive discussion on PLK1 and the therapeutic potential of PLK1 inhibitors is 

given in [66]). Importantly, although KRAS mutant cells show an increased mitotic index 

and a higher fraction of lagging chromosomes, the mechanism behind the specific 

vulnerability of KRAS oncogene expressing cells to inhibition of PLK1 function is still 

unclear and therefore requires further investigation [65]. PLK1 inhibitors are currently 

in clinical trials and it will be very interesting to see whether tumours driven by 

oncogenic RAS show an increased sensitivity to these inhibitors in a clinical setting. 

 A single well shRNA screen described by Scholl and colleagues led to the 

identification of an oncogenic RAS associated dependency on the serine/threonine 

kinase 33 (STK33) [67]. The authors tested the effects of STK33 knockdown in a large 

panel of tumour cell lines derived from different tumour types and showed that the 

dependency on STK33 correlates with an addiction to KRAS expression. In addition 

to reducing cell viability in vitro under adherent conditions, knockdown of STK33 

reduced the number of colonies of KRAS mutant cells growing in soft agar, and 

impaired tumour growth of KRAS mutant cell lines growing as xeonografts in mice. 

Furthermore, the authors showed that knockdown of STK33 causes a reduction in the 

levels of phosphorylated ribosomal protein S6 kinase 1 (S6K1) and S6K1’s target BCL2-

associated agonist of cell death (BAD). As a result, BAD is stabilized and promotes 

apoptosis in a KRAS oncogene dependent manner. In agreement, knockdown of BAD 

rescued cells from apoptosis induced by silencing of STK33, which indicates that 

BAD-mediated apoptosis underlies the dependency on STK33 function. However, 

knockdown of BAD did not rescue KRAS oncogene addicted cells from the effects of 

KRAS knockdown. Hence, these KRAS mutant cells depend, in addition to STK33, on 

other proteins or processes. 

 Lastly, Barbie and colleagues performed single well shRNA screens in 19 

different cell lines to identify genetic interactions with the expression of oncogenic 
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RAS [68]. They identified a synthetic lethal interaction between RAS and TANK-binding 

kinase 1 (TBK1) and were able to validate this interaction in a pair of isogenic cell lines 

and an independent panel of lung cancer cell lines. The impaired population growth 

upon knockdown of TBK1 in this cell line panel correlated with impaired cell viability 

upon KRAS knockdown, indicating that, similar to STK33, the dependency on TBK1 

correlates with an addiction to the activity of oncogenic RAS. The expression profiles 

derived from the isogenic cell lines suggest that oncogenic RAS activates the NF-кB 

pathway resulting in pro-survival signalling. Knockdown of TBK1 results in a decrease 

of total and nuclear levels of the NF-кB family member c-Rel and a reduction in the 

levels of c-Rel transcriptional target B-cell CLL/lymphoma 2 like 1 (BCL2L1, also known 

as BCL-XL), an anti-apoptotic protein.

 Interestingly, RAS mutant cells that are not addicted to the activity of 

oncogenic RAS do not depend on STK33 and TBK1. Thus, similar to the dependency 

on VEGFR1 in cells addicted to WNT/β-catenin signalling, these observations suggest 

that STK33 and TBK1 do not have a direct genetic interaction with RAS, but are rather 

linked to characteristics associated with the addiction to oncogenic RAS. Nevertheless, 

together with a biomarker for RAS addiction, STK33, TBK1, and similar proteins may 

be exploited therapeutically.

Lessons learned & challenges ahead

Whether the screen is aimed at the identification of synthetic lethal interactions or 

genes for which a differential dependency exists between tumour types, they will 

undoubtedly provide us with novel candidate drug targets for cancer therapy. Although 

it is less effort to screen a single pair of isogenic cell lines, these screens may yield 

genetic interactions that are highly dependent on the cellular and genetic context, 

and as a result, potentially less clinically relevant. On the other hand, synthetic lethal 

interactions identified by screens in a panel of distinct cell lines should be validated 

in relevant isogenic cell lines to exclude the effects of confounding mutations and 

adaptations contributing to the supposed genetic interaction. Technical advances 

related to screening with pooled shRNA libraries, particularly those allowing hit 

selection based on negative selection, will help to identify genes selectively required in 

a specific subset of a large and diverse set of different cancer cell lines [54,55]. Although 

the screens discussed above have yielded interesting candidate drug targets, additional 

research is required to fully understand the molecular basis underlying the genotype 

specific dependencies. Of specific interest are the screens that identified genes 

for which dependencies exist that correlate with the addiction of a cell to a certain 
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oncogenic lesion (e.g., STK33 and mutant KRAS). Further research will undoubtedly 

increase our understanding of the addictions to cellular networks involved in cancer, 

and provide an explanation for the fact that only a fraction of RAS mutant tumour cell 

lines display an addiction to RAS.

 It is clear from published work that the percentage of hits that also validate 

in a larger panel of cell lines can be quite low. Although this approach will help the 

researcher to narrow down the hit list to the most relevant candidates to pursue, he 

or she might falsely discard a relevant hit. One major challenge in testing the effect 

of RNAi reagents across multiple cell lines is differential knockdown efficiency. 

Controlling for comparable knockdown efficiency over multiple cell lines might reduce 

both false negative as well as false positive rates, but it will also make the validation 

experiments more laborious.

 Many of the published RNAi screens led to follow-up experiments involving 

genes that had previously been linked to the phenotype or pathway of interest. When 

hit lists are long, pathway or interaction analyses are often performed to narrow down 

the list of genes to a manageable number for subsequent follow-up and validation. 

It is questionable whether this undermines the unbiased screening approach as it 

implicates neglecting the truly novel functional annotations. One way to prevent this 

is by performing high throughput follow-up studies with secondary assays to pinpoint 

the approximate level of action in, for example, signalling pathways. Another approach 

is to compare the results with clinical data, including therapy responses. This will lead 

to a more rapid identification of genes that are clinically relevant and may be explored 

for therapeutic strategies.

 Despite ample examples of RNAi screens for novel therapeutic targets, novel 

biomarkers and detailed insights in complex molecular networks, it is clear that the 

elaborate validation and follow-up of RNAi screening results still pose a significant 

barrier in the interpretation of the genes identified. The results of RNAi experiments 

can be influenced by changes in expression of genes other than the intended target, 

known as off-target effects. As a result, multiple unique siRNA or shRNA sequences 

are required to validate the involvement of the identified gene in the phenotype 

studied. In addition, one should confirm the knockdown-phenotype correlation for 

the individual reagents and where possible, rescue experiments should be performed 

with cDNA sequences that are resistant to the RNAi effects. These validation steps are 

both complicated and time consuming and as a result most screening efforts have only 

validated a very limited set of genes rather than generating completely validated gene 

lists. Technical advances in the field of RNAi reagents that reduce off-target effects and 
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the generation of matching RNAi resistant cDNA rescue libraries might bring some 

change to this. Most of the RNAi screens and follow-up experiments are performed in 

cell lines grown as a monolayer in vitro. The extrapolation of these results to an in vivo 

situation and even clinical responses remains to be investigated. Several studies have, 

at in part, addressed this issue for the identified dependencies, including the studies 

by Scholl et al. and Luo et al. [65,67]. Luo and colleagues confirmed the dependency on 

PLK1 function in a mouse xenograft model with a PLK1 inhibitor rather than PLK1 

knockdown [65]. This is particularly informative, because most of the small molecules 

act by impairing a protein’s function and therefore do not necessary mimic the effect 

of reduced protein levels upon RNAi mediated knockdown.

RNAi drug-enhancer, resistance & chemical genetic screens 

RNAi screens can also be performed to identify genes that upon knockdown sensitize 

cells to a specific treatment. Such genes may be exploited as targets for combination 

therapy, but can also be used as potential biomarkers of drug response. Numerous drug-

enhancer screens have been performed for conventional cytotoxic drugs, including 

paclitaxel, gemcitabine, cisplatin, doxorubicin, and 5-FU [69–74]. However, there are also 

some RNAi screens for modulators of drug response with targeted therapeutic agents 

such as TRAIL and PARP inhibitors [75,76]. Turner et al. performed a siRNA screen to 

identify kinases that upon knockdown sensitize cells to a PARP inhibitor [76]. Among 

the 4 validated genes is cyclin-dependent kinase 5 (CDK5), a gene which had not 

been linked to DNA damage repair or DNA damage response before. The sensitizing 

effect of CDK5 suppression is not limited to PARP inhibition but is also associated 

with an enhanced sensitivity to camptothecin and cisplatin. Although the molecular 

mechanism behind this increased sensitivity remains to be elucidated, these findings 

demonstrate the power of drug-enhancer screens in identifying novel drug response 

modulators. Furthermore, drug-enhancer screens with targeted therapeutic agents 

can result in the identification of genetic interactions between the identified gene and 

the drug target, such as the CDK5-PARP interaction.

 RNAi can also be used to screen for genes that upon knockdown confer 

resistance to a specific drug treatment [18,25,77–79]. For example, Iorns and colleagues 

describe a siRNA screen comprising the human kinome to identify kinases involved in 

the cellular response to tamoxifen in estrogen receptor-positive breast cancer [77]. They 

showed that cyclin-dependent kinase 10 (CDK10), regulates the expression of v-raf-1 

homolog RAF1. The increased levels of RAF1 results in activation of the downstream 

p42/p44 mitogen activated protein kinase (MAPK) pathway, which has previously been 
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implicated in tamoxifen resistance. Since knockdown of CDK10 confers resistance to 

tamoxifen, Iorns and colleagues subsequently analyzed whether CDK10 expression can 

be used to predict the response in patients treated with tamoxifen. From this analysis, 

they concluded that CDK10 expression is associated with a statistically significant 

shorter time to disease progression and shorter overall survival. This and other 

examples clearly illustrate the potential of large scale RNAi screens to identify novel 

mechanisms of drug resistance.

 Several chemical-genetic screens have been performed in which chemical 

compounds are screened for selective toxicity in isogenic cell lines [80–82]. The effects 

caused by partial or complete loss of protein expression mediated by RNAi can be very 

distinct from functional inhibition by means of a chemical agent. For example, loss 

of expression can result in both the loss of a protein’s activity as well as disruption 

of protein complexes, while binding of an inhibitor can specifically affect either 

protein activity or protein-protein interactions. Hence, chemical-genetic screens will 

complement the genetic screens in the identification of novel cancer specific drug 

targets and the development of new treatment strategies.

Conclusion

The recent developments of RNAi-based screening tools have provided a powerful 

combination of target identification in a functional manner and on a genome-wide 

scale. The implementation of this strategy in an unbiased search for genetic interactions 

in mammalian cells has resulted in a number of candidate drug targets. Although these 

targets still need further validation in vivo, and inhibitors should be developed to test 

the value of these targets in a clinical setting, they do show the promise of RNAi-

based screening in cancer drug target discovery. Furthermore, additional research is 

required to fully understand the molecular basis of the context specific dependencies. 

Of specific interest are the screens that identified genes for which a dependency exists 

that correlates with the cells’ addiction on a certain oncogenic lesion (e.g., STK33 and 

mutant KRAS). Moreover, the identification of biomarkers for oncogene addiction can 

help to select patients that are most likely to respond to a specifc oncogene-targeted 

therapy or a new therapy based on cancer cell dependencies that correlate with 

oncogene addiction.
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Future perspective

Since its discovery, RNAi made it possible to interrogate the role of individual genes 

in complex cellular processes. In addition, genome-wide RNAi-based screens can 

be performed to identify genes involved in biological and clinical relevant processes. 

Technological developments in RNAi-based screening have fuelled the expectation of 

new discoveries. These include the identification of novel therapeutic targets, novel 

biomarkers, and detailed insights into complex molecular networks controlling 

essential aspects of cancer cell behaviour and survival. It is to be expected that in the 

coming years improvements in RNAi technologies, screening models and validation 

strategies, will increase the output of RNAi screens. We will see an expansion of RNAi 

screening reagents, including large collections with validated knockdown, and have 

a better understanding of potential off-target effects, which will result in strategies 

to exclude or prevent them. These developments will be followed by an increase 

in throughput and miniaturization. One major development will be the routine 

implementation of spotted RNAi reagents on glass slides to enable high throughput, 

high content screens in living cells. More complicated phenotypical read-outs will 

increase the relevance of the cellular screening models, resulting in more relevant hits. 

At the same time, the development of kinetic measurements will help to address the 

role of individual components in complex cellular networks. This will undoubtedly 

lead to a better and more complete understanding of these regulatory networks and 

more importantly, the crucial nodes within these networks. The integration of RNAi 

screening results with other large scale efforts such as expression profiling, complete 

genome sequencing, protein-protein interaction networks and kinetic cellular network 

models, will definitely aid to better hit stratification and result in the identification of 

cancer-specific vulnerabilities. The combination with clinical data, including therapy 

responses, will lead to a more rapid identification of candidate drug targets that are 

clinically relevant. We will gain a more detailed understanding of network addiction 

and resistance to targeted therapies, which further aid to the selection of crucial nodes 

in cellular signalling networks. Targeted therapies for such nodes might be less prone 

to acquired resistance and applicable to a wide range of tumours that share a network 

addiction driven by distinct genetic lesions. Based on these results, we will be able to 

predict which tumours are vulnerable to the inhibition of specific proteins, and as such 

we will be able to select those patients that will benefit most from the targeted therapy. 

All together, these developments in RNAi screening technologies and interpretation of 

the results will lead to the identification of more relevant genes that can be explored 

for more specific and effective cancer treatment in a personalized manner.
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Abstract

The H-, K- and N-RAS proto-oncogenes are among the most frequently mutated in 

human cancer and expression of mutant RAS oncoproteins can result in an acquired 

dependency on their constitutive activation. However, attempts to target these 

oncoproteins have met with little clinical success. Therefore, we have undertaken 

a functional genomic approach to identify novel therapeutic options to treat these 

tumours. We have used isogenic cell lines generated from primary human fibroblasts 

in an RNAi-based screen to uncover dependencies associated with the expression of 

oncogenic RAS, also referred to as a synthetic lethal interaction screen. This approach 

led, among others, to the identification of kinesin family member 18A (KIF18A). We 

show that silencing of KIF18A has a detrimental effect on human fibroblasts expressing 

the H-, K- or N-RAS oncogene. Time-lapse imaging of mitotic events shows that 

silencing of KIF18A results in a mitotic arrest associated with an increase in apoptosis. 

Furthermore, we show a correlation between the effects of KIF18A silencing and 

the RAS mutation status in a panel of non-small-cell lung cancer cell lines. Hence, 

KIF18A represents a potential drug target for the treatment of cancers driven by RAS 

oncoproteins.

 

Introduction

The discovery that transforming sequences derived from human cancer cell lines 

display homology to the transforming murine sarcoma viral oncogenes v-Ha-ras, 

v-ki-ras2 and v-bas dates back thirty years ago, and contributed to the now generally 

accepted notion that genetic alterations affecting gene function can drive tumour 

development (for a historical account of the RAS oncogenes see [1]) [2–4]. Shortly after 

the discovery of the v-Ha-ras (Harvey rat sarcoma viral oncogene) homolog HRAS and 

the v-Ki-ras2 (Kirsten rat sarcoma viral oncogene) homolog KRAS, the neuroblastoma 

v-ras homolog NRAS was identified [5,6]. These three genes, H-, K- and N-RAS are part 

of the Ras superfamily of guanosine triphosphate (GTP) hydrolase enzymes (GTPases), 

currently encompassing over 150 members, and belong to the most frequently 

mutated proto-oncogenes in human cancer (reviewed in [7–10]). In normal cells, RAS 

proteins are activated by GTP binding with their GTPase activity functioning as 

an intrinsic negative regulator, causing transit from the active GTP-bound to an 

inactive GDP-bound conformation. This process is tightly regulated by Ras GTPase-

activating proteins (RasGAPs) and Ras guanine nucleotide exchange factors (RasGEFs) 

(reviewed in [11,12]). In response to a variety of stimuli, including activation of receptor 

tyrosine kinases, RasGEFs induce the dissociation of GDP from the catalytic site of 
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RAS allowing subsequent binding of GTP and resulting in the activate conformation. 

On the other hand, RasGAPs promote the hydrolysis of GTP thereby causing RAS 

to switch to the inactive conformation. Oncogenic mutations impair the intrinsic 

GTPase activity of RAS, or render the oncoprotein insensitive to RasGAP-stimulation 

resulting in a constitutive active state [13–16]. As a result of constitutive activation and 

binding to downstream effectors, RAS oncoproteins contribute to the development of 

cancer by promoting processes such as proliferation, pro-survival signalling, invasion 

and angiogenesis (reviewed in [8–10]).

 Not only do RAS oncoproteins contribute to the development of cancer, they 

are also required for the maintenance of the malignant phenotype, illustrated by the 

observations that deletion of the mutant KRAS allele in human cancer cell lines by 

homologous recombination results in a decreased proliferation rate and reduced 

tumourigenicity [17]. Furthermore, suppression of oncogenic HRAS in a mouse model 

of HRAS-driven melanoma caused tumour regression and apoptosis [18]. Such a 

dependency on sustained oncogenic signalling is not restricted to RAS oncoproteins, 

as decreased expression of v-myc (myelocytomatosis viral oncogene) homolog MYC 

in MYC-driven tumours results in a reduction of tumour mass associated with 

differentiation of tumour cells [19]. These and similar observations involving RAS, MYC, 

but also other oncogenes, led to the concept of oncogene addiction [20]. It is believed that 

the phenomenon of oncogene addiction underlies the anti-tumour effects mediated 

by oncoprotein-targeted therapeutic agents including imatinib and cetuximab, 

targeting the oncogenic breakpoint cluster region - V-abl Abelson murine leukemia 

viral oncogene homolog 1 (BCR-ABL) fusion protein in chronic myelogenous leukemia 

and the epidermal growth factor receptor (EGFR), mutated or over-expressed in lung 

and colorectal cancer, respectively [21]. Since the H-, K- and N-RAS genes are frequently 

mutated in human cancers, RAS-targeted approaches are of great therapeutic 

interest. In addition to primary tumours harbouring mutations in RAS, tumours that 

have activated RAS by genetic alterations upstream may benefit from RAS-targeted 

therapies. The importance of the RAS pathway in tumours that activated this pathway 

by genetic alterations affecting upstream components is illustrated by the observation 

that mutations in KRAS can cause resistance to EGFR-targeted therapies [22–24].

 Although the RAS oncoproteins are appealing targets for cancer treatment, 

there are currently no successful therapeutic agents available to target RAS. Inhibition 

of RAS proteins by an approach similar to kinase inhibition using competitive ATP 

analogous is unlikely to work due to high cellular levels of, and the high affinity of RAS 

proteins for, GTP [12]. An alternative approach that received a lot of attention involves 
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the inhibition of enzymes that modify RAS proteins including the farnesyltransferase 

(FTase), geranylgeranyltransferase type I (GGTase I), RAS-converting enzyme 1 (RCE1) 

and isoprenylcysteine carboxyl methyltransferase (ICMT) [25]. Briefly, the FTase 

conjugates a farnesyl moiety to the cysteine of the carboxy-terminal CAAX motif 

of the RAS proteins, which is required for subsequent processing of the C-terminus 

by RCE1, followed by ICMT-mediated methyl esterification of the farnesylcysteine 

(reviewed in [26,27]). As a result of this remodelling, RAS proteins localize to intracellular 

membranes where they can bind and activate downstream effectors, a process 

required for the transforming capability of RAS oncoproteins [28]. Initial pre-clinical 

studies were promising, showing a potent regression of v-Ha-ras-driven tumours in 

mice upon treatment with a FTase inhibitor [29]. However, in clinical trials, the FTase 

inhibitors failed as a single agent, in part because the most frequently mutated RAS 

isoforms, K- and N-RAS, can undergo geranylgeranylation by GGTase I in the absence 

of FTase activity, a post-translational modification that mimics farnesylation [25,30]. 

Hence, combination treatments including FTase and GGTase I inhibitors may be 

more effective, a hypothesis supported by pre-clinical studies, but which still requires 

extensive clinical investigation [31]. It is worth noting that in addition to the RAS 

proteins, many other proteins are subjected to farnesylation and geranylgeranylation, 

possibly explaining the anti-tumour effects unrelated to the RAS mutation status and 

systemic toxicities associated with the use of FTase and GGTase I inhibitors observed 

in the clinic [25].

 Instead of targeting RAS or modifiers of RAS activity, downstream effectors 

may also be targeted for the treatment of tumours driven by, and addicted to, the 

expression of oncogenic RAS. This includes members of the v-raf homolog RAF / 

mitogen-activated protein kinase kinase (MEK) / mitogen-activated protein kinase 

(ERK) and the phosphatidylinositol 3-kinases (PI3K) / v-akt homolog AKT / mammalian 

target of rapamycin (mTOR) signalling pathways [8–10]. Numerous inhibitors have 

been developed against members of these RAF/MEK/ERK and PI3K/AKT/mTOR 

signalling pathways and several are currently under clinical investigation (reviewed 

in [32]). Complementary to the studies focussed at known modulators and effectors 

of RAS signalling, the identification of novel dependencies associated with the 

expression of mutant RAS oncogenes may guide the development of new therapeutic 

agents. Chemical screens for small molecules which specifically kill cells expressing a 

mutant RAS oncogene have yielded some interesting lead compounds [33,34]. However, 

the clinical efficacy of these small molecules remains to be tested. In addition, gene 

directed studies showed that cells expressing a mutant RAS oncogene display an 
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increased dependency on ataxia telangiectasia and Rad3 related (ATR), protein kinase 

C delta (PKCδ) and cyclin-dependent kinase 4 (Cdk4), suggesting that these proteins 

may be candidate drug targets [35–37]. Since genotype specific dependencies are hard to 

predict, large scale genetic interrogations may be needed to identify more of these 

potential drug targets. Genetic screens, in particular those based on loss-of-function, 

aimed at identifying genes essential to tumour cells driven by oncogenic RAS can be 

instrumental in this process [38,39]. The ultimate example of such genotype specific 

dependencies is synthetic lethality, manifested by a non-viable state as a result of two 

gene products being impaired in their function while those defects are compatible 

with viability when occurring individually [40,41]. Because these dependencies correlate 

with the genetic alteration of interest, they may lead to the development of treatment 

strategies with little or no adverse effects and therefore a high therapeutic index [42]. 

Hence, therapeutic strategies based on genotype specific dependencies may be more 

effective than those directed to up- and down-stream effectors of RAS signalling. To 

date several RNAi-based screens have been performed to identify such dependencies 

associated with the RAS oncogene (reviewed in [43,44]) [45–51]. Proteins identified by this 

approach include the inhibitor of apoptosis protein Survivin (BIRC5), serine/threonine 

kinase 33 (STK33), TANK-binding kinase 1 (TBK1) and TGFβ activated kinase 1 (TAK1), 

all of which seem to protect RAS mutant cells from undergoing apoptosis [45–48]. The 

other proteins identified through such a screening approach include polo-like kinase 1 

(PLK1), snail homolog 2 (Snail2) and Wilms tumor 1 (WT1), which have been implicated 

in mitotic progression, epithelial to mesenchymal transdifferentiation and senescence, 

respectively [49–51]. However, it is still not fully understood why cell expressing 

oncogenic RAS depend on these proteins. In addition, there is some debate regarding 

the reproducibility of the results involving STK33, which need to be addressed 

experimentally [46,52–54]. Furthermore, studies investigating therapeutic agents targeting 

these proteins are required to determine whether these dependencies associated with 

expression of oncogenic RAS can be exploited therapeutically.

 To identify such genetic dependencies, we screened a siRNA library targeting 

kinases and genes annotated as ‘druggable’ for novel genetic interactions with the 

HRASV12 oncogene. We identified a number of genes that upon knock-down reduce 

the viability of cell expressing oncogenic RAS. In particular, we have established that 

cells expressing RAS oncogenes have an increased dependency on the kinesin family 

member, KIF18A.
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Results

A siRNA screen for genetic dependencies associated with HRASV12 expression

To identify genes whose suppression selectively impairs the viability or proliferation 

of cells expressing a RAS oncogene we performed a loss-of-function screen using 

commercially available small interfering RNA (siRNA) libraries targeting human 

kinases and genes that have been annotated as ‘druggable’. These libraries, together 

encompassing 6801 siRNA pools, consisting of 4 unique siRNA sequences targeting a 

specific gene, were transfected into a HRAS isogenic cell line pair that was generated 

from a primary human fibroblast culture (BJ) analogous to the approach described 

by Voorhoeve and Agami [55]. Briefly, as overexpression of RAS oncogenes can result 

in a tumour protein 53 (p53) dependent proliferative arrest, we introduced a short 

hairpin RNA (shRNA) construct targeting the p53 gene (TP53) into the by human 

telomerase (hTERT) immortalized BJET cell line. To confirm silencing of TP53 and 

loss of p53 function in the BJETp53KD cell line, we performed Western blot analysis 

on total protein extracts from BJET and BJETp53KD cells, unperturbed or exposed to 

20 Gy irradiation and propagated for an additional 24 hours. As expected, the level 

of p53 was much lower in BJETp53KD compared to BJET cells (Figure S1A). In addition, 

BJETp53KD cells were unable to upregulate the downstream effector p21 in response 

to DNA damage induced by irradiation, a process dependent on p53 activity, implying 

that silencing of TP53 was sufficient to impair p53 function [56]. Next, we introduced the 

HRASV12 oncogene in the BJETp53KD cell line. To confirm that this BJETp53KD-HRASV12 

cell line indeed expresses the HRASV12 oncogene and has constitutive active RAS 

signalling, we serum starved BJETp53KD and BJETp53KD-HRASV12 cells for 48 hours and 

assessed the levels of HRAS and phosphorylated ERK (pERK) by Western blot analysis. 

As expected, BJETp53KD-HRASV12 cells showed a high level of HRAS and increased 

level of pERK expression as compared to BJETp53KD cells (Figure S1B). Furthermore, 

suppression of TP53 and expression of the HRASV12 oncogene led to an increase in the 

proliferation rate, as illustrated by population doubling times of 31, 29 and 24 hours for 

BJET, BJETp53KD and BJETp53KD-HRASV12, respectively (Figure S1C).

 Next, we transfected the BJETp53KD and BJETp53KD-HRASV12 cell lines with the 

aforementioned siRNA libraries in a 384 well plate format (Figure 1A). Ninety-six hours 

after transfection, cells were fixed with formaldehyde and DNA content was stained 

with 4’,6-diamidino-2-phenylindole (DAPI). We then used an automated microscope 

system for image acquisition, capturing representative images of the DAPI signal for 

every well. These images were subsequently analysed with the CellProfiler image 
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Figure 1. A siRNA screen for genetic dependencies associated with HRASV12 expression
(A) Screen setup: see text for description. Representative images of cells transfected with the 
negative control (non-targeting siRNA pool) and a positive control (siRNA pool targeting PLK1) at 
the right. (B) Summary of the results from control and sample wells in the screen. Median relative 
cell number for BJETp53KD and BJETp53KD-HRASV12 cell lines transfected with the non-targeting 
siRNA pool or siRNA pools targeting PLK1 or KIF11. The last two bars represent the median of all 
samples. Error bars represent standard deviation. (C) Screening results represented in a dot plot. 
The x- and y-axes denote the relative number of cells for the BJETp53KD and BJETp53KD-HRASV12 
cell lines, respectively. Every dot represents the mean of three replicate wells containing a siRNA 
pool from the library (grey), the non-targeting siRNA pool (blue) or the siRNA pool targeting 
PLK1 (red). Candidate siRNA pools selected for validation are highlighted in green.
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analysis software to determine the number of nucleic regions per representative image 

(hereafter referred to as cell number) [57,58]. To correct for plate-to-plate variation, every 

cell number was normalized to the median cell number of all samples per plate. Finally, 

technical replicates were summarized by median and mean +/- standard deviation (see 

material and methods for more information on data analysis). Every plate included a 

series of wells containing a non-targeting siRNA pool as a negative control and siRNA 

pools targeting PLK1 and kinesin family member 11 (KIF11), both required for mitosis, 

as positive controls (reviewed in [59]) [60,61]. Reassuringly, the median relative cell number 

of all wells containing the non-targeting siRNA pool was very close to 1. This is in 

agreement with the assumption that the negative control should mimic the median of 

all samples, which most likely represents the true null hypothesis (Figure 1B). Therefore, 

this non-targeting siRNA pool was considered a valid negative control for follow-up 

experiments. On the other hand, the positive controls, siRNA pools targeting PLK1 and 

KIF11, caused more than an 80% reduction in cell number irrespectively of HRASV12 

expression. These results indicate that the setup of the screen and the assay used to 

measure effects on population growth allow for the identification of genes essential to 

either BJETp53KD and/or BJETp53KD-HRASV12 cells. 
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Figure 2. Expression of the H-, K- or N-RAS oncogene results in a dependency on KIF18A and 
TMP21 expression
Relative cell number of BJETp53KD, BJETp53KD-HRASV12, BJETp53KD-KRASV12 and BJETp53KD-
NRASK61 cell lines 96 hours after transfection with a siRNA pool (p) or individual siRNAs targeting 
KIF18A or TMP21 (1-4). A non-targeting siRNA pool and a siRNA pool targeting PLK1 were used 
as negative and positive controls, respectively. Shown are three independent experiments 
summarized by mean +/- standard deviation. P-values were computed by the unpaired two-
tailed t-test (* P <0.05, # P <0.01).
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 The most promising candidate siRNA pools selectively impairing proliferation 

or viability of HRASV12 expressing cells were selected based on the following criteria: 

(1) at least a 25% reduction in cell number for BJETp53KD-HRASV12, (2) less than a 25% 

reduction or 50% increase in cell number for BJETp53KD and (3) a more than 2-fold 

reduction in cell number for BJETp53KD-HRASV12 as compared to BJETp53KD. In total, 

98 candidate genes were selected for further validation (Figure 1C) (see materials 

and methods for a detailed description of these validation experiments). Briefly, the 

reproducibility of the observed phenotypes was tested by re-screening the siRNA 

pools targeting these 98 candidate genes. Out of the 98 siRNA pools tested, 37 gave 

a reproducible phenotype in at least two out of three independent experiments. 

Next, the individual siRNAs constituting these 37 siRNA pools were screened to 

exclude potential off-target effects. This led to the identification of 15 genes, whose 

silencing by at least two unique siRNAs selectively impairs the population growth 

of BJETp53KD cells expressing HRASV12. In the last validation experiment, we tested 

the effect of silencing these 15 genes in cell lines isogenic for H-, K- and N-RAS. The 

K- and N-RAS isogenic cell lines were generated similarly to the BJETp53KD-HRASV12 

cell line, by introduction of the KRASV12 and NRASK61 oncogenes in the BJETp53KD cell 

line. It was of particular interest to determine the effect of silencing these genes in 

the cell line expressing the KRAS oncogene, as it is the most frequently mutated RAS 

gene in human cancer [8–10]. The BJETp53KD, BJETp53KD-HRASV12, BJETp53KD-KRASV12 

and BJETp53KD-NRASK61 were transfected with siRNAs targeting these 15 genes, left to 

propagate for 96 hours and assayed as described for the original screen. Out of the 15 

tested, there were 6 genes whose silencing, mediated by two or more individual siRNAs, 

selectively and significantly reduced the number of H-, K- and/or N-RAS oncogene 

expressing BJETp53KD cells (Figure 2 and S2). Since these phenotypes are mediated by at 

least two individual siRNAs, we consider the chance that these phenotypes are caused 

by an off-target effect very low. In summary, the screen and subsequent validation 

experiments led to the identification of 6 genes whose silencing selectively impairs the 

viability or proliferation of BJETp53KD cells expressing the HRASV12, KRASV12 or NRASK61 

oncogene. These 6 genes are kinesin family member 18A (KIF18A), lymphocyte-

activation gene 3 (LAG3), serine threonine kinase 39 (STK39), transmembrane protein 

21 (TMP21), tumor necrosis factor receptor superfamily member 17 (TNFRSF17) and 

tyrosine 3-monooxygenase/tryptophan 5-mono-oxygenase activation protein epsilon 

polypeptide (YWHAE).
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Confirmation of oncogenic RAS associated dependencies in Non-Small Cell 
Lung Cancer cell lines

Since cancers rarely originate from fibroblasts, the model used in our screen, we 

investigated whether silencing of KIF18A, LAG3, STK39, TMP21, TNFRSF17 and YWHAE 

affects the viability or proliferation of human cancer cell lines expressing a RAS 

oncogene. Non-Small Cell Lung Cancer (NSCLC) is a type of cancer which frequently 

(20-30%) harbours mutations in KRAS [9,10,62]. We collected a panel of NSCLC cell lines 

known to be wild type (n=5) for, or harbour oncogenic mutations in the KRAS gene (n=7) 

(Figure 3). These NSCLC cell lines were then transfected with the non-targeting siRNA 

pool and siRNA pools targeting PLK1, KRAS, KIF18A, LAG3, STK39, TNFRSF17, TMP21 

or YHWAE in a 384 well format. The effect of gene silencing on the NSCLC cell lines 

was determined using an imaging system that measured well confluence every 4 hours 

for the duration of 120 hours. To minimize the possibility of artefacts based on de novo 

differences in the proliferation rate, we determined for every cell line the time-point 

at which cells transfected with the non-targeting siRNA pool had tripled in number. 

Based on these time-points, we then calculated the relative population growth of each 

sample using wells containing the non-targeting siRNA pool as reference. These values 

were subsequently used to compare the effects of siRNA-mediated silencing of PLK1, 

KRAS, KIF18A, LAG3, STK39, TNFRSF17, TMP21 and YHWAE on KRAS wild type with 

that on KRAS mutant NSCLC cell lines (Figure 3). First, KRAS mutant NSCLC cell lines 

were much more negatively affected by silencing of KRAS than the KRAS wild type cell 

lines, suggesting oncogene addiction. Second, the KRAS mutant NSCLC cell lines were 

more sensitive to silencing of PLK1, which confirms the observations made by Luo 

and colleagues [51]. Most importantly, this experiment shows that the dependency on 

KIF18A, STK39 and YWHAE expression associated with oncogenic RAS is not restricted 

to the RAS oncogene expressing cell lines derived from primary human fibroblasts, but 

extends to a panel of human cancer cell lines.

Silencing of KIF18A causes a mitotic arrest associated with an increase in cell 
death, which is more pronounced in cells expressing the HRASV12 oncogene

KIF18A has been implicated in chromosome congression with silencing of KIF18A 

causing elongated mitotic spindles, impaired chromosomal alignment and as a result 

a prolonged pro-metaphase in Hela cells [63,64]. Since others have shown that cells 

expressing a KRAS oncogene are more susceptible to silencing of genes involved in 

mitotic processes, including PLK1 and members of the anaphase promoting complex 

(APC/C), anaphase promoting complex subunit 1 and 4 (ANAPC1 and ANAPC4) [51], we 
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decided to investigate KIF18A further. First, we wanted to confirm that the siRNAs 

designed to target KIF18A indeed silence this gene. BJETp53KD and BJETp53KD-HRASV12 

cells were transfected with a non-targeting siRNA pool or siRNAs targeting KIF18A. 

We then determined the mRNA levels of KIF18A by quantitative reverse transcriptase 

PCR (qRT-PCR) and KIF18A protein levels by Western blot analysis (Figure 4A and 4B). 

As expected, transfection of the individual siRNAs or the siRNA pool targeting KIF18A 

resulted in a strong decrease of KIF18A mRNA and KIF18A protein levels as compared 

to cells transfected with the non-targeting siRNA control. Furthermore, the qRT-PCR 
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Figure 3. KRAS mutant NSCLC cell lines display an 
increased dependency on KRAS, KIF18A, STK39 and 
YWHAE expression
Relative population growth of NSCLC cell lines 
transfected with siRNA pools targeting PLK1, KRAS, 
KIF18A, LAG3, STK39, TNFRSF17, TMP21 or YWHAE. 
A non-targeting siRNA pool was used as a negative 
control. Shown is a representative of two independent 
experiments. P-values were computed by the Wilcoxon 
signed rank test (P < 0.05 in green, P > 0.05 in red).
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and Western blot analyses show that there is no differential expression of KIF18A 

between BJETp53KD and BJETp53KD-HRASV12 cells. Since KIF18A has been implicated in 

mitosis, we decided to investigate KIF18A protein levels in BJETp53KD and BJETp53KD-

HRASV12 mitotic cells, which we collected by shake-off after overnight  treatment 

with Nocodazole (N) or Taxol (T), both of which arrest cells in mitosis (Figure 4C). 

Western blot analysis for KIF18A showed that its level is higher in mitotic cells (N 
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Figure 4. Validation of KIF18A silencing and Western blot analysis for KIF18A
(A) qRT-PCR experiment for KIF18A mRNA levels in BJETp53KD and BJETp53KD-HRASV12 cells 48 
hours after transfection with a siRNA pool (p) or individual siRNAs (1-4) targeting KIF18A. A non-
targeting siRNA pool was used as a negative control. Shown are three independent experiments 
summarized by mean +/- standard deviation. (B) Western blot analysis for KIF18A and Cdk4 
(loading control) protein levels in BJETp53KD and BJETp53KD-HRASV12 cells 72 hours after 
transfection with a siRNA pool (p) or individual siRNAs (1-4) targeting KIF18A. A non-targeting 
siRNA pool was used as a negative control. Shown is a representative of two independent 
experiments (C) Western blot analysis for KIF18A and APC3 (loading control) protein levels in 
an asynchronous (As) population or mitotic fraction (N and T) of BJETp53KD and BJETp53KD-
HRASV12 cells. Mitotic fractions were obtained by overnight treatment with Nocodazole (N) or 
Taxol (T) followed by mitotic shake-off. The slower migrating band of the APC3, phosphorylated 
in mitosis, is a marker for the mitotic fractions. Shown is a representative of two independent 
experiments.
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Figure 5. Silencing of KIF18A causes a mitotic arrest in cells expressing HRASV12

(A) Propodium iodide (PI) based FACS analysis for cell cycle distributions of BJETp53KD and 
BJETp53KD-HRASV12 cells 48 hours after transfection with siRNA pools targeting PLK1 or KIF18A. 
A non-targeting siRNA pool was used as a negative control. Shown is a representative of two 
independent experiments. (B) Representative images of BJETp53KD and BJETp53KD-HRASV12 cells 
transfected with a non-targeting siRNA pool or a siRNA pool targeting KIF18A. (C) Stacked bar 
chart illustrating the percentage distributions of BJETp53KD and BJETp53KD-HRASV12 cells 48 
hours after transfection with siRNA pools targeting PLK1 or KIF18A. A non-targeting siRNA 
pool was used as a negative control. Categories for the distribution include, the G1-S-G2/M cell 
cycle stages, more than 2n DNA content and the sub-G1 region indicative of cell death. Cells 
undergoing mitosis (M) were separated from those in G2 by MPM2 immunofluorescence (see 
materials and methods).
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and T) compared to an asynchronous population (As), which is in agreement with 

observations made by Mayr and colleagues [63]. More importantly, endogenous KIF18A 

protein levels were comparable between HRAS wild type and HRASV12 overexpressing 

cells. It is therefore unlikely that the observed HRASV12 associated dependency on 

KIF18A is the result of differential expression. In support, micro-array analyses of over 

300 colorectal cancers showed no correlation between KIF18A expression and KRAS 

mutation status (data not shown).
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Figure 6. BJET53KD-HRASV12 cells are more likely to undergo a mitotic arrest and cell death in 
response to silencing of KIF18A than BJETp53KD cells
BJETp53KD and BJETp53KD-HRASV12 cells were transfected with a siRNA pool targeting KIF18A or 
a non-targeting siRNA pool as control. The siRNA transfection was performed in the presence 
of thymidine to arrest cells in S-phase. Twenty-four hours after transfection, cells were released 
and followed by time lapse imaging as they were to enter mitosis for the first time in the absence 
of KIF18A. The time spent in mitosis as well as the fate of cells exiting mitosis were recorded. 
Dot plot with every dot representing one cell that was followed by time lapse imaging from entry 
until exit from mitosis. The y-axis denotes the time spent in mitosis in minutes. The fate of 
each cell is indicated by colour: normal cell division (blue), mitotic slippage – exit from mitosis 
without cell division (orange), cell death (red), out of sight (grey). Shown is a representative of 
two independent experiments. For the duration of mitosis, P-values were computed by the 
Wilcoxon signed rank test (black). For the incidence of cell death, P-values were computed by 
the Fisher exact test (red).
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 Since it was reported that silencing of KIF18A causes mitotic defects and a 

prolonged prometaphase, we investigated the cell cycle profiles of BJETp53KD and 

BJETp53KD-HRASV12 cells transfected with siRNA pools targeting PLK1 and KIF18A using 

a propidium iodide (PI) FACS protocol (Figure 5A) [63]. In addition to PI, which stains 

DNA content, we used a MPM2 antibody to stain mitotic cells by immunofluorescence. 

This allowed us to distinguish cells in mitosis (M) from those in G2 (Figure 5C) [65]. 

Mock treated BJETp53KD and BJETp53KD-HRASV12 cells have similar cell cycle profiles 

and transfection of the non-targeting siRNA pool did not affect the cell cycle profile 

compared to mock treated (Figure 5A and 5C). On the other hand, silencing of PLK1 

caused a mitotic arrest irrespectively of HRASV12 expression. In contrast, suppression 

of KIF18A resulted in a mitotic arrest that was much more pronounced in the BJETp53KD-

HRASV12 than the BJETp53KD cell line, possibly explaining why silencing of KIF18A 

selectively impaired the population growth of fibroblasts and NSCLC cells expressing 

RAS oncogenes (Figure 2). In addition, this observation explains the rounded-up cell 

morphology resulting from KIF18A silencing (Figure 5B).

 To further explore the observed mitotic arrest, we transfected BJETp53KD and 

BJETp53KD-HRASV12 cells with either the non-targeting siRNA pool or the siRNA pool 

targeting KIF18A in the presence of thymidine, arresting cells in S-phase. Twenty-four 

hours after transfection we washed away the thymidine and followed the cells that 

entered mitosis for the first time in the absence of KIF18A using phase contrast time 

lapse microscopy. We then determined the time spent in mitosis and the subsequent 

fate for 100 cells per sample. From the images we could determine 3 fates, namely: 

(1) normal exit giving rise to two daughter cells, (2) cell death (most likely apoptosis 

since cells exhibited blebbing) and (3) mitotic slippage (exit from mitosis without cell 

division). To visualize these findings, each cell was plotted individually, with its y-axis 

position representing the time spent in mitosis and the colour coding representing 

the fate of the mitotic cells (Figure 6). Cells transfected with the non-targeting siRNA 

pool behaved the same as the mock treated cells. In contrast, a significant fraction of 

HRASV12 expressing cells spent a longer time in mitosis than cells wild type for HRAS 

(Figure 6 and S3A). The reason behind this difference may be explained by several factors 

including cellular stress, DNA damage induced by DNA hyper-replication or defects in 

mitotic processes. As we also obtained similar results in the absence of thymidine (data 

not shown), we can exclude a role of thymidine treatment in this process. Consistent 

with the FACS analysis, introduction of the siRNA pool targeting KIF18A caused 

many cells to arrest in mitosis, in particular those expressing the HRASV12 oncogene 

(Figure 5, 6 and S3A). Furthermore, this experiment shows that cells which spend an 
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increased amount of time in mitosis tend to die (Figure 6 and S3B). In conclusion, as a 

result of the more pronounced mitotic arrest induced by KIF18A silencing, BJETp53KD-

HRASV12 cells show a higher incidence of cell death than BJETp53KD cells, revealing 

the mechanism by which silencing of KIF18A selectively impairs the population 

growth of cells expressing H-, K- or N-RAS oncogenes (Figure 2). In fact, simulating 

the effect of KIF18A silencing on the population growth of BJETp53KD and BJETp53KD-

HRASV12 cells in silico, by sampling from the measurements obtained by the time lapse 

microscopy experiment and taking in consideration the population doubling times 

of these isogenic cell lines, accurately recapitulates the results of KIF18A silencing in 

‘real’ experiments (Figure S3C-D). Most importantly, these results demonstrate that the 

increased dependency on KIF18A observed for BJETp53KD cells expressing the HRASV12 

oncogene is not due to an increased proliferation rate.

Discussion

We identified of 6 genes, KIF18A, LAG3, STK39, TMP21, TNFRSF17 and YWHAE, whose 

function is required for proliferation of BJETp53KD cells expressing the HRASV12, KRASV12 

or NRASK61 oncogene, as opposed to BJETp53KD alone. In addition, we show a positive 

correlation between the KRAS mutation status of NSCLC cell lines and an increased 

dependency on KIF18A, STK39 and YWHAE expression, suggesting that inhibition of 

KIF18A, STK39 or YWHAE function may be a therapeutic strategy for the treatment 

of NSCLC driven by oncogenic RAS. Furthermore, we show that silencing of KIF18A 

results in a mitotic arrest associated with increased cell death in BJETp53KD cells, 

especially those expressing HRASV12.

 KIF18A, a member of the kinesin-8 family of microtubule-based motor proteins, 

regulates chromosome congression [63,64,66,67]. In pro-metaphase, tight regulation of 

microtubule dynamics is essential for chromosome congression, the alignment of 

chromosomes at the spindle equator, which marks the entry into anaphase where 

the daughter chromosomes are separated (reviewed in [68,69]). Microtubule filaments 

composed of tubulin polymers are dynamically unstable undergoing periods of 

polymerization and depolymarization, which causes chromosomes to oscillate, 

a process controlled by KIF18A [70,71]. In Hela cells, silencing of KIF18A results in an 

increased oscillation amplitude of microtubule bound chromosomes, abnormal 

microtubule growth and a failure to align chromosomes [63,71]. As a result, these cells 

arrest in pro-metaphase, which can ultimately lead to cell death [63,72]. The failure to 

align chromosomes upon KIF18A silencing can, in part, be explained by destabilization 

of centromere-associated protein E (CENP-E) [72]. In support of this, expression of a 
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c-terminal part of CENP-E was shown to partially attenuate the alignment defect 

induced by KIF18A silencing [72]. In addition, analogous to silencing of KIF18A, silencing 

of CENP-E results in chromosomal alignment defects [73,74], suggesting an increased 

dependency on CENP-E function in cells expressing oncogenic RAS. We have tested 

this hypothesis, but observed no reduction in the viability or proliferation of BJETp53KD-

HRASV12 and BJETp53KD cells transfected with a siRNA pool targeting CENP-E (data 

not shown). However, it is possible that silencing of CENP-E was insufficient in these 

experiments. Hence, further investigation is required to determine whether cells 

expressing a RAS oncogene display an increased dependency on CENP-E function.

 Although these findings explain the mitotic arrest and cell death induced by 

KIF18A silencing in the BJETp53KD-HRASV12 cell line, it remains unclear why HRASV12 

expressing BJETp53KD cells and KRAS mutant NSCLC cell lines display an increased 

dependency on KIF18A expression. KIF18A is highly expressed in certain breast and 

colorectal cancers [75,76]. In addition, in colorectal cancer, high expression of KIF18A 

was found to correlate with poor prognosis [76]. Therefore one could hypothesize 

that differential expression underlies the dependency on KIF18A. However, our 

observations suggest that there is no correlation between the expression of KIF18A 

and the RAS oncogenes. The mRNA and protein levels of KIF18A were comparable 

between BJETp53KD and BJETp53KD-HRASV12 cells and we did not find evidence for a 

correlation between the RAS mutation status and KIF18A expression in colorectal 

cancer samples (data not shown). Based on these observations, we conclude that the 

dependency on KIF18A expression associated with oncogenic RAS is not a result of 

differential expression. In fact, the increased levels of KIF18A observed in breast and 

colorectal cancer may be indicative of a high mitotic index, as expression of KIF18A is 

cell cycle regulated and particularly high in mitosis [63]. 

 Although poorly understood, there are indications that expression of oncogenic 

RAS can result in aneuploidy, the unequal distribution of daughter chromosomes as 

a result of impaired chromosomal congression and separation (reviewed in [77]) [78–80]. 

Based on these observations one could speculate that by constitutive activation of 

downstream effector proteins, RAS oncoproteins affect microtubule dynamics or other 

processes involved in chromosomal congression. Concordantly, members of the RAS 

association domain family (RASSF) including RASSF1, have been found to localize to, 

and regulate, microtubule dynamics (reviewed in [81,82]) [83–86]. Alternatively, constitutive 

activation of RAS may impair chromosome congression through eliciting DNA hyper-

replication resulting in DNA damage [87]. Irrespective of the specific mechanism of 

action, the expression of RAS oncogenes may potentiate the effects induced by KIF18A 
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silencing resulting in a mitotic arrest and increased cell death. The observation that 

cells expressing oncogenic RAS display an increased dependency on KIF18A function 

warrants further investigation. Experiments directed at resolving the mechanism that 

underlies the increased dependency on KIF18A function are of special interest and 

may contribute to the identification of novel dependencies and functions of RAS and 

its effectors in mitosis.

 Screens similar to the one described here have led to the identification of 

genetic dependencies associated with RAS oncogenes (reviewed in [43,44]) [45–51]. However, 

none of the genes identified and validated by others was recovered in our screen. 

There are several explanations for this lack of overlap including differences in silencing 

efficiency and context dependency. For example, we screened in a RAS isogenic cell line 

pair that was generated from primary human fibroblasts, while the other screens were 

performed in cell lines derived from human cancers. Furthermore, our screen involved 

screening for genetic dependencies associated with the expression of HRASV12, while 

the cell lines used in the other studies primarily harboured oncogenic mutations in 

KRAS. One of the dependencies identified previously involves PLK1 [51]. Although PLK1 

was not recovered in our screen, silencing of PLK1 selectively impaired the survival 

or proliferation of BJETp53KD-HRASV12 as compared to BJETp53KD cells in our follow-

up experiments. (Figure 2). In addition, these authors describe that cells expressing 

oncogenic RAS display an increased dependency on the function of the anaphase 

promoting complex [51]. However, since PLK1 and the anaphase promoting complex 

are essential for mitosis, therapeutic agents directed to these proteins may have 

adverse effects, similar to conventional mitotic drugs (reviewed in [59,88]) [60,61]. Notably, 

although we observed an increased dependency on PLK1 expression in BJETp53KD 

cells expressing HRASV12, in the absence of this oncogene, silencing of PLK1 already 

resulted in an 80% reduction in survival and/or proliferation of the HRAS wild type 

BJETp53KD cells. In contrast, silencing of KIF18A only marginally affected the viability 

or proliferation of BJETp53KD cells. In support of this observation, KIF18A knockout 

mice are viable and do not display any gross abnormalities other than sterility in the 

males [89]. Hence, these findings suggest that KIF18A is a non-essential gene, supporting 

the notion that inhibition of KIF18A may be an appealing treatment strategy, possibly 

without severe adverse toxicities. Additional studies are required to substantiate 

this predilection for KIF18A, in particular, studies involving small molecules that 

interfere with the function of KIF18A in pre-clinical models. In addition to KIF18A, the 

findings presented here on STK39 and YWHAE warrant further investigation of these 

candidate drug targets. Furthermore, while silencing of LAG3, TMP21 and TNFRSF17 

20120709_Thesis_FINAL.indd   129 9-7-2012   2:18:18



130

6

did not selectively impair the population growth of KRAS mutant NSCLC, these 

genotype specific dependencies may exist in other tumour types such as colorectal, 

thyroid or pancreatic cancer. Pancreatic cancer in particular, has proven difficult to 

treat. Hence, it would be of interest to test for these dependencies in cell line models 

derived from these tumours. Of equal importance are studies aimed to resolve the 

mechanisms by which cells expressing oncogenic RAS acquire a dependency on these 

proteins and, more importantly, the mechanisms by which expression of a mutant RAS 

oncogene results in oncogene addiction. For example, there is evidence suggesting 

that expression of oncogenic RAS does not cause oncogene addition per se and that 

the identified genetic dependencies are associated with a dependency on constitutive 

activation of RAS rather than the mere presence of a mutated RAS oncogene [46,90]. These 

findings are particularly important with respect to treatment strategies targeting the 

oncogene-associated dependencies, as they guide stratification of patients likely to 

respond. In conclusion, we expect that functional genomic screens will continue to 

provide candidate drug targets that can guide the development of therapeutic agents 

for currently intractable cancers exploiting weaknesses associated with the expression 

of undruggable oncoproteins or loss of tumour suppressor protein function.

 

Materials and methods

Cell lines and the generation of the HRASV12 isogenic cell line pair

BJ primary human fibroblasts were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal calf serum (FCS). The isogenic cell lines were 

generated as described by Voorhoeve and Agami [55]. BJETp53KD cells were generated 

by amphotropic viral transduction of BJ cells with pBabe-EcoR-Zeo resulting in stable 

expression of the ecotropic receptor. thereafter allowing for ecotropic retroviral 

transductions with pBabe-hTERT-Hygro and pRetroSuper-p53. BJETp53KD-HRASV12, 

BJETp53KD-KRASV12 and BJETp53KD-NRASK61 cells were generated by retroviral 

transduction of BJETp53KD cells with pBabe-HRASV12-Puro, pBabe-KRASV12-Puro 

and pBabe-NRASK61-Puro, respectively. The last two constructs were obtained 

from Addgene (Plasmid  12543 and 12544) and were originally cloned by CJ Der and 

colleagues [91]. The non-small-cell lung cancer (NSCLC) cell lines H838, H1437, H1568, 

H1838, H522, A549, H460, H1299, H1792, H1944, H2030 and H2122 were obtained 

from ATCC and cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 

supplemented with 10% FCS. BJ and NSCLC cell lines were transfected with siRNAs 

using a reverse transfection protocol and the Dharmafect 3 (Thermo Scientific) or 
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RNAiMAX (Invitrogen) transfection reagent, respectively. Medium was refreshed 24 

hours after transfection and cells were left to propagate for the indicated time periods 

prior to analysis. A pool of non-targeting siRNAs was used as a negative control in all 

siRNA experiments. For the Western blot analysis of protein extracts from mitotic 

cells, BJETp53KD and BJETp53KD-HRASV12 cells were treated with 830 nM Nocodazole 

(Sigma) or 1 µM Taxol (Sigma) for 24 hours.

Screen setup and assay

Aliquots of the Kinome and Druggable Genome siRNA libraries (Thermo Scientific - 

Dharmacon) were prepared in black µClear 384 well plates (BD Biosciences) with each 

well containing 5 µL of a siRNA pool at a concentration of 500 nM. To the 5 µL siRNA 

solution, 5 µL DMEM containing 0.08 µL Dharmafect 3 was added followed by a 20 

minute incubation at RT. Next, 40 µL of a cell suspension was added. Twenty-four 

hours after transfection, medium was refreshed and the cells were left to propagate 

for an additional 72 hours prior to overnight fixation with 3.7% formaldehyde in PBS 

buffer. Cells were then washed with PBS, permeabilized with 0.2% Triton-X100 PBS 

and DNA content was stained by 0.5 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) for 

10 minutes. Representative images of the DAPI signal, a 2x2 montage, were acquired at 

10x with the BD Pathway 855 High Content Imager (BD Biosciences) and analysed with 

the CellProfiler image analysis software, to determine the number of nucleic regions 

per image (referred to as cell number) [57,58].

Data analysis, hit selection, and validation

Data obtained from the screen was analysed as follows. Cell numbers were normalized 

to the median cell number of all samples per plate to correct for plate-to-plate variation. 

Technical replicates (n=3) were summarized by median +/- standard deviation, mean 

+/- standard deviation or mean +/- standard deviation after removal of outliers, as 

determined by the Grubb’s test [92]. Then candidate siRNA pools were selected based on 

the following criteria: (1) a median/mean relative cell number between 0.75 and 1.5 for 

BJETp53KD, (2) a median/mean relative cell number below 0.75 for BJETp53KD-HRASV12, 

and (3) >50% relative decrease in the median/mean relative cell number in BJETp53KD-

HRASV12 versus BJETp53KD.

 The first round of validation experiments tested the reproducibility of the 

phenotypes observed for the candidate siRNA pools. Cell numbers were normalized 

to the median cell number of all wells containing the non-targeting siRNA pool. 

Technical replicates (n=3) were summarized as described above. The siRNA pools that 
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failed to meet the aforementioned criteria (with the third condition adjusted to be less 

stringent at 30% instead of 50% reduction) in at least two out of the three independent 

experiments were excluded from further analysis. In total 37 out of the 98 siRNA pools 

initially selected met these criteria. To exclude potential off-target effects as much as 

possible, the second round of validation experiments involved testing of the individual 

siRNAs that make up these 37 pools. Only genes for which 2 or more individual siRNAs 

met the criteria (same as in the first round of the validation experiments) in at least 

two out of three independent experiments were considered for the final validation 

experiment. In total 15 genes met these criteria. In the final validation experiment these 

15 genes were tested in H-, K- and N-RAS isogenic cell lines. The cell numbers were 

normalized to the median cell number of all wells containing the non-targeting siRNA 

pool. Technical replicates (n=3) were summarized by the mean and the independent 

experiments (n=3) by mean +/- standard deviation. 

qRT-PCR

Forty-eight hours after transfection, RNA was isolated using either Trizol (Invitrogen) 

or the RNAeasy mini kit (Qiagen). Subsequently, 1 µg RNA was used for generating 

cDNA with the SuperScript II kit (Invitrogen). This cDNA was then used to determine 

the relative mRNA levels of the genes of interest using qRT-PCR primers listed in the 

supplementary information and the FastStart MasterPLUS SYBR Green kit (Roche). 

For every sample, the relative mRNA levels were normalized to the mRNA levels of the 

RPL4 or RPL13 ‘housekeeping’ gene.

Antibodies and Western blotting

Antibodies used in this study were anti-p21 (C-19), anti-p53 (DO-1), anti-ERK1/2, anti-

HRAS (F235) and anti-CDK4 (C-22) from Santa Cruz Biotechnology, anti-KIF18A 

(ab72417) and anti-pERK (3179) from Cell Signaling Technology. Cells were lysed with 

RIPA (50 mM Tris pH7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% 

SDS) or ELB (250 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.1% Nonidet P-40) buffer 

containing protease inhibitors (Sigma) and, were applicable, phosphatase inhibitor 

cocktail 1 (Sigma). Western blot analyses were performed using whole cell extracts. 

Proteins were separated on 8-10% SDS-PAGE gels or pre-cast gradient gels (Invitrogen) 

and transferred to polyvinylidine difluoride membranes or nitro cellulose membranes 

(Millipore). Western blots were probed with the indicated antibodies.
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Cell cycle analysis by FACS

Forty-eight hours after transfection, cells were trypsinized, washed with PBS and 

resuspended in 200 µL PBS and 800 µL -20ºC 70% EtOH, added while mixing. Twenty-

four hours later, cells were washed with 10 mL PBS 0.05% Tween-20, followed by PBS 

0.05% Tween-20 1% BSA (PBST-BSA), resuspended in 100 µL PBST-BSA containing 

mouse-anti-MPM2 (1:200; ab14582, Abcam) and incubated for 2 hours at 4ºC on a 

tumbler device. Next, cells were washed with PBST-BSA, resuspended in 100 µL PBST-

BSA containing Alexa488 conjugated goat-anti-mouse IgGs (1:500; Invitrogen) and 

incubated for 1 hour at 4ºC on a tumbler device. Subsequently, cells were washed with 

PBS and resuspended in 300 µL PBS containing 3 µL 0.5 mg/mL propidium iodide (PI) 

(Sigma) and 2.5 µL 10 mg/mL RNAse A (Sigma). After an incubation of 20 minutes at 37 

ºC, cells were analyzed with the FACS Calibur (BD Biosciences).

Time lapse imaging of NSCLC cell lines

The confluence of wells containing NSCLC cell lines transfected with siRNAs was 

measured with the Incucyte system (Essen Bioscience), in 4 hour intervals for a total 

period of 120 hours. Time points at which confluence exceeded 80% were discarded 

from further analysis. Per sample, confluence of each time point was normalized to the 

24 hour time point. The time point at which cells transfected with the non-targeting 

siRNA pool had increased 3 times in confluence (1.585 PDs) was determined for each 

cell line and used as reference to calculate the relative population growth of cells 

transfected with siRNA pools targeting genes of interest.

Time lapse imaging of cells in mitosis

For the time lapse imaging of mitoses, BJETp53KD and BJETp53KD-HRASV12 cells were 

transfected with a non-targeting siRNA pool or a siRNA pool targeting KIF18A in 

the presence of 2.5 mM (final concentration) thymidine (Sigma). Twenty-four hours 

after transfection, thymidine was washed away and cells were tracked as they entered 

mitosis for the first time in the absence of KIF18A. Mitotic cells were tracked using 

a Axiovert 200M microscope (Carl Zeiss, Inc.) setup with a temperature and CO2 

controlled chamber equipped with a NA 0.55 condenser and a 40x NA 1.3 Plan Neo 

Differential interference contrast objective, using a charge-coupled device camera 

(CoolSNAP HQ; Photometrics). Images were taken with a 100 ms exposure time and 

processed using ImageJ (http://rsbweb.nih.gov/ij/). The acquired images were used 

to track cells entering mitosis, as observed by nuclear envelope breakdown, and the 

time spend in mitosis was measured until the point of anaphase entry, exit of mitosis 

without cell division or cell death.
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Supplementary information

siRNA sequences

Targeting sequences of the siRNAs used in this study are listed below. The siRNAs 

were obtained from Thermo Scientific and kept at -20°C in 1x siRNA buffer at a final 

concentration of 20 µM.

 

Gene symbol No. Sequence of sense strand  Accession Number

KIF18A  1 GCAAAGAACUUCAGCCUAU NM_031217

  2 UCAAAGAGAUCGAACAUUU

  3 GGAGGAAACUGUCAAACUA

  4 GCUAUCAGCUCAAACAUAA

LAG3  1 CGACUUUACCCUUCGACUA NM_002286

  2 CUACAGAGAUGGCUUCAAC

  3 CAACUCCCUUGACAGUGUA

  4 UGAGGUGACUCCAGUAUCU

STK39  1 GAACAGAGAGUACCUGAUU NM_013233

  2 GCACGACUGUUGCUCAUUU

  3 CAGGUGGUCUUAUUUAUUG

  4 AAACAGGGGUAGAGGAUAA

TMP21  1 GCGGAUACCUGACCAACUC NM_006827

  2 UCACAAGGACCUGCUAGUG

  3 GCCAUAUUCUCUACUCCAA

  4 GAGCUGCGACGCCUAGAAG

TNFRSF17 1 GAAGAUAAACUCUGAACCA NM_001192

  2 GGAGGAAGGCGCAACCAUU

  3 CUACGGAGAUAGAGAAAUC

  4 AACCGAAGGUCGACUCUGA

YWHAE  1 GAAUAUCGGCAAAUGGUUG NM_006761

  2 GAAUGUGAUUGGAGCUAGA

  3 GCUUAGGUCUUGCUCUCAA

  4 AUGCAGUUGUUACGUGAUA
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qRT-PCR primers

Sequences of the primers used in the qRT-PCR experiments to determine the silencing 

efficiency of KIF18A are listed below. The mRNA levels of RPL4 and RPL13 were used 

for normalization.

KIF18A_Fw CTTTCAAGGGAGATGGCATT 

KIF18A_Rv GGACCAGTTCAGCCTATTCCT

RPL4_Fw GCTCTGGCCAGGGTGCTTTTG 

RPL4_Rv ATGGCGTATCGTTTTTGGGTTGT

RPL13_Fw GAGACAGTTCTGCTGAAGAACTGAA

RPL13_Rv TCCGGACGGGCATGAC
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Supplementary figures
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Figure S1. Validation of the BJETp53KD and BJETp53KD-HRASV12 isogenic cell lines
(A) Western blot analysis for p53, p21 and Cdk4 (loading control) on protein extracts from BJET 
and BJETp53KD cells, unperturbed or after exposure to 20 Gy irradiation and 24 hours recovery. 
(B) Western blot analysis for phosphorylated ERK (pERK), total ERK (loading control) and HRAS 
on protein extracts of BJETp53KD and BJETp53KD-HRASV12 serum starved for 48 hours. (C) Growth 
curves for BJET, BJETp53KD and BJETp53KD-HRASV12 cell lines. Data shown represents three 
independent growth curves, summarized by mean +/- standard deviation.
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Figure S2. Expression of H-, K- and N-RAS oncogenes results in a dependency on LAG3, STK39, 
TNFRSF17 and YWHAE expression
Relative cell number of BJETp53KD, BJETp53KD-HRASV12, BJETp53KD-KRASV12 and BJETp53KD-
NRASK61 cell lines 96 hours after transfection with siRNA pools (p) or individual siRNAs (1-4) 
targeting LAG3, STK39, TNFRSF17 and YWHAE. A non-targeting siRNA pool and a siRNA pool 
targeting PLK1 were used as negative and positive controls, respectively. Shown are three 
independent experiments summarized by mean +/- standard deviation. P-values were computed 
by the unpaired two-tailed t-test (* P <0.05, # P <0.01).
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Figure S3. BJET53KD-HRASV12 cells are more likely to undergo a mitotic arrest and cell death in 
response to silencing of KIF18A than BJETp53KD cells
(A-C) BJETp53KD and BJETp53KD-HRASV12 cells were transfected with a siRNA pool targeting 
KIF18A or a non-targeting siRNA pool as control. (A-B) The siRNA transfection was performed in 
the presence of thymidine to arrest cells in S-phase. Twenty-four hours after transfection, cells 
were released and followed by time lapse imaging as they were to enter mitosis for the first time 
in the absence of KIF18A. The time spent in mitosis as well as the fate of the cell exiting mitosis 
was recorded. (A) Percentage of cells that spent more than 100 minutes in mitosis. (B) Percentage 
of cell death occurring in cells that spent more than 100 minutes in mitosis. (C) Relative number 
of BJETp53KD or BJETp53KD-HRASV12 cells 96 hours post-transfection. (D) In silico simulation of 
experiment (C). See main text for details.
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One decade ago, Bernard Weinstein coined the expression ‘oncogene addiction’ to 

describe observations made in clinical and pre-clinical studies that (pre)cancerous cells 

require sustained activation of a specific oncoprotein for maintenance of their (pre)

malignant state [1,2]. Since, numerous studies have reported observations supporting 

this notion (reviewed in [3–6]) resulting in the development of oncoprotein-targeted 

therapeutic agents, several of which currently used to treat a variety of cancers. Prime 

examples include imatinib, an inhibitor of the breakpoint cluster region - Abelson 

tyrosine-protein kinase 1 (BCR-ABL) fusion protein used to treat BCR-ABL positive 

chronic myeloid leukaemia and trastuzumab, an antibody targeting epidermal growth 

factor receptor 2 (Her2/neu) in Her2/neu positive breast cancers [7,8].

 Cancer cells may also acquire dependencies on proteins that are not mutated, 

that is to say, develop non-oncogene addictions [9]. These oncogene and non-oncogene 

addictions may control similar cellular mechanisms and like pieces of a puzzle their 

identification might reveal information on underlying cancer-specific vulnerabilities. 

In particular functional genetic screens can be instrumental in identifying these 

dependencies. For example, using a panel of isogenic cell lines, genetic screens may 

result in the identification of dependencies correlating with a specific oncogene 

addiction or genes having a synthetic lethal interaction with a frequent occurring 

genetic alteration [10–12].

 Here we discuss the concept of (non-)oncogene addiction and proposed 

mechanisms underlying this type of cancer-specific dependencies. By studying this 

phenomenon we may gain mechanistic understanding of oncoprotein-targeted 

therapies and uncover potential resistance mechanisms. Concurrently, these findings 

may contribute to the development of more efficient therapies and help stratify 

patients on predictors of therapy response.

 Oncogene addiction, what is in a name?

In its original appearance, the expression ‘oncogene addiction’ refers the observation 

that (pre)cancerous cells may depend on the activity of a mutated or overexpressed 

oncoprotein for maintenance of their (pre)malignant phenotype [2]. Such an addiction 

has been observed both in vitro and in vivo for several oncogenes including BCR-ABL, 

v-raf homolog BRAF, v-src homolog Src, the epidermal growth factor receptor (EGFR), 

Her2/neu, RAS and MYC, as reviewed in [3–6]. In addition, cancer cells can become 

addicted to the expression of an oncogenic micro-RNA (miR) or loss of a tumour 

suppressor protein’s function, as shown for miR-21 and p53, respectively [13–16]. Since 

the latter implies that cells develop an increased sensitivity to restoration of a tumour 
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suppressor protein’s function, this form of addiction is known as tumour suppressor 

gene hypersensitivity [2].

 The first indications of oncogene addiction are derived from experiments 

wherein antisense DNA was used to inhibit oncogene expression in cancer cell lines. 

For example, suppression of the BCR-ABL fusion gene by an antisense DNA was shown 

to limit proliferation of BCR-ABL positive chronic myeloid leukaemia cells, but not 

normal cells, grown in vitro or in vivo as a xenograft [17,18]. Similarly, inhibition of KRAS 

and Her2/neu expression was shown to limit proliferation of cancer cell lines [19,20]. The 

study of mouse models, wherein the expression or activity of an oncoprotein such 

as BCR-ABL, MYC or HRASV12 can be controlled, has also been very informative [21–29]. 

Expression or activation of these oncoproteins in mice results in the development of 

neoplastic lesions or cancers, which are subsequently dependent on the oncoprotein’s 

activity. The latter became apparent when (pre)cancerous cells were deprived of the 

oncoprotein or upon inhibition of its activity, resulting in regression of the neoplastic 

lesion or malignant burden. This regression was associated with a cell cycle arrest, 

senescence, differentiation and/or apoptosis depending on the cellular and genetic 

context of the (pre)cancerous cells [21–29].

 Collectively, these findings fuelled the development of small molecule 

inhibitors and antibodies targeting specific oncoproteins. Clinical data on the use of 

these therapies, targeting for example BCR-ABL, Her2/neu, EGFR and BRAF, not only 

support the notion that human cancers can be addicted to the activity of individual 

oncoproteins, but in addition prove that oncoproteins are valid drug targets [30–35].

To be or not to be addicted

It is worth to note that it is certainly not a given that (pre)cancerous cells (continue 

to) depend on the activity of an activated oncoprotein for maintenance of their (pre)

malignant state [2,36]. For example, certain oncoproteins may merely promote the 

development of cancer by providing pro-proliferative signalling and/or increasing 

genomic instability leading to expansion of the (pre)malignant population and 

accumulation of additional genetic alterations. Consequently, the activity of these 

oncoproteins may become superfluous for maintenance of the (pre)malignant state, 

a mechanism known as hit-and-run, originally proposed by Skinner [37] and observed 

for MYC [38]. Alternatively, subsequent (epi)genetic alterations may result in a cellular 

state in which the function of an oncogene has become redundant [1,2]. For example, 

in colorectal cancer, mutations that result in abnormal activation of KRAS and BRAF, 

downstream effectors of EGFR, correlate with de novo resistance to inhibition of 
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EGFR signalling by the antibody cetuximab [39–41]. Similarly, activating mutations in 

phosphoinositide-3-kinase (PI3K) genes or (epi)genetic alterations resulting in loss of 

phosphatase and tensin homolog PTEN expression correlate with de novo resistance 

to trastuzumab, a Her2/neu targeting antibody used to treat Her2/neu positive breast 

cancers [42,43].

 These and other mechanisms of resistance to oncoprotein targeted therapeutic 

agents also indicate that cancer cells may acquire a dependency on a specific signalling 

network rather than the full spectrum of activities of an oncoprotein (reviewed in [44]). 

An elegant example of such a network addiction is given by Lim and Counter [45]. They 

describe that although RAS-induced initiation of tumour growth requires activation of 

the mitogen-activated protein kinase (MAPK), Ral guanine nucleotide exchange factor 

(RalGEF) and PI3K effector pathways, the addiction on RAS activity can be reduced 

to the PI3K pathway for tumour maintenance. In contrast, some cancer cells may 

continue to depend on the activity of multiple effector pathways. This would imply 

a strong selection for resistance mechanisms involving reactivation of the targeted 

oncoprotein itself. Although such resistance mechanisms are frequently observed 

for BCR-ABL and EGFR in recurrent disease after imatinib or gefitinib treatment, 

respectively [46,47], it remains questionable whether these mutations are in fact acquired 

during the treatment or represent clonal expansion of a small population of cancer 

cells that harboured such a mutation prior to treatment, as shown for BCR-ABL [48].

 These examples illustrate that oncogene addiction cannot simply be inferred 

from the presence of a mutated or overexpressed oncoprotein. Accordingly, excluding 

some exceptions, objective response rates to oncoprotein-targeted therapies are 

low, in some cases even as low as 10%, which is comparable to treatments based on 

conventional cytotoxic agents [49]. Hence, similar to these conventional treatments, 

there is an increasing demand for predictors of oncogene addiction and responsiveness 

to oncoprotein-targeted therapies. This includes testing for (epi)genetic alterations that 

confer resistance to a given treatment, as described above. In addition, transcriptional 

signatures that discriminate addicted from non-addicted cancers can be useful to 

stratify patients. Singh and colleagues obtained such a signature for KRAS addiction by 

supervised clustering of expression profiles derived from cancer cell lines expressing 

the KRAS oncogene [50]. This KRAS-dependence signature is enriched for gene ontology 

terms associated with epithelial cell biology supporting their initial observation that 

KRAS-addiction correlates with an epithelial morphology whereas most of the non-

addicted cells have a mesenchymal morphology. In addition, the authors observed 

a significant correlation between KRAS copy number, KRAS expression and KRAS-
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dependence. Causally implicated in the addiction on KRAS activity or not, these 

correlative findings may help to stratify patients amenable for yet to be developed RAS-

targeted therapies or small molecule inhibitors targeting the RAF/MEK/ERK and PI3K/

AKT/mTOR downstream effector signalling pathways [51–53]. A similar approach could 

produce transcriptional signatures correlating with cellular responses to oncoprotein-

targeted inhibitors of, for example, EGFR and Her2/neu. These signatures could 

improve treatment strategies of patients diagnosed with cancers harbouring activating 

mutations in, or overexpressing, these oncoproteins.

Why this drama?

Concordant with the role of BCR-ABL and KRAS oncogenes in the development of cancer, 

it is of no surprise that suppression of the BCR-ABL fusion gene may limit proliferation 

of BCR-ABL positive chronic myeloid leukaemia cells [17,18], and that suppression of KRAS 

oncogenes can cause an increase in the population doubling time of KRAS mutant cells 

and limit their potential to form colonies in non-adherent conditions [54,55]. However, 

the occurrence of senescence, apoptosis and/or differentiation upon attenuation of 

oncoprotein activity is still an enigma and without doubt the most remarkable aspect 

of the oncogene addiction phenomenon [21–29]. These dramatic effects suggest that (pre)

cancer cells acquire a dependency on sustained oncoprotein activity for protection 

against pro-apoptotic, -senescence and -differentiation signalling. Concurrently, 

two questions emanate from these observations: where are these pro-apoptotic and 

pro-differentiation signals coming from, and second, by which mechanism do these 

oncoproteins counter these signals?

 Bernard Weinstein originally attributed the dramatic responses upon 

attenuation of oncoprotein activity to the bizarre circuitry of cancer cells [1]. More 

specifically, he reasoned that the regulatory circuitry of (pre)cancerous cells adapts to 

the occurrence of activating and inactivating mutations by homeostatic mechanisms 

including positive and negative feedback loops. As a result, the new homeostatic 

balance that favours propagation and viability of these (pre)cancerous cells may cause an 

increased dependency on, or sensitivity to, certain protein functions. Impinging on this 

concept, genomic instability may result in the accumulation of (epi)genetic alterations 

that result in loss of protein functions that are non-essential to (pre)cancerous cells, 

known as genetic streamlining [4,56,57]. These alterations may impair the adaptability 

of the (pre)cancerous cells to (acute) perturbations in the micro-environment and 

cellular signalling networks. Complimentary, the abnormal activity of an oncoprotein 

may allow for genetic alterations to occur that are otherwise lethal, a phenomenon 
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known as genetic buffering [58]. This may result in genes having a synthetic lethal 

interaction: two genes are said to have a synthetic lethal interaction when inactivation 

of either gene, but not both, is compatible with cell survival. Hence, an initially non-

essential oncoprotein may become essential due to genetic streamlining. Similarly, the 

acquisition of activating mutations in oncogenes or mutations that inactivate tumour 

suppressor genes can render other proteins essential, a concept widely exploited to 

identify novel drug targets for hitherto intractable oncoproteins such as RAS and MYC, 

discussed below and reviewed in [59,60].

 In the aforementioned models, the oncoprotein has a passive role in the 

cellular response to its inactivation. However, oncogenic signalling can cause cellular 

stress and pro-apoptotic in addition to pro-survival signals, which suggests that 

oncoproteins may actively contribute to an addiction on their activity [61]. For example, 

expression of oncoproteins that provide mitogenic signals, like RAS, can cause DNA 

hyper-replication resulting in DNA damage and activation of DNA damage response 

pathways that trigger apoptosis or a cell cycle arrest known as oncogene-induced 

senescence [62] (reviewed in [63–65]). In addition, there is evidence suggesting that RAS and 

MYC may induce pro-apoptotic signalling directly [66,67]. This knowledge led Sharma 

and colleagues to postulate an alternative model explaining the apoptotic response 

upon oncoprotein inactivation [61,68,69]. Their ‘oncogenic shock’ model is based on the 

notion that both pro-survival and -apoptotic signals emanate from abnormally active 

oncoproteins, which upon inactivation of the latter may have differences in the rate 

of decay. Thus pro-survival signals may attenuate faster than pro-apoptotic signals 

causing a cellular state wherein pro-apoptotic signals prevail and the (pre)cancerous 

cells are committed to apoptosis. The authors went on to show that inactivation of 

EGFR causes an increase in phosphorylated p38 mitogen-activated protein kinases, 

which are involved in pro-apoptotic signalling, and poly-ADP-ribose polymerase 

(PARP) cleavage, a readout for apoptosis, following a decrease in phosphorylated 

ERK and v-akt homolog AKT, both activated by EGFR and involved in pro-survival 

signalling [69]. Similar observations were made upon inactivation of BCR-ABL and Src, 

confirming previous studies [70,71]. Since the levels of phosphorylated p38 increased 

after inactivation of these oncoproteins, these experimental observations fit with 

both an active and passive role for the oncoprotein in the apoptotic response upon 

its inactivation. Interestingly in this study, BCR-ABL was expressed for only 18 hours 

prior to its inactivation [69]. Hence, the apoptotic response is unlikely to be caused 

by unmasking of a synthetic lethal interaction or by genetic streamlining. However, 

this was not tested for other oncoproteins meaning that this ‘instant’ addiction may 
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be cell type specific and unique for the effects of BCR-ABL. In addition, exogenous 

overexpression of oncogenes may cause artefacts. Therefore, it will be important 

to study this phenomenon in settings wherein oncogenes are expressed from their 

endogenous locus. 

 Lastly, Dean Felsher proposed a model that encompasses both an active 

role for the oncoprotein as well as oncoprotein-independent factors in cellular 

responses to oncoprotein inactivation [72]. In this model, named ‘oncogenic amnesia,’ 

the oncoprotein induces a certain degree of unawareness or amnesia by inhibition or 

circumvention of cellular programs that limit tumourigenesis. These programs include 

the induction of a proliferative arrest, senescence, apoptosis and or differentiation. 

Although additional (epi)genetic alterations are required to inhibit or disable these 

protective mechanisms for the development of cancer, (pre)cancerous cells may 

require the oncoprotein’s activity for protection against part of the stress caused by 

oncogenic signalling and accumulated from other sources. As a result, inactivation 

of that oncoprotein may cause (pre)cancerous cells to notice and act on this cellular 

stress by senescence/apoptosis, or pursue differentiation programs. 

 Due to lack of evidence the models described above remain speculative. 

Therefore, further research is required to elucidate the mechanisms that cause (pre)

cancerous cells to experience the dramatic effects observed upon inactivation of an 

oncoprotein. Importantly, these mechanisms may be specific to a certain oncoprotein 

or cell line/tissue of origin. In particular, in vivo models that faithfully mimic human 

cancers will provide a powerful tool in studying the phenomenon of oncogene 

addiction [6]. This includes models of spontaneous tumour development with 

oncogene expression regulated from the endogenous locus, rather than controlled 

overexpression in all cells constituting a specific tissue.

Oncogene addiction and the tumour micro-environment

Although there is ample evidence for one or more cell autonomous mechanisms 

involved in this phenomenon, it is important to note that cell extrinsic factors 

such as loss of angiogenesis and immunity may be involved in the dramatic effects 

observed in vivo [73]. For example, in a mouse model for the development of melanoma 

induced by HRASV12, loss of HRASV12 expression caused apoptosis of both cancer and 

endothelial cells [22]. It was observed that loss of vascular function precedes tumour 

regression implying an active process rather than an indirect consequence of cancer 

cells massively undergoing apoptosis [74]. Similarly, in a mouse model for MYC-induced 

lymphoma, inactivation of MYC correlated with collapse of tumour vasculature [75]. 
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Therefore, impaired maintenance of angiogenesis may contribute to the death of 

cancer cells and tumour regression in response to inactivation of oncoproteins in vivo. 

 The maintenance of tumour vasculature may, at least in part, directly depend 

on the activity of the RAS and MYC oncoproteins. RAS has been shown to regulate 

expression of the vascular endothelial growth factor (VEGF), which upon secretion 

stimulates angiogenesis [76,77]. Conversely, RAS can suppress thrombospondin-1 (Tsp-1), 

an endogenous inhibitor of angiogenesis, by mediating phosphorylation of MYC, a 

negative regulator of Tsp-1 expression [78,79]. However, a more recent study on the MYC-

induced lymphomas and the involvement of the immune system in oncogene addiction 

showed that CD4+ T cells are required for the induction of Tsp-1 upon inactivation 

of MYC [80,81]. In addition, the authors showed that these CD4+ T cells are required 

for the loss of tumour vasculature phenotype and induction of cellular senescence, 

but not apoptosis of the MYC-deprived lymphoma cells. Although the MYC deprived 

tumours regress regardless of a proficient immune system, the data suggest that CD4+ 

T cells are required for sustained tumour regression. The potential involvement of 

the immune system in oncogene addiction requires further investigation since the 

cancer cells used in this study may have been highly immunogenic due to expression 

of foreign proteins like Tet and luciferase, potentially causing artefacts [81].

 Oncogenic signalling by or through RAS contributes to transformation of 

normal or precancerous cells by providing selective advantages such as mitogenic 

and pro-survival signalling and features like anchorage-independent growth [82,83]. The 

latter is achieved by mechanisms that prevent anoikis, a form of apoptosis induced 

by lack of adhesive signals derived from interactions with the extracellular matrix 

(reviewed in [84]). As a result, cancers may grow more aggressively, infiltrate surrounding 

tissue and metastasize. Disruption or suppression of the KRAS oncogene in cancer 

cells can limit their potential to form colonies in non-adherent conditions and reduce 

their tumourigenicity [54,55]. Therefore, one could hypothesize that inactivation of an 

oncoprotein can restore the ability of cancer cells to undergo anoikis, potentially 

contributing to cell death of infiltrating or dormant cancer cells residing at distant 

locations.

Non-oncogene addiction and lessons learned from functional 
genomic studies

Mechanisms similar to those described above, changes in the homeostatic state of (pre)

cancerous cells, accumulation of (epi)genetic alterations, genetic streamlining and 

the build-up of cellular stress may result in an increased dependence on the function 
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of specific proteins, which in contrast to oncogenes are not abnormally activated by 

(epi)genetic alterations or overexpression, a phenomenon known as non-oncogene 

addiction [85,86]. Analogous to oncogene addiction, these non-oncogene addictions may 

be cancer-specific and prove valuable targets for anti-cancer therapies. Two distinct 

examples of non-oncogene addiction that are currently exploited in cancer treatment 

involve the proteasome and PARP1. Cancer cells often suffer from proteotoxic and 

mitotic stress due to an imbalance in transcriptional programs and genomic instability 

induced by continued mitogenic signalling [86]. As a result, these cancer cells are 

sensitive to inhibition of proteasome function by, for example, the small molecule 

inhibitor bortezomib [87]. In the case of PARP1, cancer cells deficient for breast cancer 

(BRCA) susceptibility genes BRCA1 or BRCA2, depend on PARP1 for base excision repair 

of DNA adducts prior to entry in S-phase [88,89]. Inhibition of PARP1 function results 

in single-strand breaks that cause replication forks to collapse in S-phase. This may 

result in double strand breaks, which are highly toxic to cells if not repaired. The BRCA 

proteins are involved in homologous recombination repair and can resolve these 

DNA breaks by using sister chromatids as templates. In the absence of both PARP1 

and BRCA1/2, error-prone repair mechanisms take over, which eventually lead to an 

accumulation of DNA damage resulting in cell death. This connection between PARP1 

and BRCA1/2 is a prime example of a synthetic lethal interaction (reviewed in [90]).

 The identification of non-oncogene addictions or genes having a synthetic 

lethal interaction with a frequent occurring genetic alterations may provide us with 

novel drug targets [10–12]. This approach is particularly useful to identify drug targets 

specific for cancers harbouring genetic lesions that cause abnormal activation of yet 

intractable oncoproteins such as MYC and RAS, and (epi)genetic alterations that 

result in inactivation of tumour suppressor genes. RNA interference (RNAi) based 

screens can be instrumental in this process [10–12]. To date, several of such RNAi-

based screens have been performed, most of which aimed at the identification of 

synthetic lethal interactions with RAS oncogenes (reviewed in [59,60]). These screens 

led to the identification of genes, whose silencing selectively impairs the viability 

of cells expressing oncogenic RAS, including survivin (BIRC5) [91], TANK-binding 

kinase 1 (TBK1) [92], snail homolog 2 (Snail2) [93], serine/threonine kinase 33 (STK33) 
[94], polo-like kinase 1 (PLK1) [95], Wilms tumour 1 (WT1) [96], TGFβ activated kinase 1 

(TAK1) [97], and GATA binding protein 2 (GATA2) [98]. Similar to others, we performed 

an RNAi screen to identify genetic dependencies correlating with expression of RAS 

oncogenes (chapter 6). This led to the identification of kinesin family member 18A 

(KIF18A), whose silencing selectively reduces proliferation of cells expressing an H-, 
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K-, or N-RAS oncogene by causing a mitotic arrest that is associated with induction of 

apoptosis. Although the precise mechanism by which cells expressing oncogenic RAS 

develop an increased dependency on KIF18A or any of the other identified proteins 

remains largely unknown, the finding that their silencing reduces the viability of these 

cells specifically warrants further investigation in pre-clinical models. In fact, some 

of these studies include in vivo experiments wherein the identified synthetic lethal 

partner of the RAS oncogene is inactivated [94–98]. However, the methods applied are 

diverse and may not always be very informative. For example, Scholl and colleagues 

silenced STK33 in human cancer cell lines, which were subsequently transplanted 

into mice to determine tumourigenicity [94]. Tumour growth was delayed for KRAS 

mutant, but not KRAS wild type, cell lines wherein STK33 expression was inhibited. 

Despite this interesting observation; it does not confirm the notion that inhibition 

of STK33 may cause tumour regression. Similarly, Vicent and colleagues studied the 

involvement of KRAS synthetic lethal interactor WT1 in cancer progression rather than 

tumour maintenance [96]. More informative, Singh and colleagues, tested the effect of 

TAK1 inhibition in established xenograft tumours by use of a small molecule inhibitor 

targeting TAK1 [95,97]. Inhibition of TAK1 caused stabilization or tumour regression of 

KRAS mutant, but not KRAS wild type tumours. Similarly, Luo and colleagues tested 

the effect of PLK1 inhibition in established xenograft tumours. Analogous to TAK1, 

inhibition of PLK1 caused stabilization or tumour regression of KRAS mutant tumours. 

Most informative, however, is the experimental setup chosen by Kumar and colleagues 
[98]. They studied the effect of GATA2 inactivation by homologous recombination in 

KRAS-driven lung tumours that developed by spontaneous recombination events. 

Here, systemic loss of GATA2 caused a marked regression of KRAS-driven lung 

tumours and was well tolerated by the animals. Thus GATA2 might be an attractive 

target for KRAS-positive lung cancer. 

Several of these non-oncogene addictions correlate with an addiction on the activity 

of the RAS oncoprotein, including STK33, TBK1 and TAK1, suggesting that these 

proteins act downstream of RAS and are involved in the addiction on oncogenic RAS 

signalling [92,94,97]. Similar to the PI3K effector pathway, all three of these proteins are 

involved in pro-survival signalling [94,99,100], which supports that, at least for RAS, pro-

survival signalling plays a prominent role in oncogene addiction. In addition to these 

synthetic lethal screens, drug sensitizer screens can be very informative. For example, 

to determine what causes de novo resistance to a certain oncoprotein-targeted 

therapeutic agent. Recently, Prahallad and colleagues performed an RNAi screen for 

genes, whose silencing enhances the anti-cancer effect of BRAFV600E-specific inhibitor 
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vemurafenib in colon cancers positive for BRAFV600E [101]. While BRAFV600E oncogene 

expressing melanomas initially respond very well to the BRAFV600E specific inhibitor 

vemurafenib, the response of colon cancers positive for BRAFV600E is much more 

moderate [35,102]. Prahallad and colleagues found that silencing of EGFR greatly enhances 

the effect of vemurafenib in these colon cancer cells [101]. They also found that EGFR 

levels are high and that this tyrosine kinase receptor is extensively phosphorylated 

upon vemurafenib treatment. Hence, de novo resistance to BRAFV600E inhibition may be 

the result of a positive feedback mechanism that through EGFR prevents inhibition of 

downstream signalling networks such as RAS/RAF/MEK/ERK and PI3K/AKT/mTOR. 

Lastly, Prahallad and colleagues showed that a combination treatment of vemurafenib 

with EGFR inhibitors cetuxumab, erlotinib or gefitinib synergize and may therefore 

present a new treatment approach for patient diagnosed with BRAFV600E positive colon 

cancer. The existence of such feedback loops and the extensive cross-talk between 

the MAPK and PI3K pathway has been implicated in several resistance mechanisms to 

small molecules targeting pathway components in these signalling networks [103].

 

Conclusion

Close to 500 genes have been implicated in the development of hereditary or somatic 

cancers based on mutations [104]. It is anticipated that cancer genome sequencing 

efforts will increase this number further [105,106]. For several genes, in particular some 

of the most frequently activated oncogenes, we now know that cancer cells may 

depend on their activity for maintenance of the malignant phenotype, known as 

oncogene addiction [2–5]. In fact, inactivation of these oncoproteins not only results 

in reversal of malignant traits conferred upon the cell by those genetic lesions, but 

can cause cancer cells to arrest, senesce and/or undergo apoptosis or differentiation. 

Although the reason for these dramatic responses are still poorly understood and 

requires further investigation, oncoprotein-targeted therapeutic agents such as small 

molecule inhibitors and antibodies have been developed to exploit this phenomenon 

for cancer treatment. Clinical data on the use of these therapeutic agents supports 

the notion of oncogene addiction and proves that oncogenic lesions are valid drug 

targets. Analogous to the number of genes implicated to the development of cancer, 

the number of oncoprotein-targeted therapies is likely to increase in the coming years.

Although these targeted therapies showed some remarkable successes in the clinic, 

similar to conventional treatment regimens, treatment responses are diverse [49]. 

Concurrent with these findings, oncogene addiction cannot be inferred from the 

presence of an oncogenic lesion. Hence, there is a need for predictors of oncogene 
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addiction and therapeutic response to targeted therapies. Several of such predictors 

have been identified, most of which (epi)genetic alterations that affect the targeted 

oncoprotein or downstream effector molecules [39–43,46,47]. Functional genomic screens 

can be instrumental in the identification of genes involved in treatment response, as 

exemplified by [43,101] and chapter 3. In particular, because functional genomic screens 

may lead to the identification of resistance mechanisms that involve homeostatic 

processes rather than (epi)genetic mutations [101]. The identified genes may aid our 

mechanistic understanding of cancer-specific vurnerabilities, among which oncogene 

addiction, and guide the development of new treatment strategies. Most important, 

their identification can help stratify patients amendable for a specific therapy. In 

addition, functional genomic screens may result in the identification of non-oncogene 

addictions, genes that are not mutated, but whose silencing is specifically detrimental 

to cancer cells [10–12]. These potential drug targets may be identified by screening for 

genes, that regulate pathways known to be required for cancer cell survival, such as  

the pro-survival pathway NF-кB (Chapter 2), or that are essential to a specific subset 

of cancers (Chapter 5 and 6). For example, isogenic cell lines may be used to screen for 

synthetic lethal interactions, that is to say genes whose inactivation is lethal to cells 

with a specific genetic alteration. Several examples are given in this discussion. 

 Addictions to oncogenes and non-oncogenes may share an underlying 

mechanisms, and as such their identification can aid our understanding of cancer-

specific vulnerabilities and improve cancer treatment. In addition, the identification 

of synthetic lethal interactions will continue to provide us with potential drug targets 

for the treatment of cancers expressing yet intractable oncoproteins such as RAS and 

MYC. Lastly, functional genomics may result in the identification of genes essential 

to the survival of dormant cancer cells. Targeting their products can be useful to 

prevent recurrent disease. Despite that we are far from a complete understanding of 

cancer biology, our ever increasing knowledge along with technological developments 

provide hope for new treatment strategies further expanding the lifespan of patients 

diagnosed with cancer.
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"There is a theory which states that if ever anybody 
discovers exactly what the Universe is for and why it is here, 
it will instantly disappear and be replaced by something 
even more bizarre and inexplicable. There is another 
theory which states that this has already happened."

   - Douglas Adams -
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Summary

Mutations, epigenetic alterations and chromosomal aberrations can affect the function 

of genes resulting in deregulation of cellular signalling networks and processes in or 

outside the cell. As a result, these (epi)genetic alterations can provide an advantage 

in cell propagation and survival. Thus the development of cancer follows the rules 

of Darwinian evolution with accumulating (epi)genetic alterations underlying the 

transformation of a normal cell into a potentially malignant population. Cancer 

cells may continue to depend on the presence of such (epi)genetic alterations for 

maintenance of their malignant phenotype. For example, cancer cells may depend on 

the abnormal activity of oncoproteins or display an increased sensitivity to restoration 

of a tumour suppressor protein’s function, known as oncogene addiction and tumour 

suppressor gene hypersensitivity, respectively. Concurrently, changes in the cellular 

signalling circuitry, cellular processes and the micro-environment may render cancer 

cells dependent on the function of genes not affected by (epi)genetic alterations, known 

as non-oncogene addiction. The identification of these oncogene and non-oncogene 

addictions can guide the development of therapeutic agents that specifically target 

and eliminate cancer cells. In addition, the identification of genes implicated in cancer 

and other diseases, as well as functional annotation of the human genome, can aid our 

understanding of mechanisms involved in cancer development and maintenance of 

the malignant state. On the other hand, the identification of genes involved in drug 

response mechanisms can help stratify patients amenable for certain cancer therapies 

and thereby, like the identification of novel drug targets, contribute to a more effective 

treatment of cancer. In particular functional genomic techniques including screens 

based on RNA interference (RNAi) can be instrumental in these investigations. This 

thesis describes three distinct studies in which such RNAi-based screens have been 

employed to identify genes involved in key aspects of cancer development, progression 

and therapy response.

 In the first study we performed an RNAi screen for regulators of tumour 

necrosis factor α (TNFα) induced activation of nuclear factor кB (NF-кB), a family of 

transcription factors implicated in immunity, cell proliferation, differentiation and 

apoptosis. Not only can abnormal activation of NF-кB contribute to the development 

of cancer, the activity of NF-кB may be required by cancer cells for their survival. The 

identification of new regulators of NF-кB may aid our understanding of this frequently 

deregulated key signalling pathway, provide novel drug targets for cancer therapy and 

explain why certain cancers display abnormal activation of NF-кB. We describe the 
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identification of F-Box protein only 7 (FBXO7), a component of SCF-ubiquitin ligase 

complexes, as a negative regulator of NF-кB signalling. We show that FBXO7 binds to, 

and mediates ubiquitin conjugation to, inhibitor of apoptosis protein 1 (cIAP1) and 

TNF receptor-associated factor 2 (TRAF2), resulting in decreased ubiquitination of 

receptor-interacting protein 1 (RIP1) and lowered NF-кB signalling activity. Mutations 

in FBXO7 have been causally implicated in the Parkinsonian-pyramidal syndrome 

(PPS), an early-onset hereditary disease marked by Parkinsonism. It is therefore 

plausible that abnormal NF-кB signalling, as a result of abrogated FBXO7 function, 

is involved in PPS. Further investigation is required to determine if this is indeed the 

case. In addition, genetic studies and animal models are required to elucidate FBXO7’s 

role in cancer.

 In the second study presented in this thesis, we screened for genes involved 

in cellular response mechanisms that affect the efficacy of cisplatin, a cytotoxic agent 

commonly used to treat a variety of cancers. Although the use of cisplatin regimens 

is considered curative for testicular cancers, in other cancer types, such as ovarian 

cancer, therapy responses are often more moderate. The identification of proteins that 

influence efficacy of cisplatin may yield predictors of therapy response that can be used 

to select patients that are most likely to respond to cisplatin treatment. In addition, the 

identification of genes, whose silencing enhances cisplatin-induced cancer cell toxicity 

can yield candidate drug targets for combination therapy. Although we did not obtain 

new insights in mechanisms involved in the cellular sensitivity to cisplatin treatment, 

our results confirm previous findings and underscore the importance of DNA damage 

response signalling, homologous recombination and translesion synthesis in the repair 

of cisplatin-induced DNA damage.

 The aim of the third study was to identify novel drug targets in cancer. 

Prototypical candidate drug targets that are specific to cancer include oncoproteins 

that have been activated by gene mutation, translocation or amplification, like the 

frequently mutated v-ras homologs H-, K- and N-RAS. Several oncoprotein-targeted 

therapeutic agents have entered the clinic and have been found effective against a 

variety of cancer types. However, despite ample evidence that cancer cells positive for 

RAS oncoproteins may depend on RAS activity for their survival, there are currently 

no treatment strategies that specifically target RAS oncoproteins. Therefore, we 

have undertaken a functional genomic approach to identify alternative therapeutic 

options to treat cancers driven by RAS oncoproteins. More specifically, we searched 

for genetic dependencies associated with the expression of oncogenic RAS, also 

known as synthetic lethal interactions. We generated a pair of HRAS isogenic cell lines 
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from primary human fibroblasts and used these to screen for genes whose silencing 

selectively impairs the population growth of cells expressing oncogenic HRAS. Several 

genes were identified by this approach, including kinesin family member 18A (KIF18A), 

whose suppression results in impaired proliferation and survival of human fibroblasts 

that express the H-, K- or N-RAS oncogene. We found that silencing of KIF18A can 

cause a mitotic arrest and that cells expressing oncogenic RAS are more susceptible 

to this perturbation. In addition, we observed that this mitotic arrest is associated 

with an increase in apoptosis, explaining the detrimental effects upon KIF18A silencing 

in fibroblasts expressing RAS oncogenes. More important, we found a correlation 

between the effects of KIF18A silencing and the RAS mutation status in a panel of 

Non-Small-Cell Lung Cancer cell lines, suggesting that the increased dependency on 

KIF18A function associated with the expression of oncogenic RAS is not restricted to 

fibroblasts. Hence, KIF18A represents a novel candidate drug target for the treatment 

of cancers driven by RAS oncoproteins.

 The three studies presented in this thesis illustrate the versatility of RNAi-

based screens in cancer research. In addition, they provided us with new insights in 

the regulation of NF-кB signaling and candidate drug targets in cancers driven by the 

yet intractable RAS oncoproteins. It is expected that our ever increasing knowledge 

of cancer biology and technological advances will contribute to an improved life 

expectancy of patients diagnosed with cancer.

20120709_Thesis_FINAL.indd   167 9-7-2012   2:18:20



20120709_Thesis_FINAL.indd   168 9-7-2012   2:18:20



Samenvatting | 169

&

Samenvatting

Mutaties, epigenetische veranderingen en chromosomale afwijkingen kunnen de 

functies van genen beïnvloeden en daardoor cellulaire signaalnetwerken en processen 

binnen of buiten de cel dereguleren. Dit kan vervolgens leiden tot een selectief 

voordeel in reproductie en overleving van de cel. De ontwikkeling van kanker, de 

transformatie van een normale cel in een potentieel kwaadaardige populatie als gevolg 

van een opeenstapeling van (epi)genetische veranderingen, volgt dus de regels van 

Darwin’s evolutietheorie. Naast dat (epi)genetische veranderingen kunnen bijdragen 

aan de ontwikkeling van kanker, zijn zij soms ook essentieel voor behoud van het 

kwaadaardige fenotype van kankercellen. Zo kunnen kankercellen afhankelijk zijn van 

de verhoogde activiteit van onco-eiwitten en zeer gevoelig zijn voor het herstel van 

de functie van tumorsuppressorgenen. Deze fenomenen staan respectievelijk bekend 

als oncogen verslaving en tumorsuppressorgen overgevoeligheid. De veranderingen 

in cellulaire signaalnetwerken, cellulaire processen en de micro-omgeving kunnen 

kunnen er ook toe leiden dat kankercellen afhankelijk worden van de functie van 

genen die niet beïnvloed zijn door (epi)genetische veranderingen. Dit laatste fenomeen 

staat bekend als niet-oncogen verslaving. De identificatie van deze oncogen en niet-

oncogen verslavingen kan helpen bij de ontwikkeling van therapeutische middelen die 

erop gericht zijn specifiek kankercellen te elimineren. Daarnaast kan de identificatie 

van genen die middels (epi)genetische veranderingen betrokken zijn bij kanker en/of 

andere ziekten, als wel de functionele annotatie van het menselijk genoom, inzicht 

verschaffen in mechanismen die betrokken zijn bij de ontwikkeling van kanker en het 

behoud van zijn kwaadaardige staat. Aan de andere kant kan de identificatie van genen 

welke betrokken zijn bij cellulaire processen die van invloed zijn op de effectiviteit 

van therapeutische middelen helpen bij het selecteren van patiënten die gebaat zijn 

bij een specifieke therapie. Dit laatste kan, gelijk aan de identificatie van nieuwe 

therapeutische doelwitten, bijdragen aan een effectievere behandeling van kanker. 

Functionele genomische technieken, zoals screens gebaseerd op RNA-interferentie 

(RNAi), zijn uitermate geschikt voor dergelijke onderzoeken. Dit proefschrift beschrijft 

drie verschillende studies waarin op RNAi gebaseerde screens zijn uitgevoerd om 

genen te identificeren die betrokken zijn bij belangrijke aspecten van de ontwikkeling 

van kanker, de progressie van kanker en cellulaire mechanismen die de effectiviteit van 

een kankermedicijn beïnvloeden.

 In de eerste studie hebben wij een RNAi screen uitgevoerd om nieuwe 

regulatoren van tumor necrose factor α (TNFα) geïnduceerde activatie van nucleaire 
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factor кB (NF-кB) te vinden. NF-кB is een familie van transcriptiefactoren die een 

belangrijke rol hebben in het immuunsysteem, cel proliferatie, differentiatie en 

apoptose. Naast dat abnormale activatie van NF-кB kan bijdragen aan de ontwikkeling 

van kanker, is deze soms ook essentieel voor de overleving van kankercellen. De 

identificatie van nieuwe regulatoren van NF-кB activiteit kan ons dus helpen dit 

signaleringsnetwerk beter te begrijpen, nieuwe aangrijppunten voor de behandeling 

van kanker opleveren en verklaren waarom bepaalde vormen van kanker abnormale 

activatie van NF-кB vertonen. Wij beschrijven de identificatie van F-box eiwit alleen 7 

(FBXO7), een onderdeel van SCF-ubiquitine ligase complexen, als negatieve regulator 

van NF-кB signalering. Wij laten zien dat FBXO7 een interactie kan aangaan met, en 

ubiquitine kan verbinden aan, remmer van apoptose eiwit 1 (cIAP1) en TNF receptor-

geassocieerde factor 2 (TRAF2). Dit resulteert in verminderde ubiquitinatie van 

receptor-interactie eiwit 1 (RIP1) en een verlaagde activatie van NF-кB. Mutaties in 

FBXO7 zijn causaal betrokken bij het Parkinson-pyramidaal syndroom (PPS), een 

erfelijke ziekte die zich al op vroege leeftijd uit met symptomen van de ziekte van 

Parkinson. Het is om deze reden aannemelijk dat abnormale NF-кB activiteit, als gevolg 

van het verlies van FBXO7 functionaliteit, betrokken is bij PPS. Verder onderzoek 

is nodig om vast te stellen of dit inderdaad het geval is. Daarnaast zijn genetische 

studies en proefdiermodellen nodig om te achterhalen welke rol FBXO7 heeft in de 

ontwikkeling en progressie van kanker.

 In de tweede studie beschreven in dit proefschrift hebben wij gezocht naar 

genen met functies in cellulaire mechanismen die van invloed zijn op de effectiviteit 

van cisplatinum, een cytotoxisch middel dat vaak wordt gebruikt bij de behandeling 

van verschillende vormen van kanker. Cisplatinum is bijzonder geschikt voor de 

behandeling van patiënten met teelbalkanker en kan deze zelfs genezen. De resultaten 

van behandelingen met cisplatinum in andere vormen van kanker zijn helaas minder 

bemoedigend. De identificatie van genen met functies die de werkzaamheid van 

cisplatinum beïnvloeden kan inzichten opleveren die gebruikt kunnen worden 

om te voorspellen welke patiënten het meest gebaat zijn bij een behandeling met 

cisplatinum. Daarnaast is het mogelijk om met een dergelijke screen genen te vinden 

die, wanneer uitgeschakeld, de gevoeligheid van de cel voor cisplatinum verhogen. 

De eiwitproducten van deze genen zijn dus mogelijke nieuwe doelwitten voor 

combinatietherapieën met cisplatinum. Hoewel wij geen nieuwe inzichten hebben 

verworven in cellulaire mechanismen die de werking van cisplatinum beïnvloeden, 

bevestigen onze resultaten eerdere bevindingen en onderstrepen zij het belang van 

signaalnetwerken die reageren op DNA-schade, homologe recombinatie en translesie 

synthese in de reparatie van de door cisplatinum veroorzaakte DNA-schade.
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 Het doel van de derde studie was het vinden van nieuwe medicijn doelwitten 

in kanker. Onco-eiwitten die geactiveerd zijn door mutatie, gen-translocatie of 

overexpressie, zoals de vaak gemuteerde v-ras homologen H-, K- en N-RAS, zijn 

prototypische kandidaten voor medicijn doelwitten die specifiek zijn voor kanker. 

Verschillende medicijnen die dergelijke onco-eiwitten remmen hebben hun effectiviteit 

al bewezen in de kliniek. Er bestaat echter momenteel nog geen behandeling die 

specifiek gericht is op RAS onco-eiwitten, ondanks voldoende bewijs dat RAS onco-

eiwit positieve kankercellen afhankelijk zijn van RAS’ activiteit voor hun overleving. 

Om deze reden hebben wij voor een functionele genomische benadering gekozen 

om te onderzoeken of er alternatieve therapeutische mogelijkheden zijn voor de 

behandeling van kankers met activerende mutaties in RAS. Wij hebben gezocht naar 

genetische afhankelijkheden die samenhangen met de expressie van RAS oncogenen, 

ook wel bekend als synthetische dodelijke interacties. Wij hebben humane fibroblasten 

gebruikt om HRAS isogene cellijnen te genereren en die cellijnen vervolgens gebruikt 

in een RNAi screen om genen te identificeren die enkel essentieel zijn in cellen 

met oncogeen HRAS. Wij hebben met behulp van deze screen verschillende genen 

geïdentificeerd, waaronder kinesine familielid 18A (KIF18A), waarvan onderdrukking 

nadelig is voor fibroblasten die het H-, K- of N-RAS oncogen tot expressie brengen. 

Het onderdrukken van KIF18A expressie leidt tot een blokkade in mitose en cellen die 

een RAS oncogen tot expressie brengen zijn hier gevoeliger voor. Wij hebben daarnaast 

waargenomen dat deze blokkade in mitose gepaard gaat met een toename in apoptose. 

Deze observatie verklaart deels het nadelige effect van KIF18A onderdrukking op de 

fibroblasten die RAS oncogenen tot expressie brengen. We hebben tevens een correlatie 

gevonden tussen de nadelige effecten van KIF18A onderdrukking en de RAS mutatie 

status in een serie niet-kleincellige longkanker cellijnen, wat de implicaties van deze 

vinding sterk verhoogd. Dit suggereert namelijk dat de toegenomen afhankelijkheid 

van KIF18A functie die verband houdt met de expressie van RAS oncogenen niet 

beperkt is tot fibroblasten. KIF18A is dus een kandidaat doelwit voor medicijnen die 

gebruikt kunnen worden voor de behandeling van kankers met activerende mutaties 

in RAS oncogenen.

 De drie studies die beschreven zijn in dit proefschrift illustreren de veelzijdige 

toepasbaarheid van op RNAi gebaseerde screens in kankeronderzoek. Daarnaast 

hebben zij geleid tot nieuwe inzichten in de regulatie van NF-кB activiteit en kandidaat 

medicijn doelwitten opgeleverd voor de behandeling van kankers die gedreven worden 

door de, tot nu toe, onbehandelbare RAS onco-eiwitten. De verwachting is dat onze 

toenemende kennis van kankerbiologie en technologische ontwikkelingen zullen 

bijdragen aan een verbeterde levensverwachting voor kankerpatiënten.
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Johan Kuiken was born in Emmeloord, the Netherlands, on the 28th of January 

1982. He received his HAVO (higher general secondary education) diploma from the 

Emelwerda College in Emmeloord in 1999. In the year of his graduation, he enrolled 

into the Biology and Medical Laboratory Research program of the University of 

Applied Sciences Saxion Hogeschool IJselland in Deventer, the Netherlands. In 2002 

he joined the lab of Dr. R.L. Beijersbergen at the Netherlands Cancer Institute (NKI) 

in Amsterdam, as intern. There in the nine months that followed he studied the 

transcriptional regulation of human telomerase. In 2003 Johan received his Bachelor’s 

degree in Biochemistry and was accepted for the international Master program 

Oncology at the Free University Medical Center (VUmc) in Amsterdam. Here in the 

first year of the master program, he worked for 6 months as intern in the lab of Prof. 

Dr. R.H. Brakenhoff and Dr. B.J.M. Braakhuis on the development of a diagnostic 

Multiplex Ligation-dependent Probe Amplification (MLPA) protocol to distinguish 

lung metastases of head and neck squamous cell carcinomas (HNSCC) from primary 

lung squamous cell carcinomas. In 2005 Johan joined the lab of Dr. K.J. Patel, MD. 

at the Medical Research Council – Laboratory of Molecular Biology in Cambridge, 

United Kingdom. He worked, first as intern and later as a research assistant, on the 

hereditary cancer predisposition disorder Fanconi Anemia. In 2005 he received his 

Master’s degree in Oncology from the VUmc. Soon thereafter, in October 2005, he 

joined the lab of Dr. R.L. Beijersbergen and Prof. Dr. R. Bernards at the NKI as PhD-

student. The results of his research are presented in this thesis.
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Dankwoord

Na bijna zeven jaar is het dan zover, het moment waar ik al die tijd naar heb uitgekeken, 

het proefschrift is af! Ik wil hierbij iedereen die heeft bijgedragen aan de totstandkoming 

van dit proefschrift bedanken voor de hulp, steun en een ontzettend leuke tijd.

Tien jaar geleden bezocht ik het NKI als onderdeel van een serie excursies die 

door Saxion Hogeschool IJselland te Deventer waren georganiseerd. Verschillende 

groepsleiders vertelden over hun onderzoekslijnen en één verhaal in het bijzonder 

is mij in de maanden die daarop volgden bijgebleven. Beste Roderick, het was jij 

die mij tijdens deze excursie met jouw verhaal over het eiwit ‘telomerase’ wist te 

imponeren. Kort daarna mocht ik bij jou als stagiair onderzoek doen naar de regulatie 

van dit bijzondere eiwit. Deze periode op het NKI heeft een zodanig goede indruk 

achtergelaten dat ik besloot om me in te schrijven voor de studie Master Oncology aan 

de Vrije Universiteit te Amsterdam. 

During my studies and internships I met many excellent scientists. I am especially 

grateful to Ruud Brakenhoff, Boudewijn Braakhuis, Hans Joenje, Johan de Winter and 

Ketan Patel, who had a prominent role in my academic development.

Beste Roderick, in het laatste jaar van mijn Master studie ontmoetten we elkaar weer, 

in ‘the Eagle’, een pub in Cambridge (Verenigd Koningrijk), waar naar verluidt Francis 

Crick in 1953 verkondigde dat James Watson en hij het geheim van het leven hadden 

ontdekt. Hier, onder het genot van enkele Old speckled hen’s, bespraken we allerlei 

mogelijke projecten waar ik als promovendus in jouw groep aan zou kunnen werken en 

werd mijn aanstelling beklonken. Roderick, ik ben nog altijd onder de indruk van jouw 

creativiteit en vermogen om elk experiment te doorgronden. Bedankt voor je rol als 

mentor, je inzichten en bijdragen aan dit werk en bovenal voor onze vele gesprekken 

en je geduld. Ik heb veel van je mogen leren en wens je het allerbeste.

Beste René, ook jij hebt een belangrijke rol gespeeld in mijn wetenschappelijke 

ontwikkeling. Ik bewonder jouw vermogen om het maatschappelijke belang in te zien 

van wetenschappelijke observaties en deze vervolgens te valoriseren en/of te vertalen 

naar mooie publicaties. Daarnaast wist jij, ondanks de vele verantwoordelijkheden, 

altijd tijd voor mij vrij te maken. Bedankt dat je mijn promotor wilt zijn en mij met 

raad en daad hebt bijgestaan in de afgelopen 7 jaar.
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Lieve Annette, ik vind het heel fijn dat jij op de dag dat ik dit proefschrift zal verdedigen 

als paranimf naast mij staat. Naast een collega met wie ik vele jaren fijn heb mogen 

samenwerken was jij vooral een hele goede vriendin. Ik denk met plezier terug aan 

de karaoke- en stapavonden, de boottochtjes door de grachten van Amsterdam en 

uitstapjes in Rome, Lisabon, New York en Wenen. Ik weet zeker dat jouw kwaliteiten 

ook buiten het lab hun vruchten afwerpen en dat er nog vele memorabele momenten 

zullen volgen. Christine, ik wil ook jou hierbij bedanken voor de gastvrijheid, warmte, 

en natuurlijk die mooie bril. Annette en jij zijn een fantastische match en ik wens jullie 

het allerbeste!

Beste Jeroen, wij hebben samen heel wat jaren gezocht naar nieuwe aangrijppunten 

voor de behandeling van kanker. Dit was alles behalve een eenvoudig project. Net als 

jij hoop ik dan ook dat onze inspanningen, zij het na onze promoties, zal leiden tot een 

mooie publicatie. Onze tijd op het NKI en de avonturen buiten het lab in Boedapest, 

Lausanne, Barcelona, Cambridge, Londen, Dublin, maar zeker ook in Amsterdam zijn 

gedenkwaardig. Bedankt voor deze leuke tijd en heel veel succes met je carrière.

Beste Wouter, jij ziet ze komen en gaan. Nu het voor mij tijd is om het NKI te verlaten 

wil ik van de gelegenheid gebruik maken om jou te bedanken voor al je hulp. Het 

was een hele leuke tijd en ik zal met een glimlach terugdenken aan al die grappen en 

streken. Ik wens jou en je gezinnetje het allerbeste.

Beste Armida, je bent nu alweer een tijdje weg bij het NKI, maar dat wil niet zeggen 

dat ik je ben vergeten. Jij, Jasper en Annette waren het sociale hart van de afdeling. Wij 

hebben zowel op als buiten het werk een enorme leuke tijd gehad. Bedankt voor al je 

hulp en heel veel succes met je postdoc. Tot snel.

Beste Klaas, altijd met twee voeten op de grond en zo nu en dan net als Jeroen de 

schoenen uit achter het bureau. Onthoudt speltip nummer 6: “spreid je kansen!” En 

zodra je dan wat hebt: met twee handen aangrijpen. Het was me een genoegen met jou 

het kantoor te delen. Bedankt voor deze leuke tijd en de vele discussies. Succes!

Dear Kathy, I am happy you joined our office. You are a warm and very energetic person. 

I admire your devotion to science … and tissue culture. I have no doubt that all those 

efforts will result in some nice publications. I wish you and your family the best of luck.
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Beste Bart, mijn enige en beste student, het was allesbehalve een eenvoudig project waar 

jij aan werkte. Ik ben je zeer dankbaar voor je inzet. Jouw opgewekte en optimistische 

houding werkte aanstekelijk en was dan ook zeer welkom in een periode dat de meeste 

proeven even tegen zaten. Succes met je carrière en ik hoop dat we elkaar nog een keer 

tegenkomen.

“In vitro we trust.” These are the words that welcome the visitors of B7, the division of 

Molecular Carcinogenesis and home of the Beijersbergen and Bernards lab. I thank all 

of its esteemed members, with whom I had the pleasure to work and party, for their 

help, discussions, and the wonderful time in and outside the lab! Pasi and Ben, you 

guys do a great job helping all who want to perform screens and use the robots. Cor 

and Bram, thanks for helping me out with the data-analyses and R. Jordi, I will miss 

our great discussions. Best of luck! Marielle and Winny, without you ladies and Wouter 

the lab would be a chaos. Beste Guus, “Me gusto salir de noche” Zet hem op! Anirudh 

and Chong, you guys may prove us all wrong and get your PhD within 4 years! Great 

work! Floris, ik ben blij dat ik nooit zover heb hoeven fietsen. Rianne, je bent er bijna! 

Jos, heel veel succes. Prashanth, you are an amazing guy and a great scientist. Thanks 

for the great time. I hope you will think of me when you find another great TED-movie. 

Ian, thanks for all the discussions. I wish you and Kylie all the best. Sid: work hard, 

play hard! You are a great scientist and one of the most energetic persons I know. I 

am sure we will hear a lot from you. Katrien, bedankt voor al je hulp en de leuke tijd. 

Loredana, Lorenza and Valentina, thanks for all the nice conversations. Annemieke, 

Astrid and Zheng, it was nice working with you ladies. Patty, bedankt voor jouw hulp 

bij het boeken van vluchten en het regelen van administratieve taken.

There are many persons who have already left the lab and to whom I wish to express 

my gratitude for their help and support. Jasper, ik heb een grote bewondering voor 

jouw fotografisch geheugen en doorzettingsvermogen. Jouw inzichten hebben mij in 

het begin enorm geholpen. Ik kijk nu al uit naar mijn bezoek aan New York deze zomer. 

Ernst, het was me een waar genoegen om met jou te werken en op zondagavond bij 

Woodstock 69 het weekend af te sluiten. Ik denk nog regelmatig aan die fantastische 

avonden in Club 11 en Boedapest. Succes bij TNO! Roderik, onze grote filosoof. Als 

geen ander kon jij een discussie voeren. Zo belezen als jij was, zo ‘groen’ was ik op 

het lab in de jaren dat wij collega’s waren. Ik stel voor dat wij later dit jaar de Cam 

opgaan of the Eagle bezoeken. Mandy en Miranda, bedankt voor de gadgets, feestjes 

en gezelligheid. Michiel, “boks ouwe! Als ik “de Jeugd van Tegenwoordig” hoor of een 
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film van Quentin zie dan moet ik meteen aan jou denken. Benjamin, Helena, Linda, 

Luis, Michael, Miguel, Mirjam, Piet, Sue-Ellen and Franciska, thanks for all your help, 

discussions and the nice time in and outside of the lab. To all the students who joined 

the lab for an internship, Anna, Camiel, Donna, Ellen, Erik, Eva, Karla, Laura, Rogier, 

Sanne, Tamara, Undine and Xinyao, it was really nice to have you around. Good luck 

with your studies and (scientific) careers.

In the course of these 7 years we shared our floor with some great research groups. I thank 

Titia, Tassos, and their group members, in particular Pim, Herri, Patrick, Francesca 

(thanks for the wonderful tiramisu recipe and best of luck!), Judith (I will remember 

those Rubicon meetings with you and Fra), Mark, Alex, Rick, Mobien and Puck, for 

the great time at H2. Wij zijn op een gegeven moment met onze onderzoeksgroep 

verhuisd naar B7 waar wij vergezeld werden door de Schellens-groep. Arthur, Dick, 

Maarten, Lotte, Rick and Roos, bedankt voor deze leuke tijd. Niet lang daarna kwam 

de groep van Rob hiervoor in de plaats. Ik moet bekennen dat ik stiekem toch wel een 

beetje jaloers op jullie ben. Wat een fantastische en hechte groep! Rob, bedankt voor 

alle discussies en je adviezen. Wouter, heel veel succes in Manchester. Erik, dat filmen 

leverde een mooi resultaat op (zie hoofdstuk 6). Ik denk met veel plezier terug aan 

de vele borrels en avondjes uit. Linda, even langs de “Ecu snack” en dan snel door de 

stad in. Wat een gezelligheid. Michiel, that’s the spirit. Bas en Janneke, bedankt voor 

jullie adviezen en hulp. Cornelia, I am happy you received that grant and that you 

will be able to stay. Good luck! Not that long ago the Wessels group joined our floor. I 

thank Lodewijk, Jorma (heel veel succes met het afronden), Jelle, Theo and Ewald (my 

flatmate, a crazy mathematician. It is great having you around. Once I am finished 

with this thesis we will organize a big party!), for the nice conversations at the coffee 

corner and Friday borrels.

Het NKI kent een aantal geweldige faciliteiten waar ik regelmatig gebruik van heb 

gemaakt. Ik ben Roelof (ben je al gevonden?), Frank, Anita, Ron, Marja, Daoud, Arno, 

Wim, Minze, Lauran en Lenny, die deze faciliteiten tot dit hoge niveau hebben gebracht 

en een ieder ondersteuning bieden zeer dankbaar voor de hulp die zij mij in deze jaren 

hebben geboden.

Ik heb ook heel veel plezier beleefd aan een samenwerking met het Universitair 

Medisch Centrum Utrecht. Beste Ger en Peter: bedankt hiervoor.
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Naast de groepsleiders die ik reeds heb genoemd wil ik de volgende wijze heren 

bedanken: Jacques en Jos. Jullie hebben mijn promotie op afstand begeleid en mij met 

adviezen de juiste richting op gedirigeerd. Daarnaast ben ik ook Jannie, Daniel, Piet en 

Thijn dankbaar voor al hun kritische vragen en adviezen.

In the 7 years that I have worked at the NKI, I have made several friends. Some of them 

I would particularly like to thank. Lieve Joanna, wij kennen elkaar van het NKI, maar 

zijn in de loop der jaren goede vrienden geworden. Ik heb heel veel bewondering voor 

de manier waarop jij werk en privé in balans weet te brengen. Heel veel succes met je 

promotieonderzoek. Maarten, bedankt voor de gezellige avonden en boottochtjes. Ik 

wens jou en Joanna heel veel succes met het opknappen van jullie nieuwe appartement. 

Dear Maria, I am happy I got the chance to meet you and will always remember my 

visit to Costa Rica, Pura Vida! Thanks for showing me your beautiful country and 

being such a wonderful friend. Good luck in Manchester. Dear Magda, mrs. Andjeo: 

hvala draga! I will never forget all those wonderful moments we shared. You are one 

amazing woman and I thank you for being there for me. Soon we will dance again!

There are many people that work or have worked at the NKI, who I did not yet 

mention, and who one way or another contributed to this thesis and/or who I had the 

pleasure of meeting regularly at NKI-related social events and private parties. First, 

I thank the (past) members of the borrel-committee, Bastiaan, Yme, Kitty, Monique, 

Carmen, Marco, Marieke, Christiaan, Rik, Niek, Guillaume, Bert, Jorma, Rinske, 

Silvia, Anna, Francesca, Gosia, Marit, Michiel, Rieuwert, Marcello, Philip and Ewald 

for sharing numerous borrel duties with me on Fridays after work. I also thank you, 

Annabel, Andrej (You are a great scientist and your moment will come soon. Good 

luck!!), Anja, Anna, Boris, Carlos, Caroline, Celia, Cesare, Charlotte, Chiel, Christelle, 

Christiaan, Chrysiis, Coen, Dalila, Dieuwke, Elise, Floris, Henne, Henri, Huib, Ingar, 

Inge, Jaco, Jacqueline, Janneke, Jarno, Jasper, Joep, Joke, Joost, Jop, Josyanne, Judith, 

Katrin, Koen, Liesbeth, Lorenzo, Ludo (bedankt dat je mij heb geïntroduceerd aan R), 

Maaike, Marieke A, Marieke P, Marieke van K, Marinus, Marjon, Marleen, Marlieke, 

Martijn, Natalie, Patricia, Paul Andre, Paula, Peter, Petra, Reggy, Roel, Rogier, Ruud 

(bedankt voor het delen van jouw CENPE data), Saskia, Sedef (always with a smile), 

Shalin, Sietske (altijd in voor een feestje), Tadamoto, Tanja, Thomas, Thos, Tom, Victor, 

Wendy, Wilbert, Xanthippi (thanks for all the smiles and your kindness), Zhen and all 

the others (I undoubtedly forgot a few), for your help and/or making these 7 years a 

memorable time.
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Net zo belangrijk voor de totstandkoming van dit proefschrift was de steun die ik 

van familie en vrienden buiten het NKI heb mogen ontvangen. Bedankt voor jullie 

belangstelling in mijn werk en de ontelbare mooie momenten die ik met jullie heb 

mogen delen.

 

Floris, wij kennen elkaar al zo lang dat ik niet eens meer weet hoe het allemaal begon. 

What a ride!! Ik denk nog met veel plezier terug aan de tijd dat jij mijn huisgenoot 

was. Even naar de film, een cocktail bovenin het Okura hotel en natuurlijk die feestjes 

waarna het hele appartement vol lag met vrienden die bleven slapen. Straks in de 

zomer gaan we weer lekker bbq’en bij jou en Diana op het dakterras. Danny, ook wij 

kennen elkaar al jaren, weten precies wat we aan elkaar hebben en wanneer we de 

kaarten moeten wegleggen (7-2 toch?). Pim, jij was altijd de rustige van het stel. Maar 

ondertussen had je wel de beste kaarten in handen. Bedankt dat je de omslag van mijn 

proefschrift wilde maken. Hij is geweldig! Hans en Daniel, als ik een ding geleerd heb 

dan is het dat wat we ook ondernemen, dit zal leiden tot een verhaal dat nog vele malen 

het onderwerp van gesprek zal zijn. Robbert-Jan, eeuwige student, wat hoorde ik, ga 

je eindelijk afstuderen? Dat feestje wil ik niet missen! Jeff, wij zien elkaar binnenkort 

weer in Utrecht. Esther, ook jij bent naar de Randstad gekomen. Gezellig. Ik kom 

binnenkort je nieuwe crib bekijken. Bedankt voor je hulp met InDesign. Evelien, Anita, 

Chuut, Inge en Bjorn, wij zien elkaar niet zoveel meer, maar ik weet zeker dat bij een 

volgend festival alles weer als vanouds zal zijn. Heel fijn. Gerbrich en Henriette, altijd 

leuk om weer even met jullie af te spreken in ’t Voorhuys. Maarten, Mariska, Roeline, 

Wieke en Suus, als ik in Emmeloord ben dan is er altijd wat te doen. Bedankt voor alle 

gezellige avonden.

Van de familie wil ik een paar personen in het bijzonder bedanken. Beste ome Ad 

en tante Marion, ik denk met plezier terug aan de tijd dat ik bij jullie woonde, de 

carcassonne-avonden en onze filosofische discussies. Bedankt voor jullie warmte en 

gastvrijheid. Ome Ad: tevens bedankt voor het drukken van dit boekje. Ome Marten 

en tante Marja, ook bij jullie heb ik een aantal maanden mogen wonen tijdens mijn 

studie. Bedankt voor deze leuke tijd, de warmte en gastvrijheid.

 

Remco, lieve broer, ik ben blij dat we het zo goed met elkaar kunnen vinden en heb 

enorm veel respect voor je. Ik kom je zeker opzoeken als je straks in Noorwegen zit. 

Bedankt voor al je steun en dat je mijn paranimf wilt zijn.
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Tot slot, lieve pa en ma, zonder jullie onvoorwaardelijke liefde en steun was dit boekje 

er nooit gekomen. Ik ben jullie hier eeuwig dankbaar voor.

       

Johan
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