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La resistencia a los fármacos supone la principal limitación para el éxito terapéutico de los 

tratamientos antitumorales, contribuyendo al fracaso de estas terapias en aproximadamente el 90% de 

los pacientes con metástasis. Sin embargo, nuestra comprensión de los mecanismos que contribuyen 

a esta resistencia es limitada. En ese sentido, el descubrimiento de las mutaciones causantes de la 

resistencia puede ayudar a identificar nuevos marcadores de respuesta a terapias, así como opciones 

terapéuticas para superarla. La tecnología CRISPR-Cas9 supone, a tal efecto, una herramienta con un 

gran potencial para descubrir mutaciones relacionadas con resistencia a fármacos a través de cribados 

genómicos. Al realizar dicho cribado en busca de mecanismos de resistencia a cisplatina, radiación 

ultravioleta y varios fármacos citotóxicos, encontramos que las deleciones del gen FBXW7, un 

componente de reconocimiento de sustrato del complejo E3 ubiquitina ligasa, eran un hallazgo 

recurrente. Posteriormente, pudimos confirmar que las células deficientes para FBXW7 son 

resistentes a la gran mayoría de los agentes antitumorales usados actualmente. Este hallazgo es 

de gran importancia, ya que las mutaciones en FBXW7 son una de las más frecuentes en cáncer y, 

tras realizar un análisis bioinformático de bases de datos, confirmamos que bajos niveles de FBXW7 

se correlacionan con un peor pronóstico para pacientes de cáncer que están recibiendo cualquier 

terapia. Nuestro trabajo muestra que el mecanismo de resistencia a múltiples fármacos observado en 

células deficientes para FBXW7 es multifactorial y dependiente del fármaco, estando MCL1 y 

ABCB1 relacionados con la resistencia a algunos fármacos concretos. Además, otro de nuestros 

objetivos fue tratar de neutralizar esta resistencia mediante la búsqueda de vulnerabilidades genéticas 

o farmacológicas en células deficientes para FBXW7. De este modo, dos análisis de proteómica 

diferentes mostraron que varios elementos de distintos procesos mitocondriales, como la traducción 

mitocondrial, se encontraban sobre-expresados en células deficientes para FBXW7. De manera 

destacada, la inhibición de la traducción mitocondrial con el antibiótico tigeciclina, así como otras 

estrategias tanto genéticas como farmacológicas cuya diana es el metabolismo mitocondrial, 

eliminaban selectivamente tumores deficientes en FBXW7 in vitro e in vivo. Estos efectos eran 

dependientes de C-MYC y de la activación de la respuesta integrada al estrés (ISR), ya que su 

disminución o su inhibición en células deficientes para FBXW7 anulaba los efectos ya mencionados. 

Finalmente, y a través de un enfoque independiente, encontramos otro grupo de fármacos, todos 

activadores de la ISR, que era selectivamente tóxico para las células deficientes para FBXW7. De 

manera colectiva, este trabajo ha contribuido al descubrimiento de la deficiencia de FBXW7 como 

nueva mutación relacionada con multi-resistencia a fármacos y ha puesto de manifiesto que la sobre-

regulación de la traducción mitocondrial es una vulnerabilidad que puede ser explotada para neutralizar 

esta resistencia.
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Drug resistance is a major limitation for the therapeutic success of antitumoural treatments, 

estimated to contribute to treatment failure in 90% of metastatic patients. However, our understanding 

of the mechanisms involved in therapy resistance is still incomplete. The discovery of the mutations 

driving resistance can help in the identification of new therapy-response markers and therapeutic 

options that overcome such resistance. The advent of CRISPR-Cas9 technology has now provided 

significant potential through genome-wide screens to discover resistance-related mutations. During our 

efforts to screen for mechanisms of resistance towards cisplatin, UV and other cytotoxic drugs, we 

found deletions of Fbxw7, a substrate recognition component of an E3 ubiquitin-protein ligase 

complex, as a recurrent hit. We subsequently observed that FBXW7-deficient cells are resistant to the 

vast majority of currently-used antitumoural agents. Importantly, FBXW7 mutations are one of the 

most frequent in cancer, and dataset analysis indicate that low FBXW7 levels correlated with poor 

prognosis in cancer patients undergoing therapy. Our work indicates that the multi-drug resistance 

observed in FBXW7-deficient cells is multifactorial and drug-dependent, with MCL1 and ABCB1 

being involved in the resistance to some specific drugs. Next, we aimed to overcome such resistance 

by the discovery of genetic or chemical vulnerabilities in FBXW7-deficient cells. Proteomic analyses 

showed that some components of mitochondrial processes such as mitochondrial translation were 

overexpressed in FBXW7-deficient cells. Importantly, inhibition of mitochondrial translation by 

repurposing the antibiotic tigecycline and other genetic and pharmacological approaches that target 

mitochondrial metabolism, selectively killed FBXW7-deficient cells in vitro and in vivo. These effects 

were dependent on C-MYC and the integrated stress response (ISR), as their downregulation or 

inhibition in FBXW7-deficient cells abrogated the aforementioned effects. Finally, and through an 

independent approach, we found another set of compounds that were also preferentially toxic for 

FBXW7-deficient cells, all of which were found to be activators of the ISR. Collectively, this work has 

contributed to the discovery of FBXW7 deficiency as a novel mutation related to multi-drug resistance, 

and has discovered the upregulation of mitochondrial translation as a vulnerability that can be exploited 

for targeting this resistance. 
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Resistance to antitumoural agents constitutes one of the most difficult conundrums for the 

oncology field. While performing genetic screens to identify novel mechanisms of resistance to 

anticancer drugs, we found deletions of Fbxw7 as a recurrent hit. Apart from characterising the 

resistance mechanisms in FBXW7-deleted cells, we identified a vulnerability of these cells that linked 

to mitochondria organelles. Concomitantly, these three topics (resistance to antitumoural agents, 

FBXW7 and mitochondria) will be covered in this introduction to provide the theoretical framework 

required for the comprehension of the Thesis results. 

 

1. RESISTANCE TO ANTITUMOURAL AGENTS 

1.1. Drug resistance: a major challenge in the oncology field 

Cancer is a large group of diseases characterised by an abnormal cell growth that eventually 

leads to invasion of surrounding tissues and spreading to distant organs (metastasis). It is the second 

leading cause of death globally, being responsible for an estimated 9.5 million deaths in 2018 (WHO, 

2018). The relevance of the disease explains the extensive efforts that have been devoted during the 

last century to try to cure cancer.  

Initially, tumour resection was the only therapy that offered any hope of stopping the disease 

(Figure 1). It was not until World War II that the widespread use of focused X-rays as a cancer therapy 

(radiotherapy) started, together with the first chemical treatments or chemotherapies: nitrogen mustard 

(Goodman et al., 1946) and aminopterin (Farber et al., 1948), which showed success in reducing 

lymphoma tumour growth, bringing a lot of excitement to the field (Figure 1). However, although 

tumours went to remission rapidly after treatment, they eventually became resistant, resulting in disease 

relapse (Vasan et al., 2019) (Figure 1).  

The first solution to address the drug resistance problem was taken from the rulebook of 

antimicrobial therapy, polychemotherapy (Figure 1), through combination of single agents with non-

overlapping mechanisms of action. It worked well for some cancer types (Bonadonna et al., 1976, 

Devita et al., 1980, Bosl et al., 1986), but the success achieved soon reached a plateau, explained in 

part by the lack of fixed rules or rationale behind the design of the combinations, and the reduced 

efficacy of each single compound due to the dosage reduction required for avoiding systemic toxicity. 

Most importantly, most multi-drug treatments were limited by the appearance of multi-drug resistance 

(MDR) (Shoemaker et al., 1983), which allowed mutant cells to survive to any type of compound (Figure 

1).  

The discovery in 1975 of the first oncogene (c-src) (Stehelin et al., 1976) was a milestone 

(Figure 1) that triggered the identification of the drivers of cancer and the development of targeted 

therapies against them (Hanahan and Weinberg, 2000, Hanahan and Weinberg, 2011). Nevertheless, 

among the thousands of cancer-driving genes described, only 43 small molecule inhibitors have been 

approved (Bedard et al., 2020), and some are just considered “undruggable”. Importantly, even if some 

of these “undruggable targets” are eventually targeted, we may expect resistance: resistance 

mechanisms are often described even for agents that are not yet in the clinic (Ruiz et al., 2016, Mayor-

Ruiz et al., 2018). For instance, the initial successes of BCR-ABL (Kantarjian et al., 2002) and EGFR 

inhibitors (Fukuoka et al., 2003, Kris et al., 2003), were rapidly followed by resistance (Gorre et al., 

2001, Sawyers et al., 2002, Shah et al., 2002, Kobayashi et al., 2005, Pao et al., 2005)  (Figure 1). 

Immunotherapies with anti-CTLA4 (Leach et al., 1996) or anti-PD1/PDL1 (Iwai et al., 2002) 

monoclonal antibodies that disable adaptive immune system negative checkpoints, despite 

unprecedented long-term clinical responses, were no exception to this: the majority of patients directly 

fail to respond, while others ultimately experienced relapse (Sharma et al., 2017, Fares et al., 2019) 

(Figure 1). Hence, targeted therapies and immunotherapy faced the same challenge as conventional 

chemotherapies: treatment failure due to drug resistance. Therefore, nowadays, drug resistance 

remains one of the main challenges in the oncology field in order to achieve a successful curative cancer 

therapy. 
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Figure 1: Drug treatment versus resistance timeline. Timeline displaying the milestones in cancer treatment development 

(green, up) and the subsequent observation of drug resistance (red, down). 

 

1.2. Mechanisms of resistance to antitumoural compounds 

Resistance mechanisms are divided in intrinsic, already present in the tumour prior to 

treatment, and acquired, that arise during the treatment period. Regardless of the time of appearance, 

the molecular basis of both types of resistance can be encompassed into different “hallmarks”. The 

mechanisms of resistance can be categorised into these hallmarks depending on whether they occur 

before the compound reaches its target (pre-target) or after (post-target); or if they produce the effects 

directly on the target (on-target) or off-target (Brockman, 1963, Longley and Johnston, 2005, Holohan 

et al., 2013, Housman et al., 2014, Mansoori et al., 2017) (Figure 2). The main mechanisms belonging 

to these categories will be further described below. 

 

1.2.1. Pre-target mechanisms of resistance 

Pre-target mechanisms involve those that can prevent the active compound from reaching its 

target in sufficient amounts to exert its function, and can be divided into two: 

Altered membrane transport. Mechanisms that reduce the amount of available drug in the 

cell include reduced absorption, by decreased expression or inactivating mutations of the carriers that 

some drugs utilise for entering the cell (Holohan et al., 2013), or increased drug efflux (Figure 2). The 

physiological role of the ATP-binding cassette (ABC) transporter family proteins is to prevent the 

accumulation of toxins within the cell by promoting their transport across the membrane. Their 

overexpression or increased activity in cancerous cells has been linked to resistance to single agents 

or multiple drugs producing MDR (Shoemaker et al., 1983), due to exacerbated expulsion of compounds 

(Figure 2). Indeed, the ABC Subfamily B Member 1 (ABCB1; also known as P-glycoprotein and MDR1) 

was the first MDR mechanism to be identified (Kartner et al., 1983a, Kartner et al., 1983b). Its 

overexpression in tumour cells has been associated with chemoresistance in vitro (Kartner et al., 1983a, 

Kartner et al., 1983b) and with treatment failure in many cancers (Nooter et al., 1997, Triller et al., 2006). 

Importantly, the mechanisms of ABCB1 overexpression have proven to be not only intrinsic to the 

tumour, but also acquired after long-exposure to chemotherapeutic agents (Abolhoda et al., 1999). 

ABCB1 substrates include major cancer chemotherapeutics, such as taxanes, anthracyclines, 

topoisomerase inhibitors or antimetabolites, and even kinase inhibitors used in targeted therapies 

(Shukla et al., 2012, Housman et al., 2014, Mansoori et al., 2017).  

Altered drug metabolism. This mechanism of resistance relates to the downregulation or 

inactivation of pathways that convert pro-drugs into their active form to acquire clinical efficacy 

(Schwartz et al., 1985, Malet-Martino and Martino, 2002), or that promote an excessive catabolism of 

the drugs (Townsend and Tew, 2003, Pljesa-Ercegovac et al., 2018) (Figure 2).  

 

1.2.2. On-target mechanisms of resistance: altered drug targets 

Drug efficacy can also be diminished or blunted if there is less of the target protein or if it is 

mutated in such a way that the compounds cannot bind or exert their effects (Figure 2). This has been 

reported for many chemotherapeutic agents, but is especially relevant for targeted therapies, as they 
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are even more sensitive to point mutations of the target that may reduce drug binding and hamper 

efficacy (Gorre et al., 2001, Shah et al., 2002). 

 

Figure 2: Hallmarks of cancer drug resistance. Black 

lines represent the normal mechanism of action of an 

antitumoural drug, from its entry into the cell, conversion to 

an active form (if needed), binding to its cellular target, and 

execution of the cell death programme by different means. 

The different pre-target (altered membrane transport, altered 

drug metabolism and altered drug targets), on-target (altered 

drug targets), post-target (DNA repair, ROS scavenging and 

inhibition of cell death) and off-target (alternative pathways, 

cellular phenotypes and tumour microenvironment and 

physical barriers) mechanisms of resistance are marked in 

red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.3. Post-target mechanisms of resistance 

Treatment outcome depends ultimately on how cancer cells respond to the insults. Alterations 

in repair or death pathways can lead to treatment failure even if there was sufficient active drug in the 

cell and it correctly inhibited its cellular targets.  

Enhanced DNA damage repair and reactive oxygen species (ROS) scavenging. The 

effectiveness of agents that produce DNA damage or ROS depend on the repair and scavenging 

capacity of cancer cells. Thus, if this is generally increased or altered, this would allow cancer cells to 

present an MDR phenotype to genotoxic therapies (Figure 2).  

Inhibition of cell death. Deregulation of apoptosis is often involved in MDR, as induction of 

cell death via apoptosis is a shared mechanism of action among many drugs (Figure 2). One of the 

master regulator of this process is the TP53 tumour-suppressor gene, which responds to DNA damage 

by promoting DNA repair, cell cycle arrest, or apoptosis. In TP53 mutated tumours, drug resistance 

occurs as cells can continue growing despite DNA damage (Aas et al., 1996). Regarding the apoptotic 

pathway itself, it is divided into two interconnected pathways: an extrinsic pathway that involves death 

receptors on the cell surface, and an intrinsic pathway mediated by the mitochondria and, more 

specifically, by modulating the mitochondrial outer membrane permeabilisation (MOMP) (Letai, 2008). 

The latter is more closely related to chemoresistance, as many cytotoxic drugs promote cell death 

through it. The MOMP, once triggered, initiates the activation of the executioners of apoptosis, the 

caspases, being considered the point of no return towards death by apoptosis (Kalkavan and Green, 

2018). In fact, the clinical response to many genotoxic drugs correlates with the mitochondrial proximity 

to the apoptotic threshold marked by the MOMP: mitochondrial priming (Chonghaile et al., 2011). The 

interplay between anti-apoptotic and pro-apoptotic proteins is what regulates mitochondrial priming, 

preventing or inducing the MOMP, respectively. Alongside, the upregulation of anti-apoptotic proteins, 

such as BCL2 or MCL1, or the downregulation of pro-apoptotic proteins, have been implicated in 

chemoresistance (Miyashita and Reed, 1992, Kitada et al., 1998, Nita et al., 1998, Wang et al., 2001, 

Chonghaile et al., 2011). 
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1.2.4. Off-target mechanisms and other factors involved in resistance 

There are also off-target mechanisms that may reduce drug efficacy even if they are not directly 

engaged on the main signalling pathway of the target. 

Alternative pathways. Alterations in pathways not directly engaged by the drug can also have 

an impact on drug responses (Figure 2). For instance, the activation of other prosurvival routes, the 

presence of redundant pathways, or the activation of alternative proteins (oncogenic bypass), may 

compensate or rescue the inhibition of a specific protein (Holohan et al., 2013).  

Cellular phenotypes. There are general specific cellular contexts that have been related 

recently to chemoresistance (Figure 2), such as the Epithelial-Mesenchymal Transition (EMT) and an 

upregulated mitochondrial metabolism (later discussed in Introduction 3.2.). Both are related to tumour 

stemness (Mani et al., 2008, Lonergan et al., 2007, Vega-Naredo et al., 2014, Hirpara et al., 2019), 

another context related to resistance (Dean et al., 2005, Nunes et al., 2018, Hepburn et al., 2019, Lettnin 

et al., 2019). EMT allows cancer cells to lose their apical-basal polarity and intracellular junctions, and 

acquire migration and invasion capabilities. Accordingly, the EMT has generally been related to tumour 

metastasis. The link between EMT inducing pathways (TGF-β, Wnt, Hedgehog, Notch) or transcription 

factors (SNAIL1/2, TWIST, ZEB1/2) and drug resistance, proposed for the first time in the 1990s 

(Sommers et al., 1992), has progressively been reported in different cancer types (Cheng et al., 2007, 

Arumugam et al., 2009, Oliveras-Ferraros et al., 2012, Ren et al., 2013b, Song et al., 2018, Li et al., 

2019). The actual relevance of the role of EMT in metastasis in vivo has even been challenged in favour 

of its importance in cancer drug resistance (Fischer et al., 2015, Zheng et al., 2015).  

Tumour microenvironment and physical barriers. The adjacent space of stromal, vascular 

and immune cells, may mediate resistance by thwarting immune clearance of tumour cells, obstructing 

drug absorption, and by providing growth factor and cytokines signalling cues (Junttila and de Sauvage, 

2013, Sharma et al., 2017) (Figure 2). Other external factors affecting drug response and resistance 

include physical barriers imposed by general anatomy (blood-brain barrier) or by the tumour itself (large 

tumour size) (Vasan et al., 2019). 

 

1.3. Approaches to overcome drug resistance 

1.3.1. Approaches to improve the rationale behind therapeutic interventions 

Efforts to overcome the aforementioned drug resistance mechanisms and achieve curative 

responses have been attempted through different general strategies. The most straight-forward one is 

to begin the treatment before tumour size and clonal diversity start to increase. Large population 

screens can help to detect pre-malignant tumoural lesions, and moderately increased patient survival 

in some tumour types (Andrae et al., 2008, Bleyer and Welch, 2012). Still, strategies of early tumour 

detection must be coupled with the most effective way of reaching deep responses by optimisation of 

the delivery schedules, compound potency (Peters et al., 2017, Soria et al., 2017), and therapeutic 

index. Furthermore, treatment and regimen selection should be rapidly adapted if there are evidences 

that the initial option is not reducing tumour growth effectively. That includes not only patient 

surveillance of tumour growth, but also the use of ex vivo culture platforms (Jung et al., 2013, Majumder 

et al., 2015), patient-derived-xenografts (Fiebig et al., 1985, Hidalgo et al., 2014), or even of in vivo 

implantable microdevices that may predict tumour therapeutic response (Jonas et al., 2015).  

 

1.3.2. Approaches for the identification of novel resistance-related genes and their 

vulnerabilities  

Identifying the genes and mutations involved in resistance provides useful prognostic value, 

and avoids using unnecessary medication. Most importantly, a better understanding of these 

mechanisms can lead the development of inhibitors against the drivers of resistance, as well as the 

discovery of vulnerabilities or synthetic lethalities to overcome resistance. For instance, after the 

discovery of ABCB1 or BCL2-family alterations in MDR, inhibitors against both have been developed 

(Cornwell et al., 1987, Starling et al., 1997, Roe et al., 1999, Oltersdorf et al., 2005, van Delft et al., 



INTRODUCTION 

 

17 
 

2006, Souers et al., 2013, Friberg et al., 2013). On the other hand, the concept of synthetic lethality, 

largely illustrated by the inhibition of PARP in BRCA-mutant tumours (Farmer et al., 2005, Bryant et al., 

2005), leads to cell death through a combination of deficiencies in two or more gene functions, while 

individual deficiencies are not detrimental. Identification of these cancer dependencies (Tsherniak et 

al., 2017, McDonald et al., 2017, Dharia et al., 2021) and vulnerabilities of resistant cells (Ruiz et al., 

2016, Hangauer et al., 2017, Liu et al., 2019, Alasiri et al., 2019, Mariniello et al., 2020, Moens et al., 

2021) is a powerful emerging field that may help to overcome drug resistance in cancer patients (Finn 

et al., 2016).  

While a detailed knowledge on the mediators of resistance in tumour cells is required, the 

picture is still incomplete. The main gold-standards to identify novel unknown resistance-related 

genes and mutations have been OMICS analyses from patients samples and data, as well as proteomic 

and genomic characterizations of already resistant cell lines (Garraway and Janne, 2012). On the other 

hand, forward genetic screens have recently become one of the best approaches to identify and select 

for individuals that possess a resistant phenotype within a mutagenised population of cells. 

 

1.3.3. Forward genetic screens  

The use of loss-of-function genome-wide screen techniques in haploid organisms has helped 

to further the exhaustive study of multiple signalling pathways and other cellular processes (Giaever et 

al., 2002, Costanzo et al., 2016). In diploid cells, both copies of the gene need to be inactivated, 

implicating an additional difficulty. Screens in diploid cells were initially performed by exposing cells to 

chemical agents, like ENU (Russell et al., 1979, Acevedo-Arozena et al., 2008). However, the fact that 

ENU generates multiple and random mutations complicated the identification of the causal mutation. 

Later, reagents that enable near genome-scale systematic mutagenesis simplified analysis and 

expanded the scope of this technology. After its discovery, interference RNA (RNAi) became the 

predominant approach (Fire et al., 1998, Brummelkamp et al., 2002). However, for genetic screens in 

diploid cells, it produced only a partial suppression and had substantial off-target effects (Kaelin, 2012, 

Booker et al., 2011), limiting its usefulness. 

In the last decades, four different strategies of targeted nuclease-mediated mutagenesis 

have been engineered: zinc-finger nucleases (ZFNs) from eukaryotic transcription factors (Urnov et al., 

2005), meganucleases encoded by mobile genetic elements (Smith et al., 2006), transcription activator-

like effectors (TALENs) from Xanthomas bacteria (Boch et al., 2009, Moscou and Bogdanove, 2009), 

and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-CRISPR-Associated 

Protein 9 (Cas9) (Jinek et al., 2012, Cong et al., 2013, Mali et al., 2013, Hwang et al., 2013). These 

customisable nucleases can be exploited for genome editing as they generate specific-site DNA double-

strand breaks (DBSs), that, when repaired with error-prone mechanisms, can introduce mutations at 

specific sequences.  

The main drawback of ZNFs, meganucleases and TALENs is that they recognize DNA 

sequences by protein-DNA interactions, limiting their production, especially on a genome-wide scale. 

On the contrary, CRISPR-Cas9 recognises the target DNA by base pairing with a single guide RNA 

(sgRNA) that can be synthesised for each custom sequence. It is highly efficient, has limited off-target 

effects, and its simplicity has enabled the expansion of its application to the genome-scale. 

Very recently, sgRNAs libraries that target thousands of genes have been developed to be 

used for genome-wide screenings in human (Shalem et al., 2014, Sanjana et al., 2014, Wang et al., 

2014b, Zhou et al., 2014, Doench et al., 2016) and mouse cells (Koike-Yusa et al., 2014, Tzelepis et 

al., 2016). Also, gain-of-function or gene inactivation screens have also been performed, using the tools 

provided by an inactive dead Cas9 fused to transcription enhancers o repressors, respectively (Gilbert 

et al., 2014, Konermann et al., 2015, Sanson et al., 2018). Moreover, sgRNA or Cas9 multiplexing 

strategies have allowed the performance of combinatorial screens (Wong et al., 2016, Han et al., 2017, 

Shen et al., 2017, Najm et al., 2018), and the introduction of in vivo CRISPR screens have allowed the 

identification of hits in a more relevant physiological setting (Chen et al., 2015, Manguso et al., 2017, 

Huang et al., 2021). 
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Regardless of specific considerations, most CRISPR-Cas9 screens follow a similar strategy 

(Wang et al., 2016b) (Figure 3): (1) generation of sgRNA constructs by array-based synthesis of 

oligonucleotide libraries, (2) packaging into lentiviral vectors and production of lentiviral particles, (3) 

infection of target cells and selection of infected cells, (4) use of the library of mutant cells to perform 

the screens and, (5) detection of the enriched or depleted  sgRNAs by sequencing. The usual read-out 

of the screens is cell viability, but cell populations expressing specific can be selected according to the 

expression of proteins or markers (Parnas et al., 2015, Breslow et al., 2018, Potting et al., 2018, Condon 

et al., 2021).  

 

Figure 3: General strategy steps of 

CRISPR-Cas9 screens. Summary of the 

principal steps, explained in the text 

above: (1) sgRNA library synthesis, (2) 

lentiviral packaging, (3) pooled cell 

infection, (4) screen performance, and (5) 

sgRNA detection by sequencing. 

 

 

The use of these libraries for different screens have allowed an exhaustive study and 

identification of genes implicated in multiple signalling pathways and physiological or pathological 

processes. Screens have been performed to detect advantageous mutations (positive selection 

screens) or those that lead to the loss of a property such as viability or expression of a gene (negative 

selection screens). Their main applications and some representative examples are summarised in 

Annex Table 1 and Annex Table 2. Overall, negative selection screens have allowed the discovery of 

negative regulators of pathways, essential fitness genes, therapy-sensitising genes, or tumour 

dependencies (Annex Table 1-2). On the other hand, positive selection screens have allowed the 

identification of novel positive regulators of pathways, drivers of tumourigenesis and therapy-resistance 

genes (Annex Table 1-2). 

Specifically, CRISPR-screens have been vastly used for identifying drug resistance (or 

sensitivity) mechanisms. The first CRISPR-Cas9 screens ever performed focused on the identification 

of resistance genes for chemotherapeutic agents like 6-thioguanine (Wang et al., 2014b, Koike-Yusa 

et al., 2014), etoposide (Wang et al., 2014b), or the BRAF inhibitors vemurafenib (Shalem et al., 2014) 

and PLX-4720 (Konermann et al., 2015). A summary of other mutations identified in drug resistance 

CRISPR-screens can be found in Annex Table 2. One example of this strategy comes from our own 

group. The use of loss-of-function CRISPR-Cas9 libraries in murine embryonic stem cells (mESCs) 

(Ruiz et al., 2016) allowed the identification of mechanisms of resistance to an ATR inhibitor previously 

developed by the laboratory (Toledo et al., 2011). The screen revealed that the loss of CDC25A 

conferred resistance to ATR inhibitors, and the authors showed that the combination of ATR inhibitors 

and WEE1 inhibitors can overcome such resistance (Ruiz et al., 2016).  

In this Thesis, during our efforts to screen for additional mechanisms of resistance, we found 

deletions of Fbxw7 as a recurrent hit. Thus, we will now focus on enlighten about the biology of FBXW7, 

and its deregulation in cancer and drug resistance. 

 

2. FBXW7 

2.1. FBXW7 biology 

2.1.1. FBXW7: a component of the ubiquitin-proteasome system  

Ubiquitin conjugation is an essential tag required for protein degradation by the proteasome 

(Komander and Rape, 2012). The ubiquitin-proteasome system (UPS) plays an essential role in 

maintaining cellular proteostasis as well as in regulating many cellular processes like cell cycle 

progression, DNA damage repair, or apoptosis (Hershko and Ciechanover, 1998). Ubiquitin binding to 

a lysine residue in the target protein requires a sequential chain of three enzymatic reactions mediated 

by a ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin-protein 
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ligase (E3) (Hochstrasser, 2009) (Figure 4). The E1 activates ubiquitin and transfers it to the E2 (Figure 

4). E3 provides substrate specificity and finally catalyses the deposition of ubiquitin from the loaded E2 

onto the target protein, leading to its subsequent degradation by the 26S proteasome (Figure 4).  

The Skp-Cullin-F-box (SCF) complex is one of the main and most widely studied E3 ligases. 

It is composed of four components (Zheng et al., 2002, Cardozo and Pagano, 2004) (Figure 4): a CUL1 

domain-containing protein, which is the catalytic core; a Rbx1/2 domain protein, which also aids in 

catalytic function and binds to the E2; a SKP1 domain protein, which joins the F-box with CUL1; and 

finally an F-BOX domain-containing protein which provides substrate recognition specificity. In humans, 

72 F-box proteins have been identified to date (Yumimoto and Nakayama, 2020). All of them possess 

an F-box motif that binds to the Skp1 component, while they can present tryptophan and aspartic acid 

repeats (WD), leucine-rich repeats (LRR) or other protein interaction domains to recognise a large array 

of proteins for ubiquitylation (Yumimoto and Nakayama, 2020). Based on this, the F-box protein family 

is classified in FBXW (F-box coupled with WD repeats), FBXL (F-box coupled with LRRs) and FBXO 

(F-box with other motifs) proteins (Jin, 2004). 

Figure 4: The SCFFBXW7 complex and ubiquitylation of protein 

substrates by the ubiquitin-proteasome system (UPS). The E1 

enzyme activates ubiquitin and transfers it to the E2. The E3 enzyme 

is composed of catalytic Cul1 and Rbx1/2 proteins, a Skp1 protein, 

which joins Cul1 and, in this case, FBXW7, that mediates substrate 

recognition. E3 provides substrate specificity and catalyses the 

deposition of ubiquitin from E2 to the target protein for its degradation 

by the 26S proteasome. FBXW7 binds to the SKP1 domain through 

an F-box motif (F), and the WD40 repeats allow the recognition of 

specific phosphorylated (P) substrate-proteins. Ubiquitin (Ub, red 

circles). 

 

 

 

 

 

F-Box and WD Repeat Domain Containing 7 (FBXW7; also known as Cdc4 in yeast, SEL-10 

in worms, and AGO in flies) is a member of FBXW subfamily (Figure 4). First identified in yeast in 1973 

as Cdc4 (Hartwell et al., 1973), human FBXW7 was discovered together with many other human F-box 

proteins (Winston et al., 1999, Cenciarelli et al., 1999). The identification of Fbxw7/FBXW7 as the 

mouse and human orthologues of Cdc4 came from two independent approaches: isolation of 

mammalian counterparts of C. elegans SEL-10 in relationship with NOTCH regulation (Oberg et al., 

2001, Wu et al., 2001, Gupta-Rossi et al., 2001, Maruyama et al., 2001) and the identification of FBXW7 

as the ubiquitin ligase that mediated degradation of cyclin-E in tumour cell lines (Moberg et al., 2001, 

Strohmaier et al., 2001, Koepp et al., 2001). 

 

Figure 5: Structure of FBXW7 genomic locus and domain 

organisation of the encoded protein isoforms. Alternative 

transcriptional initiation produces three FBXW7 transcripts and proteins: 

FBXW7α, β and γ. They share 10 common exons (c1-10), FBXW7β and 

γ present one isoform-specific first exon β1 and γ1 (respectively), and 

FBXW7α present four specific exons α1-4. Common domains are F-box 

motif (F), the WD40 repeats and a dimerization domain (D). They share 

a nuclear localisation signal (NLS), and, in addition, FBXW7α contains 

another NLS and FBXW7β a transmembrane domain (TMD). 

 

 

 

 

 

The genomic organisation of FBXW7 is highly conserved in mammals, and produces three 

transcripts, FBXW7α, β and γ, expressed from their own promoter and produced by alternative splicing 

of the first exon (Spruck et al., 2002), while the other ten exons are shared (Figure 5). There is only 
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one isoform-specific first exon for FBXW7 β and γ, whereas for FBXW7α, there are four (Figure 5). 

Each isoform contains the same WD40, F-box and dimerization domains, and just differs in the N-

terminal localisation domain (Figure 5), explaining their different subcellular localisations (Kimura et 

al., 2003, Welcker et al., 2004a) (Figure 5): FBXW7α in the nucleoplasm, FBXW7β in the cytoplasm or 

endoplasmic reticulum (ER), and FBXW7γ in the nucleolus. Their independent promoters allow for 

differential expression in tissues: FBXW7α, the main isoform, is expressed in most human and mouse 

tissues, whereas FBXW7β has been detected only in brain and testes, and FBXW7γ in heart and 

skeletal muscle (Spruck et al., 2002, Matsumoto et al., 2006). The prevalence of each isoform is 

consistent with the fact that FBXW7α regulates a wider range of substrates than FBXW7β and FBXW7γ 

(Grim et al., 2008, Ekholm-Reed et al., 2013, Trausch-Azar et al., 2015, Koo et al., 2015, Xu et al., 

2016, Vazquez-Dominguez et al., 2019). 

 

2.1.2. FBXW7 substrates 

 All the substrates of FBXW7 identified to date are displayed in Annex Table 3 (Yumimoto et 

al., 2012, Yumimoto and Nakayama, 2020). Interestingly, among FBXW7 substrates, XRCC4 (Zhang 

et al., 2016a) and γ-catenin (Li et al., 2018b), are polyubiquitylated but not degraded. The ubiquitin mark 

has signalling functions in DNA damage repair and cell cycle progression. As FBXW7α is the main 

isoform, most FBXW7 substrates are polyubiquitylated in the nucleoplasm. 

The WD40 motif of FBXW7 is composed of three arginine residues that bind substrates through 

recognition of a conserved phosphorylated domain, called Cdc4 phosphodegron (CPD) (Nash et al., 

2001, Perkins et al., 2001, Koepp et al., 2001). The consensus CPD contains a Thr or Ser at position 

0, Pro at positions +1 and +2, Thr, Ser, Glu, or Asp at position +4, and hydrophobic amino acids at 

positions -5, -3, -2, and -1. CPD phosphorylation of several, if not all, substrates is performed by 

glycogen-synthase-kinase 3 (GSK3) upon PI3K pathway activation (Welcker and Clurman, 2008). Most 

of FBXW7 substrates contain one or even more CPDs, but others present suboptimal CPDs that differ 

at more than half of the residues of the consensus sequence (Annex Table 3). There are other proteins 

that have been proposed to be regulated by FBXW7, but due to absence of a CPD it remains unclear 

if their stability is mediated through indirect means (Yumimoto and Nakayama, 2020) (Annex Table 3).  

 

2.1.3. FBXW7 regulators 

 FBXW7 can be regulated in several ways, mainly by its transcriptional regulation and by its 

protein stabilisation/ destabilisation. Regarding the transcriptional regulation of FBXW7, C/EBPδ 

tumour suppressor is a transcriptional inhibitor of FBXW7α (Balamurugan et al., 2010), and a FBXW7 

substrate (Balamurugan et al., 2013). In contrast, p53 is an inducer of FBW7β following genotoxic 

insults as ultraviolet irradiation (Kimura et al., 2003, Mao et al., 2004). At an epigenetic level, PRMT5 

can silence FBXW7 expression (Qin et al., 2019), and there are multiple miRNA (miRNA-223 and 

miRNA 27-a the main ones) that can downregulate FBXW7, as well as some lncRNAs that counteract 

the action of these miRNAs (Lin et al., 2019, Yumimoto and Nakayama, 2020). 

Another layer of regulation of FBXW7 function is through its stabilisation by PI3K 

phosphorylation (Schulein et al., 2011). However, other phosphorylation marks generate the opposite 

effect on FBXW7: its ubiquitylation and destabilisation. Those phosphorylations are mediated by the 

ERK/MAPK kinases (Ji et al., 2015, Zhang et al., 2020a), or by PLK1 triggered by MYC overexpression 

(Xiao et al., 2016). The antagonistic actions of ubiquitylases (TRIP12) and deubiquitylases (USP9X, 

USP28) also regulate FBXW7 stability (Khan et al., 2018, Khan et al., 2021). In particular, the actions 

of the deubiquitylase USP28 are dual (Popov et al., 2007, Schulein-Volk et al., 2014): it reverses 

FBXW7-dependant substrate ubiquitylation, but also stabilises FBXW7 by reversing its self-

ubiquitylation and, therefore, increases its actions. In addition, a direct protein inhibitor of FBXW7 has 

been described: STYX (Reiterer et al., 2017, Liu et al., 2020). Finally, the monomeric and dimeric status 

of FBXW7 protein, which is regulated by some proteins (Lan et al., 2019), influences certain FBXW7 

substrates degradation (Tang et al., 2007, Welcker et al., 2013).  
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2.1.4. FBXW7 in physiology and pathology  

 The first evidences of the crucial role of FBXW7 in mammalian physiology came from mouse 

biology. Fbxw7-/- mouse embryos present premature embryonic lethality as a consequence of impaired 

vascular development in the brain and yolk sac caused by a deregulation of NOTCH (Tetzlaff et al., 

2004, Tsunematsu et al., 2004). Fbxw7+/− mice are healthy and fertile but have increased susceptibility 

to radiation-induced tumourigenesis, exacerbated in Tp53+/− or Pten+/− backgrounds (Mao et al., 2004, 

Kwon et al., 2012). Conditional deletion, downregulation or knock-in (KI) mutations of Fbxw7 in different 

tissues resulted in different outcomes, mostly mediated by an accumulation of NOTCH or MYC. In 

haematopoietic stem cells, Fbxw7 mutations lead to the loss of self-renewal, exhaustion of the 

quiescent stem cell pool, and leukaemia (Thompson et al., 2008, Matsuoka et al., 2008). In neurons, it 

caused perinatal death due to impaired neuronal differentiation that affected brain morphology and 

suckling behaviour (Matsumoto et al., 2011). In spermatogonial stem cells, differentiation was blunted 

(Kanatsu-Shinohara et al., 2014). In liver, a variety of phenotypes was observed: tissue inflammation, 

cholangiocarcinomas, non-alcoholic fatty liver disease, and diabetes (Onoyama et al., 2011, Ikenoue 

et al., 2018, Zhao et al., 2018, Zhang et al., 2019a). In addition, Fbxw7 alterations in thymus, lung, 

stomach, and intestine induced tumour development (Onoyama et al., 2007, Ruiz et al., 2019, Jiang et 

al., 2017, Babaei-Jadidi et al., 2011, Davis et al., 2014a).  

Due to the vast number and relevance of FBXW7 substrates, FBXW7 is involved directly or 

indirectly in virtually all cellular processes. Consistently, its deregulation has been associated with the 

aforementioned processes and pathologies observed in mice, as well as with others such as 

inflammation (Balamurugan et al., 2013, He et al., 2019, Zhang et al., 2019a, Gstalder et al., 2020), 

circadian clock regulation (Zhao et al., 2016) or Parkinson’s disease (Ekholm-Reed et al., 2013, Wang 

et al., 2018). Nevertheless, FBXW7 alterations have been particularly studied in cancer. 

 

2.2. FBXW7 deregulation in cancer  

2.2.1. FBXW7: the ultimate tumour suppressor 

The human FBXW7 gene is located at chromosome 4q31q.3, a region deleted in 30% of human 

cancers (Spruck et al., 2002). FBXW7 is the 9th most mutated gene in cancer (Lawrence et al., 2013), 

harbouring mutations in around 3-6% of human cancers (Akhoondi et al., 2007), and is by far the most 

mutated F-box protein (Yumimoto and Nakayama, 2020). Most cases are point-mutations or deep 

deletions, and regarding tumour types, the most altered types are endometrial (15-20%) and colorectal 

(15%) cancers or adenocarcinomas, followed by T-lymphoblastic leukemia/lymphoma (13%), cervical 

(8-12%) and bladder (8-10%) carcinomas (Figure 6). Most point-mutations are concentrated at the 

arginine residues of the WD40-repeat domain responsible for substrate binding, preferentially at R465, 

R479, and R505, whereas few mutations have been detected in the dimerization and F-box domains of 

FBXW7 (Figure 7). FBXW7 downregulation or CPD domain mutations in FBXW7 substrates, especially 

in MYC and KLF5, are also very abundant in human cancers (Yumimoto and Nakayama, 2020). 

Loss of FBXW7 function, through mutation, deletion or downregulation, has been related to 

tumoural processes such as tumour initiation and progression (Mao et al., 2004, Akhoondi et al., 2007, 

Ikenoue et al., 2018, Zhang et al., 2016b, Jiang et al., 2017, Davis et al., 2014a), metastasis (Huang et 

al., 2018, Kourtis et al., 2015, Li et al., 2018a, Yang et al., 2015, Yumimoto et al., 2015, Zhang et al., 

2018b), and resistance to certain cancer chemotherapies (Introduction 2.2.3.). Of note, FBXW7 

deletions have been identified in different forward genome-wide screens as a cancer driver (Kas et al., 

2017, Huang et al., 2019, Takeda et al., 2019). All of these evidences support the nomination of FBXW7 

as the “ultimate tumour suppressor” (Yeh et al., 2018).  
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Figure 6: FBXW7 mutation frequency for different 

human cancer types. CBioPortal curated set of non-

redundant studies was used. Cancer types, including a 

minimum of 40 total cases and a minimum of 5.5% of 

alterations, are represented. The different types of 

alterations are shown in the figure legend. 

 

 

 

 

 

 

 

 

 

 

Figure 7: Distribution of FBXW7 mutations. 

CBioPortal curated set of non-redundant studies 

was used. The different types of mutations are 

shown in the figure legend. F-box motif (F). In 

WD40 repeats (WD40), most mutations 

concentrate in the R465, R479 and R505 residues. 

 

 

 

 

2.2.2. Oncogenic FBXW7 substrates 

The tumoural phenotypes of FBXW7-altered cells should not be surprising taking into account 

the molecular functions of FBXW7; among which, its role in substrate recognition of multiple 

oncoproteins (Annex Table 3). Consequently, when FBXW7 is deleted, these oncoproteins cannot 

be correctly degraded and accumulate in the cell, promoting tumourigenesis. Some of the most critical 

oncoproteins regulated by FBXW7 are MYC, MCL1, CCNE1, NOTCH, and JUN. 

C-MYC is a bHLH-LZ family transcription factor, which by gain-of function mutations and 

overexpression has been vastly shown to promote tumourigenesis (Meyer and Penn, 2008, Tansey, 

2014). Increased activity of MYC induces the transcription of genes involved in general cellular 

transcription, RNA and protein biosynthesis, glycolysis, and nuclearly-encoded mitochondrial function 

genes (Miller et al., 2012, Menssen and Hermeking, 2002, Li et al., 2005). The result of these effects at 

the cellular level is the promotion of cell proliferation, metabolic transformation, and metastasis, which 

have been described as MYC-dependant in MYC CPD-mutated tumours or in FBXW7-altered cancers 

(Yada et al., 2004, Welcker et al., 2004b, Onoyama et al., 2007, Reavie et al., 2013). Phosphorylation 

of MYC by GSK3 at residues Thr58 and Ser62 is the mark recognized by FBXW7 for C-MYC degradation 

and, in fact, the Thr58 site is the most mutated residue in C-MYC in B-cell lymphomas (Bahram et al., 

2000).  

MCL1 is an anti-apoptotic BCL2-family member that induces carcinogenesis and drug 

resistance when upregulated (Inuzuka et al., 2011, Wertz et al., 2011), as cells become resilient to cell 

death by apoptosis. FBXW7 deposits ubiquitin on MCL1 for its proteasomal degradation after Ser159 

and Thr163 sites have been phosphorylated by GSK3 (Ren et al., 2013a). 

Another relevant oncoprotein substrate of FBXW7 is Cyclin E (CCNE1), which controls G1/S 

cell cycle progression. The accumulation of CCNE1 due to FBXW7 mutations breaks the tight regulation 

of the cell cycle and results in chromosome instability and aneuploidy (Rajagopalan et al., 2004), and 
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also promotes uncontrolled growth and carcinogenesis (Koepp et al., 2001, Moberg et al., 2001, 

Strohmaier et al., 2001).  

NOTCH and C-JUN CPD mutation or protein overexpression due to FBXW7 alterations have 

been described to be broadly linked to tumour development (Malyukova et al., 2007, O'Neil et al., 2007, 

Wei et al., 2005, Babaei-Jadidi et al., 2011).  

Finally, other interesting FBXW7 substrates related to cancer are; MED13, component of the 

Mediator complex which recruits the CDK8 oncogene for transcriptional activation (Davis et al., 2013); 

PPARγ Coactivator-1α (PGC1α) transcriptional co-activator that harmonises mitochondrial biogenesis 

and energetics (Olson et al., 2008); Kruppel-Like Factor 5 (KLF5) transcription factor, holding key roles 

in proliferation and tumourigenesis (Zhao et al., 2010); and TGIF1, a transcriptional repressor that 

inhibits TGF-β signalling oncogenic pathway (Bengoechea-Alonso and Ericsson, 2010a). 

  

2.2.3. Roles of FBXW7 in the response to antitumoural compounds 

Besides their role as cancer drivers, FBXW7 alterations have also been involved in resistance 

to several antitumoural compounds. Studies reporting this link, as well as the potential FBXW7 

substrates that mediate resistance are summarised in Figure 8 and Annex Table 4. Among others, 

MCL1 overexpression has emerged as a key mediator of resistance upon FBXW7 loss. MCL1 

deregulation was firstly described as the mechanism of resistance of FBXW7-mutant cells to vincristine, 

taxol, nocodazole, etoposide and the BCL2 inhibitor ABT-737 BCL2, in colorectal and T-Cell Acute 

Lymphoblastic Leukaemia (T-ALL) (Wertz et al., 2011, Inuzuka et al., 2011), and later expanded to 

many other cells and compounds (Figure 8 and Annex Table 4). Besides MCL1, upregulation of the 

EMT has been linked to resistance to doxorubicin, sorafenib, 5-FU and cisplatin in FBXW7-altered cells 

(Figure 8 and Annex Table 4). C-MYC and NOTCH are also involved in resistance to more than one 

compound, but the rest of FBXW7 substrates associated with chemoresistance promote resistance only 

to one compound (Figure 8 and Annex Table 4). All of these data is concordant with the hypothesis 

that the resistance mediator in FBXW7-deleted cells may be drug-dependent (Yan et al., 2020b). 

Moreover, there are compounds for which several mediators have been reported, complicating the 

landscape of FBXW7 resistance and the possibility of overcoming resistance.  

In addition to studies in cancer cells, several CRISPR-Cas9 genome-wide genetic screens have 

identified FBXW7 deletions as a resistance hit. These include resistance screens to JQ1 (Liao et al., 

2018), pterostilbene and resveratrol (Benslimane et al., 2020), MNNG and Duocarmycin (Olivieri et al., 

2020) and erlotinib (Zeng et al., 2019). Moreover, in a very recent report (Hundley et al., 2021), CRISPR-

Cas9 screens were performed against 41 different antitumoural compounds, utilizing a sgRNA library 

against UPS-components. FBXW7 deletion was isolated as a resistance hit for 5 compounds 

(flavopiridol, palbociclib, rivociclib, pictilisib, pravastatin). Interestingly, it was also found as a sensitiser 

for 11 compounds (BI-2536 PLK1 inhibitor, JG-231 HSP70 inhibitor, colchicine, CB-5083 VCP/p97 

inhibitor, pladienolide B, TTFA mitochondrial electron chain complex II inhibitor, dichloroacetic acid, 

BAPTA-AM, brefeldin A, camptothecin, MMS). A venetoclax screen similarly found FBXW7 deletions 

as sensitisers (Chen et al., 2019b). Nevertheless, none of these manuscripts validated any of these 

observations, so the role of FBXW7 in response to these compounds is yet to be determined. 

 Despite its general link with resistance, FBXW7-altered cells have been reported to display 

sensitivity towards some compounds (Annex Table 5). Compounds such as MCL1 inhibitors, 

rapamycin and MS-275 have been described to reverse the resistance phenotype for regorafenib, 

gefinitib and taxol (Tong et al., 2017b, Xiao et al., 2018b, Yokobori et al., 2014) (Annex Table 5). Of 

note, drugs for which FBXW7-mutated tumours seemed to be especially sensitive are contradictory to 

other reports linking these drugs to resistance (Figure 8 and Annex Table 4). Other sensitising 

compounds included some targeting mitochondrial metabolism, or MCL1 and C-MYC overexpression 

in FBXW7-deficient tumours (Annex Table 5). In the case of mitochondrial metabolism inhibitors, two 

compounds were described, but their efficacy was cell line dependent (Davis et al., 2018). On the other 

hand, C-MYC overexpression was shown to force leukaemia-initiating cells or other cancer stem cells 

(CSCs) to enter the cell cycle, and for those types of cancer cells, treatments that eliminate dividing 
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cells, such as imatinib, supposed a vulnerability for FBXW7-ablated tumours (Takeishi et al., 2013) 

(Annex Table 5). However, to date, no effective drug that selectively eradicates FBXW7-mutant cells 

has progressed to the clinic.  

In this Thesis, we found that targeting the mitochondria supposed a vulnerability for FBXW7-

deficient tumours. Therefore, we will further focus on discussing about the main mitochondrial 

processes, their role in cancer, and the different compounds targeting mitochondria. 

 

Figure 8: FBXW7 resistance mediators. 

Compounds for which FBXW7 deletion or 

downregulation has been linked to resistance, as 

well as the resistance mediator. For the mediators 

MCL1, EMT, NOTCH and C-MYC, compounds are 

highlighted in green, orange, grey and pink, 

respectively. MTOR, PLK1 and ENT1 have been 

described to be related to resistance to some 

compounds typically related to MCL1; same for an 

ABC protein and EMT, both related to cisplatin 

resistance. Other mediators and insults are shown, 

as well as compounds for which the mediator has 

not yet been described. (*) indicates compounds 

that have also been related to sensitivity in FBXW7-

deficient cells. For complete data and references, 

see Annex Table 4. 

 

 

 

3. MITOCHONDRIA AND CANCER 

3.1. Mitochondria 

 Mitochondria are double membrane-bound cellular organelles found in the cytoplasm of almost 

all eukaryotic cells. They originated from ancestral α-proteobacteria, which were incorporated into and 

synchronized with an proto-eukaryotic cell via endosymbiosis (Margulis, 1970, Gray et al., 1999). Their 

functional role has long been summarised as the powerhouse of the cell (Siekevitz, 1957), 

manufacturing the basic unit of cellular energy, adenosine triphosphate (ATP), through oxidative 

phosphorylation (OXPHOS) (van der Bliek et al., 2017). Still, the functions of mitochondria range far 

beyond bioenergetics and include the production of metabolic precursors of lipids, proteins, DNA and 

RNA; the preservation of ion homeostasis; heat generation; and finally the metabolism of toxic by-

products (ammonium and ROS). Additionally, mitochondria are known to coordinate multiple signalling 

pathways and adaptation to stressors, and they are the central regulator node of the intrinsic pathway 

of apoptosis.  

 

3.1.1. An overview of mitochondrial organization 

Mitochondrial dynamics. Mitochondria are in continuous movement along cytoskeletal tracks 

and constantly change shape, length and form networks through fission and fusion events. Fission and 

fusion rates are dependent on the metabolic demands and signalling pathways, and may be unbalanced 

in pathogenic conditions such as cancer (Dai and Jiang, 2019). In general, cells with a higher 

dependence on OXPHOS metabolism tend to present large fused mitochondrial networks, while 

glycolytic cells normally present multiple fissioned mitochondria (Yao et al., 2019, Dai and Jiang, 2019).  

Mitochondrial components. Mitochondria are composed of an outer membrane and an inner 

membrane, separated by a mitochondrial intermembrane space, and a mitochondrial matrix, which is 

compartmentalised by both membranes (Alberts et al., 2005). The inner membrane is folded multiple 

times forming cristae structures. The outer membrane of mitochondria is highly permeable, due to its 

similar composition to the cell membrane and the presence of porines and translocases. On the other 

hand, the inner membrane does not contain porines, and is highly impermeable to all molecules. This 

property acts as an electric insulator and chemical barrier that allows the creation of an electric 
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membrane potential gradient and a proton gradient between the intermembrane space and the matrix, 

which is used by the five protein complexes of the mitochondrial electron transport chain (ETC) to 

generate energy via OXPHOS (van der Bliek et al., 2017). Finally, the matrix contains the mitochondrial 

DNA (mtDNA), mitochondrial ribosomes, tRNAs and enzymes for the different processes that take place 

there: mtDNA replication, transcription and translation, the assembly of OXPHOS complexes, as well 

as reactions such as tricarboxylic acid (TCA) cycle, urea cycle or transamination (Alberts et al., 2005). 

  

3.1.2. OXPHOS 

In brief, OXPHOS is the anabolic route in which pyruvate (metabolised from glucose in the 

cytosol by glycolysis) and other nutrients like glutamine or galactose are metabolised and oxidised 

through the TCA cycle in the mitochondrial matrix (Nolfi-Donegan et al., 2020) (Figure 9). The electrons 

resulting from these reactions are stored in the reduced intermediates NADH and FADH2, which then 

provide a pair of electrons to the complexes I (NADH-ubiquinone oxidoreductase) and II (succinate 

dehydrogenase subunits, SDH), respectively. The electrons are then sequentially transferred to 

ubiquinone, to complex III (ubiquinol-cytochrome c reductase subunits, UQCR), to cytochrome C and, 

finally, to complex IV (cytochrome c oxidase subunits), where oxygen acts as the terminal electron 

acceptor and is reduced to water. The transfer of electrons from complex I to ubiquinone, from complex 

III to cytochrome C and from complex IV to oxygen results in the pumping of protons to the 

intermembrane space. The re-entry of protons into the matrix through complex V (ATP synthase 

subunits) dissipates the created membrane potential and couples it to the production of ATP from ADP 

by the very same complex V.  

 

Figure 9: OXPHOS and its inhibitors. 

OXPHOS representation as explained in the 

text. (Q) ubiquinone, (C) cytochrome C. Red 

lines indicates the electron transfer flow; black 

thin lines, the different processes; and the 

dotted and thick lines, the proton gradient. 

Below, the different inhibitors of each 

complex. In bold, the classical mitochondrial 

poisons, while the rest indicates novel 

inhibitors that have been developed or 

repurposed since. 

 

 

 

 

3.1.3. Mitochondrial translation 

 Most mitochondrial proteins are encoded by the nuclear genome, transcribed and translated in 

the nucleus and cytoplasm, and then exported to the mitochondria (Figure 10). However, a fraction of 

mitochondrial proteins is encoded by the mtDNA and need to be synthesised by the mitochondrial 

transcription and translation machinery.  

mtDNA is a double-stranded circular molecule of 16659 base pairs that is continuously 

replicated independently of the cell cycle (Figure 10). It lacks introns and codes for 37 genes: 22 tRNAs, 

2 rRNAs and 13 subunits of the OXPHOS complexes I, III, IV and V (Anderson et al., 1981).  

For their transcription, mitochondria use specific mitochondrial transcription machinery: an 

mtRNA polymerase (POLRMT), a series of transcription factors, including TFAM, TFB1M, and TFB2M, 

as well as the transcription termination factors MTERF1-4 (Smits et al., 2010) (Figure 10). Mitochondrial 

transcripts are polycistronic RNA molecules that are later processed and subjected to polyadenylation. 
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Figure 10: Overview of the processes involved in mitochondrial translation and 

biogenesis of OXPHOS system. Before translation takes place, the mtDNA needs 

to be maintained, replicated and transcribed to a polycistronic mRNA molecule. It 

lacks introns and codes for 37 genes: 22 tRNAs, 2 rRNAs and 13 subunits of the 

OXPHOS complexes I, III, IV and V. The 13 OXPHOS subunits will be later 

assembled with other subunits imported from the cytosol. For the three processes to 

take place (replication, transcription and translation), the machinery components and 

factors need to be also imported from the cytosol (purple arrows). 

 

 

Despite several unique features (Table 1), mitochondrial translation is similar to other 

translation processes, especially prokaryotic translation (Smits et al., 2010) (Figure 11): (1) Initiation. 

Mitochondrial translation begins with the recognition and binding of the mRNA to the ribosome, followed 

by the union of methionine tRNA and deposition of that first amino acid, aided by initiation complex 

factors (IFs). (2) Elongation. Polypeptide elongation occurs through sequential union of tRNAs, which 

bring and deposit more amino acids in the acceptor site. These processes are supported by different 

elongation factors that, together with the ribosome itself facilitate elongation by: (a) protecting tRNAs 

from hydrolysis and carry them to the acceptor site (EFTus); (b) catalysing peptide bond formation; (c) 

promoting the exit of tRNAs and the translocation of the mRNA through the ribosome to start a new 

cycle (EFGs); (d) supporting the conversion of other elongation factors into their active form (EFTs). (3) 

Termination. Mitochondrial translation termination occurs via the recognition of stop codons by release 

factors (RFs), producing the release of the complete polypeptide and the disassembly of the translation 

complex and the ribosomal subunits, aided by RFF and EFT proteins. 

 

Figure 11: Process of protein 

synthesis in mammalian 

mitochondria. For detailed 

description see the text description. 

(A) is the acceptor site. Initiation 

factors (in green) are mtIF3 (1) and 

mtIF2 (2). Elongation factors (in 

purple) are mtEFu or TUFM (3), 

mtEFs (4) and mtEGF1 (5). 

Termination factors (in red) are mtRFs 

(6), and mtEFG2 (7) and mtRFF (8).  

 

 

 

 

The differential features of mitochondrial translation versus bacterial translation are 

represented in Table 1.  Most of the components of the translation machinery are orthologues of 

prokaryotic factors. However, some eukaryotic factors perform functions of two different bacterial 

proteins (mtIF2 as bacterial IF1 and IF2), or the role of one prokaryotic protein is distributed between 

two different mitochondrial proteins (mtEFG1 and mtEFG2). There is some variability between species 

in the composition of the mitoribosomes. Specifically, mammalian mitoribosomes are composed of a 

large subunit (LSU, 39S), formed by a 16S rRNA, a structural tRNA and 50 MRPs (MRPLs); and a small 

subunit (SSU, 28S), which contains a 12S rRNA and 29 MRPs (MRPSs). Interestingly, mitochondrial 

translation is tethered to the inner membrane to promote co-translational insertion into the membrane 

of the newly synthetized proteins and their assembly into OXPHOS complexes. 
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Table 1: Differential features of mitochondrial translation.  

Differential features of mitochondrial translation 

mRNAs 

(Grohmann et al., 1978, 

Montoya et al., 1981, Liao and 

Spremulli, 1989) 

Contain no or few 5’ untranslated nucleotides 

Are uncapped 

Poly-A forms part of the stop codon 

Mitoribosomes bind independently of the sequence or presence of initiation components 

tRNAs 

(Barrell et al., 1980, Anderson 

et al., 1981, Mikelsaar, 1983, 

Osawa et al., 1992) 

Universal code changes: 

AGG/AGA for stop codons, AUA for methionine, UGA for tryptophan 

Translates all codons using only 22 tRNAs instead of 31 

Single methionine tRNA 

Shorter and with size variations in the loop domains 

Components of the 

translation machinery 

(Smits et al., 2010) 

2 initiation factors: mtIF2 and mtIF3 

3 types of elongation factors: mtEFTu or TUFM, mtEFTs and mtEFGs 

2 release factors: mtRF1 and mtRF1a  

1 recycling factor mtRRF  

Other essential but with unknown function: PTCD3 and HsPDF 

Mitoribosome (55S) (Smits 

et al., 2010) 

Reduced amount of rRNA 

Double number of mitochondrial ribosomal proteins (MRPs) 

 

3.2. Targeting mitochondria in cancer 

3.2.1. Mitochondrial translation and OXPHOS in cancer 

 Mitochondrial alterations have been involved in aging (Chan, 2006) and certain pathologies, 

such as diabetes (Højlund et al., 2008), Parkinson’s disease (Mandemakers et al., 2007), and cancer 

(Dai and Jiang, 2019, Kim et al., 2017a). In cancer, alterations in ROS production and apoptotic 

signalling have been vastly studied, as discussed in Introduction 1.2.3. Nonetheless, the contribution 

of OXPHOS and mitochondrial metabolism to cancer has been largely ignored, due to flawed 

reasoning from Warburg’s observation that cancer cells present an upregulated glycolysis and high 

lactate production from glucose (Warburg et al., 1927, Warburg, 1956). The presence of Warburg’s 

effect in many tumours is unquestionable, what is more, it has been exploited to detect metabolically 

active tumours by imaging (Palaskas et al., 2011) and to specifically kill cancer cells using inhibitors of 

glucose metabolism enzymes. However, Warburg assumed that this metabolic switch arises from a 

universal mitochondrial OXPHOS downregulation or functional impairment in tumours (Warburg, 1956). 

Although true for some tumours with mtDNA mutations (Pedersen, 1978, Larman et al., 2012), or in low 

oxygen conditions inside solid tumours (Moreno-Sanchez et al., 2007), this concept has been 

challenged since its initial communication (Weinhouse et al., 1956) by evidences from the last half 

century proving that mitochondria are fully functional and that, undeniably, many tumours rely on 

OXPHOS metabolism for their growth and survival.  

Already in the 80s, there were evidences that OXPHOS was preferentially used by HeLa 

cervical carcinoma cells to generate ATP (Reitzer et al., 1979). It was later proven for other cancer cell 

types, not only in basal conditions, but also under limiting glucose conditions, where cancer cells 

suffered a metabolic adaptation from aerobic glycolysis to OXPHOS (Jose et al., 2011, Ashton et al., 

2018). These functional assays have been extended and complemented with the description of an 

upregulation of OXPHOS proteins and mtDNA levels in many tumours, including breast cancer, Hodgkin 

lymphoma, B-cell lymphomas, and acute myeloid leukaemia (AML) (Whitaker-Menezes et al., 2011, 

Caro et al., 2012, Lagadinou et al., 2013, Scotland et al., 2013, Birkenmeier et al., 2016, Zacksenhaus 

et al., 2017, Hu et al., 2013). Noteworthy, and apart from an upregulation of ETC/OXPHOS proteins, a 

global upregulation of mitochondrial translation has been found in many tumour cells, including 

breast cancer cells (Sotgia et al., 2012) or in the Pan-Cancer Human Protein Atlas Project, where an 

excess of mitoribosomal proteins and assembly factors was reported in human cancers (Kim et al., 

2017a). 
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Importantly, mitochondrial transcription, translation and OXPHOS upregulation can be driven 

by oncogenes. For instance, H-RasV12 increases mitochondrial metabolism (Telang et al., 2007, Yao 

et al., 2019), as does its downstream effector B-RAF which, when inhibited, renders tumours addicted 

to OXPHOS metabolism (Haq et al., 2013). Inhibition of B-RAF increases the levels of the master 

regulator of mitochondrial metabolism, PGC1α, via melanocyte lineage transcription factor (MITF), 

which globally induces the expression of OXPHOS and mitochondrial biogenesis genes. Interestingly, 

PGC1α overexpression via MITF, regardless of the levels of B-RAF, was also shown to be an inducer 

of global mitochondrial expression in melanoma (Vazquez et al., 2013). Other oncogenic alterations 

promoting mitochondrial protein translation, OXPHOS and mitochondrial metabolism dependence are 

RB1 loss (Jones et al., 2016, Zacksenhaus et al., 2017), PTEN loss (Naguib et al., 2018), and MCL1 

and C-MYC overexpression (Lee et al., 2017b, D’Andrea et al., 2016). Despite its known roles in 

promoting glycolysis, C-MYC also induces a global mitochondrial gene expression and function 

programme (Miller et al., 2012, Menssen and Hermeking, 2002, Li et al., 2005, Skrtic et al., 2011, 

D’Andrea et al., 2016, Oran et al., 2016). Of note, FBXW7 mutations have also been recently associated 

to an enhanced mitochondrial gene transcriptional program in a MITF-dependent manner in melanoma 

(Abbate et al., 2018), and in broader pan-cancer signatures (Davis et al., 2018).  

Interestingly, certain chemotherapies like 5-FU (Vellinga et al., 2015, Yun et al., 2019), 

topoisomerase inhibitors (Fu et al., 2008), and targeted agents as B-RAF inhibitors (Haq et al., 2013), 

can also promote mitochondrial biogenesis, mainly through activation of AMPK or PGC1α. Indeed, 

resistance to these agents and to many others, like AraC (Farge et al., 2017), paclitaxel/docetaxel 

(Farnie et al., 2015, Ippolito et al., 2016), cisplatin (Xu et al., 2018, Cruz-Bermudez et al., 2019), other 

ROS-inducing agents (Vazquez et al., 2013), gefinitinib/vemurafenib (Hirpara et al., 2019), sorafenib 

(Messner et al., 2020), venetoclax (Chen et al., 2019b), and ibrutinib (Zhang et al., 2019b) have been 

associated with an enhancement of mitochondrial processes and metabolism, and, in fact, rely on 

OXPHOS metabolism for chemoresistance and survival. Importantly, increased mitochondrial activity 

has also been linked to MDR (Roesch et al., 2013, Lee et al., 2017b). In light of this data, targeting 

either OXPHOS or mitochondrial translation have emerged as promising therapeutic strategies to 

overcome drug resistance in cancer. 

  

3.2.2. Targeting OXPHOS 

There are multiple drugs that can inhibit the mitochondrial ETC at different points, and that have 

proven efficacy to reduce growth in tumours where OPXHOS is a vulnerability. Classical mitochondrial 

poisons, as well as newer compounds that have been repurposed for inhibiting OXPHOS, are 

displayed in Figure 9 (Ashton et al., 2018). Representative examples are malonate for complex II 

inhibition, antimycin A for complex III, cyanide and azide for complex IV, and oligomycin for complex V. 

In the case of complex I inhibition, there are multiple additional inhibitors that have been repurposed, 

such as the classical diabetic drugs metformin and phenformin, or the poisons rotenone, piericidin A, 

and MPTP. A very recent case is the discovery of IACS-010759, a clinical-grade, highly potent and 

selective small-molecule inhibitor of complex I (Molina et al., 2018, Tsuji et al., 2020), which was proven 

to be successful for exploiting OXPHOS dependence of certain hematologic malignancies (Molina et 

al., 2018, Zhang et al., 2019b, Donati et al., 2020). 

  

3.2.3. Targeting mitochondrial translation 

Due to conserved evolutionary similarities between bacterial and mitochondrial ribosomes, 

antibiotics that interfere with bacterial protein synthesis have the potential to inhibit mitochondrial 

translation (Riesbeck et al., 1990, Zhang et al., 2005). This property opened the window to repurpose 

several antibiotic families targeting the bacterial ribosomes such as tetracyclines, glycylcyclines, 

oxazolidinones, and chloramphenicol, for cancer therapies.  

Even though some tetracyclines were already known since over 40 years ago to exert 

antitumoural effects (Leezenberg et al., 1979, Kroon et al., 1984), it was not until recently that their 

repurposing has really expanded. Pioneer work, from Škrtić et al., identified the glycylcycline 
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tigecycline in a chemical screen for FDA-approved agents targeting AML cells (Skrtic et al., 2011). 

Tigecycline inhibition of mitochondrial translation was selectively lethal for leukemic cells in in vitro and 

in vivo models; as cancerous cells, in comparison with normal haematopoietic cells, rely heavily on the 

increase in mitochondrial metabolism that come together with an increase in mitochondrial biogenesis. 

Later work identified MYC as the driver of mitochondrial translation upregulation, and indeed, two pieces 

of work identified a mitochondrial translation protein (Ptcd3) (D’Andrea et al., 2016), and the 

mitochondrial RNA polymerase (POLRMT) (Oran et al., 2016) as synthetic lethal interactors of MYC. 

Consistently, MYC-overexpressing lymphomas were selectively sensitive to several antibiotics such as 

chloramphenicol and linezolid, but none were as effective as tigecycline (D’Andrea et al., 2016). RB1-

deficient breast (Jones et al., 2016) and K-RAS mutant colorectal cancer cells (Martin et al., 2017) were 

later shown to be also exceedingly sensitive to tigecycline. 

Tigecycline has been shown to present antitumoural properties in other tumour types, like 

gastric cancer (Tang et al., 2014), cervical carcinoma (Li et al., 2015a), oral squamous cell carcinoma 

(Ren et al., 2015), B-cell lymphomas (D’Andrea et al., 2016, Norberg et al., 2017), melanoma (Hu et 

al., 2016), neuroblastoma (Zhong et al., 2016), glioma (Yang et al., 2016), lung cancer (Jia et al., 2016, 

Yan et al., 2020a), therapy-resistant chronic myeloid leukaemia (CML) (Kuntz et al., 2017, Lu et al., 

2017), acute lymphoblastic leukaemia (ALL) (Fu et al., 2017), multiple myeloma (Ma et al., 2018), 

retinoblastoma (Xiong et al., 2018), ovarian cancer (Hu and Guo, 2019), thyroid cancer (Wang et al., 

2019), osteosarcoma (Chen et al., 2019a), and sorafenib-resistant (Messner et al., 2020) and non-

resistant hepatocellular carcinoma (Tan et al., 2017). Importantly, tigecycline has been shown to work 

synergistically in combination with chemotherapy (Tan et al., 2017, Wang et al., 2019, Hu and Guo, 

2019), and with the targeted therapy imatinib (Kuntz et al., 2017) or a combination of the BCL2 inhibitor 

venetoclax with rituximab (Ravà et al., 2018). The last case is of key relevance, as BCL2 activation 

limited the efficacy of tigecycline, which was only restored by a combined treatment with venetoclax. 

Likewise, targeting mitochondrial essential proteins was shown to reinstate venetoclax sensitivity in 

resistant cells (Chen et al., 2019b, Sharon et al., 2019). Inhibition of autophagy has also been shown 

to synergise with tigecycline to eliminate cancerous cells (Lu et al., 2017, Ma et al., 2018). 

At the clinical level, tigecycline has already proved safety in AML patients in a phase I trial 

(Reed et al., 2016)(NCT01332786), despite a lack of response which was attributed to the short half-

life of the drug (9.5h). Fortunately, a novel formulation containing ascorbic acid and pyruvate maintains 

the stability of this drug for at least a week (Jitkova et al., 2014). Two other clinical trials, not yet 

recruiting, are prospected to evaluate the efficacy of tigecycline in cancer. The first evaluates its use in 

urogenital cancer patients (NCT03962920), while the second in tumour cells from patients with CML, in 

order to correlate the in vitro sensitivity of cells to tigecycline with the patients' clinical parameters and 

survival outcome (NCT02883036). 

Besides tigecycline, other mitochondrial translation inhibitors have proven to be successful 

antitumoural treatments in in vitro and in vivo models: tetracyclines including doxycycline (Leezenberg 

et al., 1979, Kroon et al., 1984, Lamb et al., 2015, Dijk et al., 2020) and minocycline, which importantly 

is able to cross the blood-brain barrier (Sotomayor et al., 1992, Markovic et al., 2011, Garrido-Mesa et 

al., 2013, Romero-Miguel et al., 2021); the inhibitor of HsPDF actinonin (Sheth et al., 2014, Lee et al., 

2015); POLRMT inhibitors 2’-C-methyladenosine (2’CMeA) (Oran et al., 2016) and the novel specific 

inhibitors of mitochondrial transcription (IMTs) (Bonekamp et al., 2020); as well as the oxazolidinone 

tedizolid (Sharon et al., 2019). 

 

3.3.4. Mechanism of action of mitochondrial translation inhibitors 

The main mechanism of action of tigecycline is to block mitochondrial translation; however, 

the exact target of tigecycline in the mitoribosome has not yet been identified. In bacterial ribosomes, it 

is known to bind to both large and small subunits (Jenner et al., 2013, Schedlbauer et al., 2015), 

blocking the binding of the aminoacyl-tRNA to the acceptor site. Therefore, due to conservation, it is 

expected to bind similarly to mitoribosomes. Consistently, genetic inhibition of mitochondrial translation 

by EF-Tu knockdown, mimics the inhibitory effects of tigecycline (Skrtic et al., 2011). The other inhibitors 
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of mitochondrial translation are known to work similarly or in other branches of the process. Regardless 

of the specific inhibitory point, mitochondrial translation inhibition converges in the downregulation of 

mitochondrial-encoded OXPHOS complexes, with the subsequent depolarization of the mitochondrial 

membrane and dampening of mitochondrial respiration and ATP production via OXPHOS, as well 

as an exacerbated ROS production and induction of P53-independent apoptosis (D’Andrea et al., 2016). 

Other works have pointed out independent actions of tigecycline in the cell, such as ß-catenin 

inhibition (Li et al., 2015a), autophagy induction by activation of AMPK, downregulation of the PI3K-

AKT-mTOR pathway (Tang et al., 2014, Zhong et al., 2016, Lu et al., 2017, Ma et al., 2018, Hu and 

Guo, 2019), and downregulation of p21 (Hu et al., 2016). 

More recently, an induction of the integrated stress response (ISR) has been related to the 

mechanism of cell death induced by mitochondrial inhibition. The ISR is a physiological cell response 

that attempts to restore cellular homeostasis following different stressors; however, excessive and 

prolonged ISR activation eventually causes cell death (Figure 12). Different kinases are in charge of 

sensing diverse stressors in the cell, converging at the phosphorylation of the protein eIF2α (Figure 

12): GCN2, which is stimulated by depletion of amino acids; PERK, which is activated upon ER stress; 

PKR, which detects dsRNA following viral infections; and HRI, which is triggered upon heme deprivation 

and mitochondrial stress, as recently shown (Guo et al., 2020a, Fessler et al., 2020). Specifically, the 

activation of HRI following mitochondrial stress has been described to occur through the binding of a 

fragment of DELE1 protein. This fragment is generated after the cleavage of the complete DELE1 

protein by the mitochondrial stress-activated protease OMA1 (Guo et al., 2020a, Fessler et al., 2020) 

(Figure 12). The downstream effects of phosphorylation of eIF2α are a reduction of total protein 

synthesis, and the nuclear translocation and activation of the ISR effectors ATF4, ATF5, and CHOP; 

ATF4 being the main regulator of mitochondrial stress response in the cell (Quirós et al., 2017) (Figure 

12). ATF4-dependent activation of CHOP, or directly ATF4, may promote cell death by upregulating 

different pro-apoptotic family members, among many other mechanisms (Pakos‐Zebrucka et al., 2016) 

(Figure 12). Concomitantly, mitochondrial stressors, such as the complex I inhibitor IACS-010759 

(Donati et al., 2020), depletion of a mitochondrial chaperonin (Chen et al., 2019b), and the mitochondrial 

translation inhibitor tedizolid (Sharon et al., 2019) can activate the ISR. Moreover, cell death provoked 

by these insults can be rescued by an ISR inhibitor (ISRIB). Importantly, venetoclax has also been 

shown to suppress mitochondrial respiration and to activate the ISR (Sharon et al., 2019), implying a 

possible antitumoural mechanism of action for certain targeted therapies through the generation of 

mitochondrial stress and activation of the ISR. In the case of tedizolid and venetoclax (Sharon et al., 

2019), the authors reported a suppressed glycolytic capacity as the ultimate mechanism of cell death, 

while for IACS-010759, toxicity due to the lowering of the apoptotic threshold via CHOP induction was 

proposed (Donati et al., 2020). 

 

Figure 12: The integrated stress response (ISR). ISR 

kinases sense different stressors and converge at the 

phosphorylation of the protein eIF2α: GCN2, by depletion 

of amino acids; PERK, by ER stress; PKR, by viral infection; 

and HRI, by heme deprivation and by mitochondrial stress. 

Specifically, OMA1, a mitochondrial protein, senses the 

stress and cleaves DELE1, a fragment of which goes to the 

cytosol and activates HRI. eIF2α-P blocks protein synthesis 

and activates ATF4, which translocates to the nucleus to 

activate stress-response pathways or, via intense 

signalling, to kill cells (aided by CHOP). 
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 In this Doctoral Thesis, we will further explore mechanisms of resistance to antitumoural 

therapies, as it is one of the main challenges in the cancer research field. For this aim, we will utilise 

one of the most powerful recent technologies to identify novel resistance-related mediators: CRISPR-

Cas9 screens. We found among our hits FBXW7-deletions. Consistent with the importance of FBXW7 

mutations in cancer, and, more specifically, in drug resistance, we followed on this hit. Not only did we 

try to solve the underlying cause of the resistance, but also investigated ways to overcome it and 

specifically eliminate FBXW7-mutated tumours. Research in this direction brought us to the 

mitochondria and the novel targeting of mitochondrial translation as an effective cancer treatment. 

Moreover, we dug into the mechanisms of action of these compounds and found a possible involvement 

of the ISR pathway. 
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1. To perform CRISPR-Cas9-based genome-wide genetic screens in order to identify novel 

determinants of the sensitivity to genotoxic agents and other cytotoxic insults. 

2. To characterise the mechanisms behind the resistance associated to mutations found in the 

CRISPR-Cas9 screens. 

3. To use the knowledge about the mechanisms of resistance associated to the identified 

mutations to discover ways to overcome such resistance in vitro and in in vivo. 
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1. CELLULAR BIOLOGY 

1.1. Cell culture 

All cells were grown at 37ºC in a humidified air atmosphere with 5% CO2 unless specified. 

mESCs were grown on gelatin and feeder layers, using Dulbecco’s Modified Eagle’s Medium 

(DMEM) (high glucose) (Invitrogen) supplemented with 15% knockout serum replacement (Invitrogen), 

Leukemia Inhibitory Factor (LIF) (1000 U/ml), 0.1 mM non-essential amino acids, 1% glutamax, and 

55mM β-mercaptoethanol. For the drug treatment experiments, mESCs were plated only on gelatin. R1 

mESCs were obtained from the American Type Culture Collection (ATCC). mESCs Cas9 clones and 

mESCs loss-of-function libraries had been previously generated (Ruiz et al., 2016). The mouse 

embryonic fibroblasts (MEFs) needed for feeder production were obtained from 13.5 days post coitum 

(dpc) embryos by standard methods and cultured in standard DMEM (high glucose) (Sigma, D5796), 

15% Fetal Bovine Serum (FBS), and 0.1mM non-essential amino acids in low-oxygen conditions. To 

generate feeder layers, MEFs at early passages were growth arrested by ionizing irradiation (IR) with 

80 Gray (Gy) for 30 minutes (min). MEFs were immortalized by lentiviral expression of the SV40-T121 

antigen following standard procedures.  

Human cancer cell lines HEK293T, DLD1 and HeLa were cultured in standard DMEM (high 

glucose) (Sigma, D5796) supplemented with 10% FBS and 1% penicillin/streptomycin. A2780 cell line 

was maintained in RPMI 1640 medium (EuroClone, ECM2001L), 10% FBS and 1% 

penicillin/streptomycin. HEK293T and HeLa cell lines were obtained from the ATCC; while DLD1 and 

A2780 were kindly provided by the CNIO Monoclonal Antibodies Unit.  

 

1.2. Generation of knock-out, knockdown and fluorescent-proteins-expressing cell 

lines 

1.2.1. Lentiviral production   

Lentiviral vectors were individually co-transfected with third generation packaging vectors in 

HEK293T cells, using Lipofectamine 2000 (Invitrogen) to generate viral supernatants as previously 

described (Ruiz et al., 2011). 

 

1.2.2. Generation of knock-out cell lines 

To generate Ptpn2 and Fbxw7 knock-out (KO) mES R1 cells and FBXW7 KO DLD1, HeLa and 

A2780 cell lines, CRISPR-Cas9 gene editing was used. The sequences of the sgRNAs used were 

designed using the MIT CRISPR design tool (http://www.genome-engineering.org/crispr/) and cloned 

into a pLentiCRISPR v2 lentiviral vector (Addgene, 52961), as described (Sanjana et al., 2014). Only 

sgRNAs with the highest scores and lowest probability of generating off-target effects were selected. 

The sequences of the sgRNAs can be found in Table 2.  

Cells were independently infected with the different lentiviral supernatants encoding the 

corresponding sgRNAs against Ptpn2/Fbxw7/FBXW7. Each cell line was also infected with the empty 

pLentiCRISPR v2 vector to generate working-control wild-type (WT) cell lines. 48 hours (h) after 

infection, the cells were selected for three days with 2μg/ml puromycin (Sigma, P8833). To obtain pure 

KO clones, the pool of cells was single-cell grown, expanded and expression of PTPN2/FBXW7 was 

verified by Western Blot to select the KO clones.  

The same procedure was followed for the generation of the double KOs with ABCB1 and MCL1 

in FBXW7 WT and KO DLD1 cells. For B-RAF, A-RAF, C-RAF, FYN and CSK double KO experiments, 

a FBXW7 WT-eGFP+ and KO-Ruby3+ DLD1 defined cell mixture was infected every 7 days with the 

different lentiviral supernatants encoding the sgRNAs targeting those genes, as well as the empty vector 

control. The vector used in this case was pLentiCRISPR v2 blasticidin (Addgene, 98293). 
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Table 2: List of sgRNAs oligonucleotide sequences to be cloned into pLentiCRISPR v2 or pLentiCRISPR v2 blasticidin. 

Oligonucleotide name and sequence 5’ to 3’ is indicated. 

Oligonucleotide sequences of sgRNAs 

Oligonucleotide name Sequence (5' to 3') 

sgRNA-Ptpn2-F1 CACCGCACTCTATGAGGATAGTCAT 

sgRNA-Ptpn2-R1 AAACATGACTATCCTCATAGAGTGC 

sgRNA-Ptpn2-F2 CACCGCCATTTCTGGCTCATGGTG 

sgRNA-Ptpn2-R2 AAACCACCATGAGCCAGAAATGGC 

sgRNA-Fbxw7-F1 CACCGCTCAGGTCCCCAAAAGTTGT 

sgRNA-Fbxw7-R1 AAACACAACTTTTGGGGACCTGAGC 

sgRNA-Fbxw7-F2 CACCGCAAAGTCTCAGATTATACC 

sgRNA-Fbxw7-R2 AAACGGTATAATCTGAGACTTTGC 

sgRNA-FBXW7-F1 CACCGATGAAGTCTCGTTGAAACTG 

sgRNA-FBXW7-R1 AAACCAGTTTCAACGAGACTTCATC 

sgRNA-FBXW7-F2 CACCGTCAGAGCAGCCAATGGCCAA 

sgRNA-FBXW7-R2 AAACTTGGCCATTGGCTGCTCTGAC 

sgRNA-MCL1-F1 CACCGTCGGACTCAACCTCTACTGT 

sgRNA-MCL1-R1 AAACACAGTAGAGGTTGAGTCCGAC 

sgRNA-ABCB1-F1 CACCGTCTTCTTTGCTCCTCCATTG 

sgRNA-ABCB1-R1 AAACCAATGGAGGAGCAAAGAAGAC 

sgRNA-BRAF-F1 CACCGGGCCAGGCTCTGTTCAACG 

sgRNA-BRAF-R1 AAACCGTTGAACAGAGCCTGGCCC 

sgRNA-BRAF-F2 CACCGTGTCCCCGTTGAACAGAGCC 

sgRNA-BRAF-R2 AAACGGCTCTGTTCAACGGGGACAC 

sgRNA-ARAF-F1 CACCGACAAGGCCCTGAAGGTGCG 

sgRNA-ARAF-R1 AAACCGCACCTTCAGGGCCTTGTC 

sgRNA-CRAF-F1 CACCGCCCAACGTCCTGTCGTTCGG 

sgRNA-CRAF-R1 AAACCCGAACGACAGGACGTTGGGC 

sgRNA-FYN-F1 CACCGAACAACTTCCACGCAGCCGG 

sgRNA-FYN-R1 AAACCCGGCTGCGTGGAAGTTGTTC 

sgRNA-FYN-F2 CACCGTGGAGGTCACACCGAAGCTG 

sgRNA-FYN-R2 AAACCAGCTTCGGTGTGACCTCCAC 

sgRNA-CSK-F1 CACCGCTGGTACAAAGCCAAAAACA 

sgRNA-CSK-R1 AAACTGTTTTTGGCTTTGTACCAGC 

sgRNA-CSK-F2 CACCGCTCCCGCTTCTGGACGTAGT 

sgRNA-CSK-R2 AAACACTACGTCCAGAAGCGGGAGC 

 

1.2.3. Generation of cell lines expressing fluorescent proteins 

The lentiviral plasmid FUGW-eGFP (Addgene, 14883) was used to constitutively express green 

fluorescent proteins (GFP). For Ruby3 red fluorescent protein lentiviral vector generation, the eGFP 

sequence of the FUGW-eGFP vector was replaced with the Ruby3 sequence (Bajar et al., 2016).  

Lentiviral supernatants encoding for the fluorescent proteins were subsequently used to 

infect the corresponding cells: Fbxw7/FBXW7 WT cells with eGFP, Fbxw7/FBXW7 KO cells with Ruby3. 

After 3 days, GFP+ and Ruby3+ fluorescent cell populations were FACS sorted using a BD InfluxTM cell 

sorter (BD Biosciences). 
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1.2.4. Knockdown experiments 

Exponentially growing cells were trypsinised and transfected in suspension with 50nM of 

control siRNAs or human siRNAs targeting C-MYC (Horizon Discovery Biosciences, ON-TARGETplus 

siRNAs), following manufacturer´s instructions and using Lipofectamine RNAiMAX reagent (Thermo 

Fisher Scientific) and OPTIMEM medium (Life Technologies). For the esiRNA libraries (Sigma, 

MISSION® esiRNA, Table 3), the same protocol was followed with 20nM of esiRNA and in a 96-well-

plate format. 

Table 3: Sequences from the esiRNA library. Target and sequence of the esiRNA is indicated. 

esiRNA library sequences 

Target Sequence 

RLUC ATTCATTTATTAATTATTATGATTCAGAAAAACATGCAGAAAATGCTGTTAT 

TUFM CATTGAAAAATTTGAGAAGGAGGCTGCTGAGATGGGAAAGGGCTCCTTCA 

POLRMT GACGGTGGTGTACGGGGTCACGCGCTATGGCGGGCGCCTGCAGATTGAG 

PTCD3 TCTGAAATGTCTCCGAAGATTTCATGTGTTTGCAAGATCGCCAGCCTTACAG 

MRPS27 ATATACCCTTGTAAATAAGGTTCAATATGGAATTTTTCCAGATAACTTTACA 

UQCRC1 GGTGACATTGTGCAGAACTGTAGTCTGGAAGACTCACAGATTGATTGAGAAGG 

 

1.3. CRISPR-Cas9 screens 

The generation of doxycycline-inducible mESCs Cas9 cells and the mES Cas9 loss-of-

function libraries was previously described (Ruiz et al., 2016). For each of the screens, 5·106 cells 

(50X library coverage) from the mESCs KO libraries (each coming from a different mESCas9 clone) were 

plated on gelatin. The cells were treated for approximately 10 days with the different compounds at 

previously tested doses (indicated in the text) at which no WT mESCs Cas9 cell survives. In the case 

of the UV-light screen, a single UV-light (254-nm UV-C) exposure was performed using a UVC 500 UV 

Crosslinker (Hoefer). 

Once there were less than 100 resistant clones, these were picked, isolated, and expanded. 

The resistance of individual clones was validated with the corresponding compound before following to 

the sequencing step. When the number of resistant clones exceeded 100, a pool of cells was grown, 

its resistance validated, and sequenced. 

 

1.4. Compounds 

The following compounds were used to treat the cells at the dose indicated in the text. All 

compounds were dissolved in Dimethyl sulfoxide (DMSO) except from cisplatin and oxaliplatin, which 

were dissolved in Dimethyl sulfoxide (DMF); rapamycin and chloramphenicol, dissolved in ethanol 

(EtOH); and doxycycline and minocycline, dissolved in sterile water. The references for all compounds 

used can be seen in Table 4. The FDA-approved drug library of 114 antitumoural compounds was 

obtained from the CNIO Experimental Therapeutics Programme (Table 5). 
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Table 4: List of the compounds used for the different experiments. Compound name and vendor reference is indicated. For 

paclitaxel and tigecycline it is specified if its intended use is in vitro or in vivo. 

Compounds 

Compound Reference 

10-Desacetylbaccatin-III (DAB-III) Selleckchem S2409 

5-fluorouracil (5-FU) Selleckchem S1209 

BI2536 (PLKi) Kind gift from Marcos Malumbres (CNIO, Spain)  

CAY10576 Santa Cruz Biotechnology 862812-98-4 

Chloramphenicol Roche 634 433 

Cisplatin Sigma P4394 

CSCi Kind gift from Manuel Serrano (IRB, Spain)  

Dabrafenib Synthesized by CNIO ETP Unit  

Dasatinib Selleckchem S1021 

Doxorubicin Sigma D1515 

Doxycycline Pancreac Applichem D9891 

Erlotinib Selleckchem S7786 

Gefitinib Selleckchem S1025 

Gemcitabine Sigma G6423 

GSK2606414 (PERKi) Sigma 516535 

Hydroxyurea (HU) Sigma H8627 

IACS-10759 Axon Medchem 2909 

Ifosfamide Selleckchem S1302 

ISRIB Sigma SML0843 

Minocycline Sigma M9511 

ML334 Tocris 5625 

NCS30930 Alichem 6640-09-1 

Oligomycin Sigma 495455 

Oxaliplatin Sigma O9512 

Paclitaxel (in vitro and in vivo) Sigma T7402 

Pevonedistat (MLN4924) Quimigen A11260-10 

PLX-4720 Selleckchem S1152 

Rapamycin Alfa Aesar J62473 

Rigosertib Selleckchem S1362 

Sorafenib Selleckchem S7397 

Tedizolid Selleckchem S4641 

Tigecycline (in vitro) Sigma Y0001961 

Tigecycline (in vivo) Carbosynth AT10818 

Trametinib Selleckchem S2673 

Tunicamycin Sigma T7765 

VAF-347 Sigma 182690 

Vemurafenib Selleckchem S1267 

Vincristine Selleckchem S1241 

ZM-336372 Synthesized by CNIO ETP Unit  
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Table 5: List of the compounds included in the FDA-approved drug library. Compound name is indicated. Compounds are 

ordered by alphabetical order. 

Compounds – FDA-approved library 

4-PB EX-527 Pazopanib 

5-Fluoracil (5-FU) Finasteride PD-0325901 

Abiraterone Flavopiridol Pemetrexed 

AICAR Fulvestrant Perifosine 

Alisertib Galunisertib PF 4708671 

AT7519 GDC-0941 PI3K-CNIO 

AZ ATR inhibitor GDC-0994 Pilaralisib 

AZD5363 Gedatolisib PX-478 

Bardoxolone methyl Gefitinib Quizartinib 

BAY 61-3606 Geldanamycin Rapamycin 

BAY 87-2243 Gemcitabine Ricolinostat 

BEZ-235 Genistein Roscovitine 

BKM120 Gleevec-imatinib S7289, PFK15 

Bortezomib GSK2126458 CNIO SB 203580 

BYL-719 GSK2636771 SB 505124 

Carfilzomib GSK461364 SCH772984 

Cdk4/6 inhibitor Idelalisib Selumetinib 

Cisplatin Irinotecan Semagacestat 

CNIO-ATR inhibitor Ixazomib Silmitasertib 

CNIO-DUAL Ketoconazole SN-38 

CNIO-PIM KU-0063794 SNS-314 mesylate 

CNIO-TRIPLE KU-57788 Sorafenib 

Crizotinib Lapatinib S-Ruxolitinib 

CUDC-101 Letrozole Suramin 

CUDC-907 Linifanib Tamoxifen 

Cyclophosphamide monohydrate Lomustine Tanzisertib 

Dabrafenib LY2801653 Temozolomide 

Dasatinib Metformin Tempol 

Deshydroxy LY-411575 Mifepristone TGX-221 

Disulfiram Mitomycin C Tozasertib 

Docetaxel MK-2206 Trametinib 

Doramapimod NVP-BGJ398 TX-1123 

Dovitinib Olaparib Valproic acid sodium salt 

Doxorubicin OSI-906 Vincristine 

Eflornithine Oxaliplatin Vismodegib 

Elesclomol P-0956-Vemurafenib Vorinostat 

Erlotinib Paclitaxel Zileuton 

Etoposide Panobinostat ZSTK474 
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1.5. Flow cytometry and Flow Activated Cell Sorting (FACS) 

1.5.1. Flow cytometry and High-Throughput flow cytometry for competition-two-colour assays 

 In order to analyse the proportion of each cell population (eGFP and Ruby3) in a mixed 

culture, 70.000 cells at the corresponding mixture ratios were plated in 6-well tissue culture plates. If 

performing High-Throughput flow cytometry, 4.000 cells were plated in µCLEAR bottom 96-well plates 

(Greiner Bio-One). The following day (or 8h after plating for mESCs) cells were treated with the 

indicated concentrations of drugs for 72 h (unless specified) and then analysed by Flow cytometry and 

High-Throughput flow cytometry.  

Same procedure was done in the case of B-RAF, A-RAF, C-RAF, FYN and CSK double KO 

experiments, but infecting the cell population mixture with the lentiviral supernatants encoding for the 

different sgRNAs one day after plating the cells. Cells were split every 3-4 days, and every 7 days, part 

of the cells was analysed by flow cytometry and the rest was split and re-infected with the lentiviral 

supernatants.  

For esiRNAs library transfection experiments, 4.000 cells from each mixed population were 

transfected and grown in µCLEAR bottom 96-well plates (Greiner Bio-One). Every 3-4 days, a part of 

the cells was analysed by flow cytometry, while splitting and re-transfecting the rest with the esiRNAs.  

For flow cytometry analysis of the cell mixtures under different conditions, cells were trypsinised, 

centrifuged and resuspended in PBS. For staining of viable cells, cells were incubated with DAPI for 10 

minutes and subsequently analysed the different cell populations using a flow cytometer BD FortessaTM 

(BD Biosciences). For high-throughput flow cytometry, the mixture of cells was trypsinised and directly 

inactivated trypsin with the corresponding medium. After staining with DAPI, we analysed the 

expression of the different fluorescent markers by high throughput flow cytometry (BD FACS Canto IITM, 

BD Biosciences). Data was processed with the Flow Jo 10TM software to represent each cell population 

percentage. 

 

1.5.2. Flow Activated Cell Sorting (FACS) of fluorescent-proteins-expressing cells 

Around 3 days after infection with lentiviral supernatants encoding for the fluorescent proteins, 

cells were trypsinised, centrifuged, and resuspended in their corresponding media containing 2% FBS, 

2% penicillin/streptomycin, and 0.2% gentamycin (Life Technologies). For GFP+ and Ruby3+ 

fluorescent cell populations, a BD InfluxTM cell sorter (BD Biosciences) was used. Mid-high 

fluorescence-expressing populations were sorted, and then resuspended in their corresponding media 

supplemented with 10% FBS and 2% penicillin/streptomycin and 0.2% gentamycin. The following day, 

the media was replaced with the normal corresponding media. The purity of the sorted cells was 

checked after each sorting by flow cytometry. 

 

1.6. Cell viability assays 

1.6.1. Clonogenic assays 

2.000 cells were plated in 6-well tissue culture plates in the corresponding culture medium. For 

the testing of the toxic dose in mESCs clones, 70.000 cells were plated in 6-well tissue culture plates, 

corresponding the cell density to the one used in the actual screen, despite not being a standard 

clonogenic assay. The following day, cells were incubated with the corresponding drugs, changing the 

medium every 2-3 days. Cells were maintained with the drug for 10 days, and then they were fixed and 

stained with 0.4% methylene blue in methanol for 30 min.  

 

1.6.2. Cell-Titer Glo assays 

10.000 cells were plated in µCLEAR bottom 96-well plates (Greiner Bio-One) and treated with 

the indicated concentrations of drugs the following day. 48 h later, cell viability was measured by 

luminescence using the Cell-Titer Glo kit (Promega), following manufacturer’s guidelines. Cell 

viability measure was plotted as a percentage compared to DMSO-treated controls.  
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1.6.3. Cell viability measurement by High Throughput Microscopy 

For FBXW7 experiments, cell viability was measured by High Throughput Microscopy. In brief, 

3.000 cells were seeded per well in µCLEAR bottom 96-well plates (Greiner Bio-One) and treated with 

the indicated concentrations of drugs the following day. 72 h later, cells were fixed with 4% 

Paraformaldehyde (PFA) and permeabilised with 0.5% Triton X-100, following standard procedures. 

Plates were stained with DAPI and images were automatically acquired from each well using an Opera 

High-Content Screening System (Perkin Elmer) or a ImageXpress Pico Automated Cell Imaging System 

(Molecular Devices). A 20x or 10x magnification lenses were used indifferently and images were taken 

at non-saturating conditions. Images were segmented using DAPI signals to generate masks 

matching cell nuclei and, thus, the number of nuclei was calculated, and used as the measure of cell 

viability, which was plotted as a percentage compared to DMSO-treated controls. 

 

1.7. Immunofluorescence stainings 

1.7.1. ATF4 nuclear localisation by High Throughput Microscopy 

8.000 cells were seeded per well in µCLEAR bottom 96-well plates (Greiner Bio-One). The 

following day, cells were pre-treated for 1 h with 50nM of ISRIB or 500nM PERK inhibitor and then 

treated with the indicated concentrations of drugs for 3 h. Then, cells were fixed with 4% PFA and 

permeabilised with 0.5% Triton X-100, following standard procedures. After blocking (3% BSA and 0.1% 

Tween-20 in Phosphate-buffered saline (PBS)) for 30 min, we stained with ATF4 primary antibody 

overnight (Table 6). Anti-rabbit IgG-488 secondary antibody (Invitrogen, A21441) was added at 1:200 

for 1 h at room temperature (RT) the following day. Plates were then stained with DAPI and images 

were automatically acquired from each well using an Opera High-Content Screening System (Perkin 

Elmer). A 20x magnification lens was used and images were taken at non-saturating conditions. Images 

were segmented using DAPI signals to generate masks matching cell nuclei, and nuclear ATF4 

intensity per cell was measured and directly plotted.  

 

1.7.2. Mitochondrial staining by Confocal Microscopy 

8.000 cells were seeded per well in µ-slide 8-well plate (Ibidi). The following day, cells were 

fixed with 4% PFA and permeabilised with 0.5% Triton X-100, following standard procedures. After 

blocking (3% BSA and 0.1% Tween-20 in PBS) for 30 min, we stained with citrate synthetase (CS) 

primary antibody for 30 min at 37ºC (Table 6), and then with anti-rabbit IgG-488 secondary antibody 

(Invitrogen, A21441) at 1:200 for another 30 min at 37ºC. Plates were then stained with DAPI and 

images were acquired using a LEICA SP5 WLL confocal microscope. A 63x magnification lens was 

used and images were taken at non-saturating conditions. Images were segmented using DAPI and 

488 signals to generate masks matching cell nuclei and mitochondria, respectively, to obtain the 

number of cells and values of different mitochondrial features. 

 

2. MOLECULAR BIOLOGY 

2.1. CRISPR-Cas9 screens sgRNA sequencing 

To identify the sgRNA sequences inserted in the single-isolated resistant clones, the DNA 

was extracted by standard methods and the fragment flanking the U6-sgRNA cassette from the lentiviral 

vector was amplified by PCR. Once purified from an agarose gel, the PCR product was subcloned into 

a TOPO-TA vector (Invitrogen, 45-0030) and sequenced by Sanger sequencing.   

To identify the sgRNAs present in a pool of cells, we extracted DNA using a Gentra Puregene 

Blood Kit (Quiagen, 158445), following the manufacturer’s instructions. The U6-sgRNA cassette was 

then amplified by PCR using the KAPA HIFI Hot Start PCR kit (Roche, KK2502) and different tagged 

primers required for the subsequent Illumina sequencing. The PCR product was precipitated with 

sodium acetate 3M in EtOH 100% at -80ºC for at least 20 min, pelleted and resuspended in water prior 

purification in agarose gel. Following a purity check of the PCR product, samples were sent for Illumina 
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sequencing. The sgRNA sequences were obtained from the fastq file using Galaxy 

(https://usegalaxy.org/) (see Material and Methods 4.1.).  

 

2.2. Western Blot 

Cell pellets were obtained after cell trypsinization and a washing step with cold PBS. They were 

then lysed in 50mM Tris pH 7.9, 8M Urea and 1% Chaps followed by 30 min incubation with shaking at 

4°C. For FBXW7 detection, pellets were lysed in 20mM HEPES pH 7.9, 0.4M NaCl, 1mM EDTA and 

protease inhibitors, followed by sonication and a 30 min incubation with shaking at 4°C. After lysis, 

soluble protein extracts supernatants were obtained by centrifugation, and protein concentration was 

determined using the Bio-Rad Protein Assay (BIO-RAD). NuPAGE LDS (Life Technologies) with 10 mM 

dithiothreitol (DTT) (Sigma) loading buffer was added to 20-30 µg of protein extracts, and samples 

were denatured for 10 min at 70 ºC. For OXPHOS complexes detection, the denaturing step had to be 

performed at 50ºC for 1h, due to COX1 sensitivity to heating. Samples were run in precast gels and 

transferred for protein detection, following standard Western Blot techniques. A list of the primary 

antibodies used can be seen in Table 6. Horseradish peroxidase (HRP)-conjugated secondary 

antibodies (ThermoFisher, mouse 31430 and rabbit 31460) were used for detection with the 

SuperSignalTM West Pico PLUS Chemiluminescent Substrate (ThermoFisher, 34580) in a ChemiDoc 

MP Imagine System (BIO-RAD, 1708280). Western Blot quantification was performed using Image J. 

 

Table 6: List of primary antibodies used for immunofluorescence and Western Blot. Antibody target, vendor reference, 

host species, usage and dilution used is indicated. For usage: Western Blot (WB) or immunofluorescence (IF) is indicated. 

Primary antibodies 

Antibody Reference Host species Use Dilution 

ABCB1 Santa Cruz SC-55510 Mouse WB 1:500 

ACTIN Sigma A5441 Mouse WB 1:5000 

ATF4 Cell Signalling 11815S Rabbit IF 1:200 

CDK2 Santa Cruz SC-163 Rabbit WB 1:250 

CHOP Cell Signalling 2895T Mouse WB 1:1000 

C-MYC Santa Cruz SC-40 Mouse WB 1:250 

CS Abcam ab96600 Rabbit WB, IF 1:1000, 1:500 

FBXW7 Bethyl A301-720A Rabbit WB 1:1000 

GAPDH Cell Signalling 2118 Rabbit WB 1:1000 

GCN2 Santa Cruz SC-374609 Mouse WB 1:500 

HRI MyBioSource MBS2538144 Rabbit WB 1:1000 

MCL1 Cell Signalling 94296 Rabbit WB 1:1000 

MCM7 LSBio LS-C331288 Rabbit WB 1:1000 

MRPL12 Santa Cruz SC-100839 Mouse WB 1:500 

OXPHOS Abcam ab110413 Mouse WB 1:500 

PERK Santa Cruz SC-377400 Mouse WB 1:500 

PKR Santa Cruz SC-6282 Mouse WB 1:500 

POLRMT Abcam ab32988 Rabbit WB 1:500 

PTPN2 R&D Systems MAB1930 Mouse WB 1:1500 

TUBULIN Sigma T9026 Mouse WB 1:5000 

TUFM Santa Cruz SC-393924 Mouse WB 1:500 

 

https://usegalaxy.org/
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2.3. Mass spectrometry  

2.3.1. Samples preparation 

Cells pellets were obtained after cell trypsinization and two washing steps with cold PBS. 

Samples were then solubilised for 10 minutes at 95°C in 5% SDS, 50mM TEAB, and pH 7.55. After 

cooling, DNA was sheared by 10 min of sonication. Protein concentration was determined using micro 

BCA and BSA as a standard. Then, 200 µg of each sample were digested by using the Protifi™ S-

Trap™ Mini Spin Column Digestion Protocol. Briefly, proteins were reduced and alkylated (15mM 

TCEP, 25mM CAA) 1 h at 45 °C in the dark. SDS was removed from samples in the S-Trap column 

using 90% methanol in 100mM TEAB and proteins were digested with trypsin (Promega) 

(protein:enzyme ratio 1:100, 1 h at 47 °C).  

Next, samples (100µg of peptides) were labelled using TMT® reagent 11-plex following 

manufacturer’s instructions. Labelling scheme for mESCs was as follows: WT rep1 (126), WT rep2 

(127N), WT rep3 (127C), WT rep4 (128N and 130C), Fbxw7 KO clone 1 rep1 (129C), Fbxw7 KO clone 

1 rep2 (130N and 131C), Fbxw7 KO clone 2 rep1 (128C), Fbxw7 KO clone 2 rep2 (129N and 131). 

Labelling scheme for DLD1 human cell lines was as follows: WT rep1 (129C), WT rep2 (130N), FBXW7 

KO clone 1 rep1 (130C), FBXW7 KO clone 1 rep2 (131), FBXW7 KO clone 2 rep1 (131C). Samples 

were mixed in 1:1 ratios based on total peptide amount. The final mixture was finally desalted using a 

Sep-Pak C18 cartridge (Waters) and dried prior high pH reverse phase HPLC pre-fractionation. 

 

2.3.2. High pH reverse phase chromatography 

Peptides were pre-fractionated offline by means of high pH reverse phase chromatography, 

using an Ultimate 3000 HPLC system equipped with a sample collector. Briefly, peptides were dissolved 

in 100µl of phase A (10mM NH4OH) and loaded onto a XBridge BEH130 C18 column (3.5µm, 150mm 

length and 2.1mm ID) (Waters). Phase B was 10mM NH4OH in 90% CH3CN. The following gradient 

(flow rate of 100µL/min) was used: 0-55 min 0-45% B, 55-65 min 45-65% B, 65-65.5 min 66-95% B. 

Fractions were collected at 1 minute intervals. 36 fractions were speed-vac dried and re-dissolved in 

2% formic acid. 

 

2.3.3. Liquid Chromatography with tandem mass spectrometry (LC-MS/MS) 

LC-MS/MS was done by coupling an UltiMate 3000 RSLCnano LC system to a Q Exactive 

Plus mass spectrometer (Thermo Fisher Scientific). Peptides were loaded into a trap column 

(Acclaim™ PepMap™ 100 C18 LC Columns 5µm, 20mm length) for 3 min at a flow rate of 10µl/min in 

0.1% formic acid. Then, peptides were transferred to an EASY-Spray PepMap RSLC C18 column 

(Thermo) (2µm, 75µm x 50cm) operated at 45 °C and separated using a 60 min effective gradient 

(buffer A: 0.1% FA; buffer B: 100% ACN, 0.1% FA) at a flow rate of 250nL/min. The gradient used was: 

from 4% to 6% B in 2 min, from 6% to 33% B in 58 minutes, plus 10 additional minutes at 98% B. 

Peptides were sprayed at 1.7kV into the mass spectrometer via the EASY-Spray source. The capillary 

temperature was set to 300°C. 

The mass spectrometer was operated in a data-dependent mode, with an automatic switch 

between MS and MS/MS scans using a top 15 method (intensity threshold ≥ 3.3e4, dynamic exclusion 

of 25 secs and excluding charges unassigned, +1 and > +6). MS spectra were acquired from 350 to 

1500m/z with a resolution of 70,000 FWHM (200m/z). Ion peptides were isolated using a 1.4 Th window 

and fragmented using higher-energy collisional dissociation (HCD) with a normalized collision energy 

of 33. MS/MS spectra were acquired with a fixed first mass of 100 m/z and a resolution of 35,000 

(200m/z). The ion target values were 3e6 for MS (maximum IT of 25 ms) and 1e5 for MS/MS (maximum 

IT of 110 msec for DLD1 cells and 90 msec for mESCs). 

 

2.4. Quantitative RT-PCR 

Total RNA was extracted using the Agilent Absolutely RNA Miniprep Kit following the 

manufacturer’s instructions. mRNA levels were measured by real-time quantitative PCR after reverse 
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transcription of RNA, using for both the Invitrogen SuperScript III Platinum SYBR Green One-Step qRT-

PCR Kit with ROX. Quantitative RT-PCR was performed on an Applied Biosystems QuantStudio 6 

Flex Real-Time PCR System. We used the following primer sequences: GAPDH 

(GGACTCATGACCACAGTCCATGCC, TCAGGGATGACCTTGCCCACAG) and ND1 

(CCCTAAAACCCGCCACATCT, GAGCGATGGTGAGAGCTAAGGT) (Skrtic et al., 2011). The levels 

of GAPDH mRNA were used as control to normalize expression values. 

 

3. MOUSE BIOLOGY 

3.1. Xenograft experiments 

Athymic Nude-Foxn1nu 6-week female mice were acquired from Charles Rivers. 5·106 

exponentially-growing DLD1 FBXW7 KO and WT cells were trypsinised and resuspended in PBS for 

injection in the flank of 8-week mice. 6 days after, mice were randomized into three groups per genotype 

(six groups in total, 10 mice per group) and treatment was started with 1,5mg/kg paclitaxel (in vivo 

reference in Table 4), 50mg/kg of tigecycline (in vivo reference in Table 4) or vehicle via intraperitoneal 

(i.p.) injection, on a three times per week schedule. Tumours were measured every 2-3 days, and once 

they reached 1600 mm3 (measures were calculated using the standard formula length x width x 0.5), 

the mice were sacrificed and their tumours were extracted. Health status of mice was monitored daily. 

Mice were maintained under standard housing conditions with free access to chow diet and water, as 

recommended by the Federation of European Laboratory Animal Science Association. All mice work 

was performed in accordance with the Guidelines for Humane Endpoints for Animals Used in 

Biomedical Research, and under the supervision of the Ethics Committee for Animal Research of the 

“Instituto de Salud Carlos III”. 

 

4. BIOINFORMATICS, DATA ANALYSIS AND REPRESENTATION 

4.1. Identification of CRISPR-Cas9 screens sgRNA sequences using Galaxy 

The sgRNA sequences were obtained from the fastq file using Galaxy 

(https://usegalaxy.org/). In brief, fastq files were uploaded using get data option and converted to 

FASTA format with the tool convert formats. Next, clip adapter sequences were selected (NGS: QC and 

manipulation options, entering this custom sequence AGAGCTAGGCCAACATGAGGATGAT, 

minimum length 10, not discarding sequences with unknown (N) bases, and generating both clipped 

and non-clipped outputs). After that, delimiters were converted to TAB and the columns were trimmed 

so that we only had the actual sgRNA sequences (Trim leading or trailing characters, options: Trim this 

column only (1), Trim from the beginning up to this position (2), Remove everything from this position 

to the end (21), Ignore lines beginning with these characters (select all)). Then, the sgRNAs were 

grouped by the sum up of the values. Finally, the samples were sorted based on the values of column 

2, resulting in a file ordered by the number of reads. 

 

4.2. FBXW7 mutations/expression and drug response analysis 

4.2.1. Representation of the most FBXW7-mutated cancer types 

In order to represent the most FBXW7-mutated cancer types and distribution of FBXW7 

mutations along the protein sequence in the genome of cancer patients, CBioPortal (Cerami et al., 

2012, Gao et al., 2013) (https://www.cbioportal.org/) was employed. For FBXW7 mutation frequency in 

different human cancer types, the curated set of non-redundant studies was explored, and cancer types 

which included a minimum 40 total cases and minimum 5.5% of alterations were chosen as parameters 

to obtain and represent the data. 

 

4.2.2. Analysis of the multi-drug resistance phenotype of FBXW7 mutated cancer cells 

For the analysis of the multi-drug resistance phenotype of FBXW7-mutant cancer cells, the 

profile of drug response of all the available FBXW7-mutant cancer cell lines from the US National 

Cancer Institute 60 human tumour cell line anticancer drug screen (NCI60) and the Cancer Cell Line 

https://usegalaxy.org/
https://www.cbioportal.org/
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Encyclopaedia (CCLE) was analysed and downloaded using the Genomics and Drugs integrated 

Analysis (GDA) (http://gda.unimore.it/) portal. The same analysis was performed for ABCB1-mutant cell 

lines of the NCI60 (there was no data available in the CCLE).  

The lineal model analysis between FBXW7 expression and the Area Under the Curve 

(AUC) of multiple therapeutic compounds was performed using the Cancer Therapeutics Response 

Portal database (CTRP) (https://portals.broadinstitute.org/ctrp.v2.1/). Then, the coefficient of the 

compounds which reached statistical significance was plotted. A R version compatible with version 

3.6.3 was employed for analysis and representation of data. 

 

4.2.3. Patients’ survival, drug treatment, and FBXW7 gene expression correlation 

The UCSC XenaBrowser (https://xenabrowser.net/) was used to explore the GDC Pan-Cancer 

database containing patients’ survival, drug treatment and FBXW7 gene expression in the tumour. 

The data was downloaded, and then separated into two datasets: one containing data from patients 

under treatment and the other from patients without drug treatment information. For each of those 

datasets, patient’s data was stratified into two groups according to the mean of FBXW7 expression, and 

survival data from each group was plotted. A Cox regression, including tumour type as co-variable, was 

also performed. R version compatible with version 3.6.3 was employed for analysis and representation 

of data. 

 

4.3. Proteomics data analysis 

4.3.1. Mass spectrometry data analysis 

 Raw files were processed with MaxQuant (v1.6.0.16) using the standard settings against 

either mouse (UniProtKB/TrEMBL, 53,449 sequences) or human (UniProtKB/Swiss-Prot, 20,373 

sequences) protein databases supplemented with contaminants. Reporter ion MS2-based 

quantification was enabled for TMT 11-plex. Carbamidomethylation of cysteines was set as a fixed 

modification, whereas oxidation of methionines, deamidation of asparagines (only for DLD1 cells) and 

protein N-term acetylation was set as variable modifications. Minimal peptide length was set to 7 amino 

acids and a maximum of two tryptic missed-cleavages were allowed. Results were filtered at 0.01 FDR 

(peptide and protein level). Afterwards, the file was loaded in Prostar (Wieczorek et al., 2017) using the 

intensity values for further statistical analysis. Briefly, a global normalization of log2-transformed 

intensities across samples was performed using the LOESS function.  

Differential expression analysis was done using the empirical Bayes statistics limma. 

Proteins with a p-value < 0.05 and a log2 ratio higher than 0.27 (mESCs) or 0.3 (DLD1 cells) were 

defined as regulated. The FDR was estimated to be below 2% by Pounds. 

For the Gene Set Enrichment Analysis (GSEA) of the proteomics differential expression 

analysis results, the GSEA programme (v2.2.4.) was used. Pre-ranked Fold Change values list was 

used as an input. 

 

4.3.2. Cancer Cell Line Encyclopaedia (CCLE) proteomics analysis  

For the Cancer Cell Line Encyclopaedia (CCLE) proteomics analysis, data was extracted from 

the recently published work (Nusinow et al., 2020). 388 cancer cell lines were classified according to 

FBXW7 mutational and copy number variation status. Only cell lines harbouring coding, damaging, or 

non-conserving alterations in FBXW7 were labelled as mutated. Cell lines with an absolute copy number 

score of 0 for FBXW7 were also included. Differential expression analysis was carried out using 

limma (Ritchie et al., 2015) on normalized expression levels between mutated and WT cancer cell lines. 

Differentially expressed proteins were mapped to gene symbols by the Broad Institute. For analysis and 

representation, R version 3.6.1 was used. 

 

http://gda.unimore.it/
https://portals.broadinstitute.org/ctrp.v2.1/
https://xenabrowser.net/
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4.4. Connectivity Map (CMap) analysis 

4.4.1. CMap data analysis  

The CMap Touchstone clue.io tool (https://clue.io/) was used to extract perturbagens 

(compounds, CMap classes and the over-expression or knock-down of genes) with signatures to the 

PLX-4720 signature from the CMap data (Subramanian et al., 2017). Similarity scores were downloaded 

and results were sorted based on their scores and the type of perturbagen.  
 

4.4.2. Drug “Gene Set Enrichment Analysis” (GSEA) 

Gene Set Enrichment Analysis (GSEA) was adapted to enable enrichment analyses of 

"drug classes" based on their mechanism of action (MOA), for which the GSEA method implemented 

in the R package fgsea (Korotkevich et al., 2019) was used, adapted from two manuscripts (Sinha et 

al., 2020, Sanchez-Burgos et al., 2020). In brief, the similarity scores from the signatures associated to 

all the compounds were ranked, and the GSEA method was applied to the ranked list with “gene sets” 

for GSEA analysis, the “gene sets” being the sets of drugs of each class. The drug classes were based 

on the mechanisms of action (MOA), which was available in the annotation data included in CMap 

analysis in the “description” field. For the computational analysis, R version 3.6.3 was used, and a 

sample of the code used for a similar analysis can be obtained from https://github.com/Genomic-

Instability-Lab/An-in-silico-analysis-of-drugs-potentially-modulating-the-cytokine-storm-triggered-by-

SARS-CoV-2-inf.  

 

4.5. Other graphical representations and statistical analyses 

 For the rest of the graphical representations and statistical analyses GraphPad Prism 

version 7.04 was used, using the statistical comparisons indicated in the corresponding Figure Legends. 

 

 

 

 

 

 

 

 

 

 

 

https://clue.io/
https://github.com/Genomic-Instability-Lab/An-in-silico-analysis-of-drugs-potentially-modulating-the-cytokine-storm-triggered-by-SARS-CoV-2-inf
https://github.com/Genomic-Instability-Lab/An-in-silico-analysis-of-drugs-potentially-modulating-the-cytokine-storm-triggered-by-SARS-CoV-2-inf
https://github.com/Genomic-Instability-Lab/An-in-silico-analysis-of-drugs-potentially-modulating-the-cytokine-storm-triggered-by-SARS-CoV-2-inf
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1. IDENTIFICATION OF NOVEL MECHANISMS OF RESISTANCE TO GENOTOXIC 

THERAPIES THROUGH CRISPR-CAS9 SCREENS 

 The first goal of this Thesis was to conduct CRISPR-Cas9 genome-wide genetic screens, 

to explore resistance to two of the most widely used genotoxic agents; the nuclear DNA damaging agent 

cisplatin, and high-dose UV light. To this end, we employed loss-of-function libraries previously 

developed in mESCs (Ruiz et al., 2016). In brief (Figure 13), the mESCs-KO libraries were generated 

by infecting mESCs carrying a doxycycline-inducible Cas9 cells with a sgRNA-BFP library that contains 

87.897 sgRNAs targeting 20.000 murine genes (Koike-Yusa et al., 2014). After sorting for BFP+, cells 

were next treated for 10 days with doxycycline to induce Cas9-mediated mutations. These loss-of-

function libraries were used for the subsequent genome-wide screens, and some of the hits obtained 

from the cisplatin and UV screens, as well as other screens performed by other members of the lab for 

other antitumoural compounds, were further validated. 

 

 

Figure 13: Pipeline of CRISPR-Cas9 screens. Briefly, doxycycline-inducible mESCsCas9 were infected at a low multiplicity of 

infection (MOI 0.3) with a mouse library of sgRNAs (Koike-Yusa et al., 2014). The BFP of the lentiviruses that contain the library, 

enabled FACS sorting of the correctly infected cells. Doxycycline 2μg/ml was added for 10 days to induce Cas9 expression and 

generate mutant cells. The generated libraries (coming from two different mES clones) were used for the corresponding screens. 

5·106 cells were used per screen (50X library coverage) and exposed for around 10 days to test compounds at a dose at which 

no WT cell is able to survive. The resistant clones, if any, were then isolated and expanded, and the DNA fragments containing 

sgRNA sequences, were amplified by PCR and identified by Sanger sequencing. If more than 100 clones appeared, a pool of 

those resistant cells was taken and, following PCR amplification, sent for Illumina sequencing. 

  

1.1. CRISPR-Cas9 screens for mediators of cisplatin-resistance 

Cisplatin, serendipitously discovered as an antibacterial agent (Rosenberg et al., 1965, 

Rosenberg et al., 1969), is still one of the most routinely used chemotherapies in the clinic, approved 

for the treatment of a wide spectrum of solid tumours (Prestayko et al., 1979, Galluzzi et al., 2014). Yet, 

as for other chemotherapeutic agents, drug resistance prevents achieving curative responses. Many 

mechanisms of resistance to cisplatin are already known and include an increased DNA repair or 

tolerance to the drug-produced DNA lesions (mutations for example in ERCC1, MSH2, MLH1), 

defective execution of the cell death programme (mutations in TP53 or pro/anti-apoptotic genes); or 

others related to the drug influx/efflux, its metabolic inactivation or off-target effects (Galluzzi et al., 

2012, Galluzzi et al., 2014). Nevertheless, a complete understanding of all the mediators in cisplatin 

resistance is still lacking.  

Previous genome-wide screens in yeast (Burger et al., 2000, Wu et al., 2004, Lum et al., 

2004) or in mammalian cells using RNAi (Nijwening et al., 2011, Jin et al., 2018, Pan et al., 2019) helped 

to unravel novel cisplatin-resistance genes. Nonetheless, by the time we started the project, there were 

no reports of cisplatin-resistance CRISPR-Cas9 screens (although several papers were published later 

using this technology (Ko and Li, 2019, Ouyang et al., 2019, Stover et al., 2019, Goodspeed et al., 

2019, Xu et al., 2020, Olivieri et al., 2020, Hundley et al., 2021)). Hence, we aimed to characterise novel 

mutations involved in the resistance to this relevant antitumoural agent using our mESCs loss-of-

function libraries. 

We first defined the toxic dose of cisplatin in the doxycycline-inducible mES Cas9 clones by 

performing a clonogenic assay. We observed complete death of the cells at 1.5μM in one mutant library 

and at 1μM in an independent one (Annex Figure 1A). Nevertheless, we performed both screens at 

the same dose, 1.5μM, and, as there were more than 100 resistant clones, we expanded the pool of 

cells and identified their sgRNAs by Illumina sequencing. The top hit in the first library was Fbxw7, for 

which we also identified two different sgRNAs in the other library (Annex Table 6). The other genes 

that were identified in both libraries include Myh9, Fam115c, Bicd1 and Mlf1 (Annex Table 6). The top 
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hits in the other library were Gpr176, Pdcl and Tsc2 (Annex Table 6). Of note, we did not find any of 

previously-known cisplatin-resistant mediators, which we think that could be related to the cell line or 

dose of choice.  

As the first screen dose was not extremely restrictive, we conducted a second screen by using 

higher doses of cisplatin. This time, there were only 11 resistant clones per library, which allowed us to 

identify the sgRNAs per clone without next-generation sequencing. In the first library, we found only 

three sgRNAs, which were also found in the previous sub-lethal dose screen: Fbxw7, Myh9 and Ptpn2 

(Annex Table 7). In the other library we identified completely different hits (like Tbck, Ptgs1 or Glod4) 

except from Fbxw7, which was also present (Annex Table 7). Of note, in most cases, clones contained 

a combination of sgRNAs (Annex Table 7), difficulting the identification of the resistance-driving 

mutations.  

  

1.2. CRISPR-Cas9 screens for modulators of UV-light sensitivity 

The relationship between solar ultraviolet (UV) irradiation and skin cancers and ageing has 

been largely known (Epstein, 1983, IARC, 1992, Ley, 1993, de Gruijl and Forbes, 1995, Kraemer, 1997, 

Berwick et al., 2008, Weinberg, 2014, Leiter et al., 2020). UV-C (180–280nm) and UV-B (280–320nm) 

radiations, although almost completely absorbed by the atmosphere ozone layer, are highly mutagenic 

and can induce two of the most abundant DNA lesions: cyclobutyl pyrimidine dimers and 6–4 

photoproducts (Clingen et al., 1995, Yoon et al., 2000, Errol et al., 2006, Pfeifer et al., 2005). 

Nevertheless, a number of repair/tolerance mechanisms emerged during evolution to cope with this 

DNA damage. Indeed, photoreactivation, the process of repair of cyclobutyl pyrimidine dimers, is 

believed to be the first DNA repair mechanism that evolved in nature (Friedberg, 2008), being also the 

first to be discovered (Kelner, 1949, Dulbecco, 1949).  

The main components of the repair (nucleotide excision repair (NER) pathway) or signalling 

(ATR and CHK1) of UV lesions have already been vastly studied (Sinha and Häder, 2002, Errol et al., 

2006, Marteijn et al., 2014). However, more elements and pathways have been more recently related 

to UV responses such as NFκ-B, STAT3, AKT/mTOR, p38, MAPK, JNK, ERK, or ATM kinases (Lopez-

Camarillo et al., 2012, Strozyk and Kulms, 2013). In order to identify more factors of the UV-light 

response pathway, and maybe establish a link with cancer initiation or promotion, we performed an UV-

resistance CRISPR-Cas9 screen.  

Again, we took advantage of the loss-of-function libraries in mESCs. We established 25J/m2 of 

UV-C light as the lethal dose for both libraries (Annex Figure 1B). In this case, we sequenced the pool 

of one library resistant colonies, as there were more than 100; and we isolated and sequenced 25 

individual resistant clones from the other library. From both libraries the most relevant hits were Fbxw7 

and Ptpn2, as we identified 4 independent sgRNAs from each of them in both libraries (Annex Table 

8). There were some hits that we had identified also in the cisplatin screen (Ptgs1, Fam115c, Glod4, 

Myh9 or Tbck), but many were specific to the UV screen, like Apc, Gas6 or Ttc3 (Annex Table 8). We 

acknowledge that one of the drawbacks of this screen was the fact that we couldn’t discard that the 

resistant clones’ resistance aroused from mutations generated by UV-light itself. Therefore, we next 

aimed to validate the resistance of the two most interesting hits: Fbxw7 Results 1.4. and 2.1.) and 

Ptpn2 (Results 1.3.).  

 

1.3. Validation of CRISPR-Cas9 screens hits: Ptpn2 

 For the validation of Ptpn2 resistance to UV-light, we generated de novo knock-out (KO) 

clones in another mESC line (R1 cells) (Figure 14A) and exposed the cells to UV radiation. Three 

different Ptpn2 KO clones proved to be resistant to UV (Figure 14B). We also confirmed that they were 

moderately resistant to cisplatin (Figure 14C), as it was also a hit in that screen. Nevertheless, we did 

not explore further, as the role of T-cell protein tyrosine phosphatase (TC-PTP) (encoded by Ptpn2) in 

UV-light signalling pathways and cancer initiation and promotion, through negative regulation of STAT3 

and AKT, has already been deeply studied (Kim et al., 2010, Kim et al., 2017b, Lee et al., 2015, Lee et 

al., 2017a).  
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Figure 14: Validation of Ptpn2 KO in resistance to UV. (A) Western Blot illustrating Ptpn2 KO in R1 mESCs generated using 

CRISPR-Cas9. MCM7 levels are shown as a loading control. (B) Clonogenic assay of R1 mESCs WT or KO for Ptpn2 cells 

exposed to 0 or 10 J/m2 UV-C. Experiment was repeated three times, and a representative example is shown. (C) Normalized 

viability of R1 mES WT (in green) and R1 mES Ptpn2 KO clones (in blue) upon cisplatin treatment. Cell viability was measured 

using CellTiter-Glo® Luminescent Cell Viability Assay. Error bars indicate SD (two technical replicates). 

 

1.4. Identification of Fbxw7 as a recurrent hit in CRISPR-Cas9 screens 

Besides the cisplatin and UV-light screens performed by me, other members of the lab 

performed additional screens for resistance to another three cytotoxic compounds: the precursor of 

the microtubule poison paclitaxel, 10-Desacetylbaccatin III (DAB-III); another microtubule destabilizing 

agent with indirect actions in RAS signalling (Ritt et al., 2016, Jost et al., 2020), rigosertib; and an 

unpublished cancer stem cell inhibitor (CSCi). Surprisingly, we observed that Fbxw7, a substrate 

recognition component of an E3 ubiquitin-protein ligase complex, was a recurrent and frequent hit in all 

of these CRISPR-screens (Figure 15). For example, in one of our cisplatin screens, 8 out of 11 clones 

were carrying one independent Fbxw7-targeting sgRNAs (Figure 15A), and from one to four 

independent Fbxw7-targeting sgRNAs appeared at high rates in the other screens (Figure 15A-B).  

At first, we considered the possibility of having a contamination of the Fbxw7 sgRNA DNA in 

the lab. Nevertheless, we discarded that option, as Fbxw7 targeting sgRNAs were not detected in gain-

of-function genetic screens that were performed in the lab at the same time (data not shown). Fbxw7 

was therefore a bona-fide specific hit of loss-of-function screens. That, together with the known 

role of FBXW7 deletions in cancer as a tumour suppressor and drug resistance to several individual 

compounds (Figure 8 and Annex Table 4), led us to hypothesise that FBXW7 mutations could be a 

multi-drug resistance related event. Thus, we next centred our efforts in testing that hypothesis and 

trying to understand the role of FBXW7 mutations in multi-drug resistance. 

 

Figure 15: Fbxw7 as a recurrent hit in CRISPR-Cas9 screens. (A) Number of clones carrying Fbxw7-targeting sgRNAs in 

cisplatin, DAB-III, rigosertib, CSCi and UV screens per library. Number of clones carrying Fbxw7-targeting sgRNAs is indicated 

per library and compound screen. The number of different Fbxw7-sgRNAs found in the screen is indicated inside parentheses. 

(B) Fbxw7-targeting sgRNAs identified by Illumina sequencing of the pool of cells from cisplatin libraries and from one of the UV 

screen libraries. The number of the different Fbxw7-sgRNAs found in the screens are indicated inside parentheses as well as the 

number of reads and the position that the sgRNAs occupied in the rank of the screen. * Fbxw7-sgRNA sequences are indicated. 
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2. FBXW7 DEFICIENCY AS A MULTI-DRUG RESISTANCE AND POOR PROGNOSIS 

MARKER IN CANCER 

2.1. Fbxw7 deletion is associated with multi-drug resistance  

FBXW7 is among the top 10 most mutated genes in cancer (Lawrence et al., 2013). 

Surprisingly, it has never been studied as deeply as other relevant genes like TP53, RAS or MYC. What 

is more, even if there has been multiple reports linking FBXW7 mutations to resistance to several 

anticancer compounds (Figure 8 and Annex Table 4), their potential impact in multi-drug resistance 

has never been specifically examined. 

  

2.1.1. Loss of Fbxw7 is associated to multi-drug resistance in mESCs 

To validate our hypothesis that Fbxw7 deficiency leads to resistance to multiple compounds, 

we generated de novo Fbxw7 knock-out (KO) clones in a mESCs line (R1 cells) using CRISPR-sgRNAs 

(Figure 16A) and compared the resistance of these cells to several drugs to wild-type (WT) cells 

infected with an empty vector. For a better comparison of drug response, Fbxw7 WT and KO cells were 

infected with lentiviruses encoding for enhanced green fluorescent protein (eGFP) and Ruby3 red 

fluorescent protein, respectively. This two-colour cell-labelling approach, used by other authors 

(Vanneste et al., 2019, Olbrich et al., 2019), despite not providing a numeric measure of viability for 

each compound, allows to rapidly explore survival of specific resistant populations by flow cytometry. 

Alongside, WTeGFP and Fbxw7-KORuby3 cells were mixed together at a ratio around 3:1 and treated with 

nearly-toxic doses of different drugs already described to generate resistance in FBXW7 KO cells: 

paclitaxel (Wertz et al., 2011, Inuzuka et al., 2011, Yokobori et al., 2014, Gasca et al., 2016, Ishii et al., 

2017), oxaliplatin (Li et al., 2015b, Fang et al., 2015), 5-FU (Li et al., 2019, Lorenzi et al., 2016), and 

doxorubicin (Yu et al., 2014, Li et al., 2016, Ding et al., 2018) (Figure 16B).  

Consistent with the previous reports, flow cytometry analyses of these cultures after 48h 

revealed a significant increase in the percentage of Fbxw7-KORuby3 cells treated with the drugs 

(Figure 16C). In contrast, GFP-Ruby3 ratios remained unaltered in DMSO treated cultures (Figure 

16C).  

To get a better idea of the extent of the potential multi-drug resistance in Fbxw7-KO cells, we 

further tested a FDA-approved drug library of 114 antitumoural compounds and analysed the cell 

population percentage changes by high-throughput flow cytometry after 48h. At the dose tested (5μM), 

only some drugs presented a substantial decrease in viability (Figure 16D). Interestingly, compounds 

to which Fbxw7 KO were significantly more resistant than the WT cells (Figure 16E), corresponded to 

the drugs that had the bigger impact in cell viability (Figure 16D), meaning that depletion of Fbxw7 

provided resistance to all antitumoural agents that have a toxic effect in mESCs. 
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Figure 16: Fbxw7 deficiency generates multi-drug resistance in mESCs. (A) Western Blot illustrating the KO of Fbxw7 in R1 

mESCs generated using CRISPR-Cas9. ß-ACTIN levels are shown as a loading control. (B) Two-colour experiment flowchart. 

Fbxw7 WT and KO cells were infected with lentiviruses encoding for enhanced green fluorescent protein (eGFP) and Ruby3 red 

fluorescent protein, respectively, and mixed together at a ratio around 3:1 and treated with nearly-toxic doses of different drugs. 

After several days, FACS analyses of these cultures were performed. (C) Cell percentages of eGFP+ R1 WT cells and Ruby3+ 

R1 Fbxw7 KO cells after 48h treated with DMSO (control), paclitaxel (30nM), oxaliplatin (750nM), 5-FU (2μM) and doxorubicin 

(25nM). The culture started with 3:1 ratio of WTeGFP and Fbxw7-KORuby3 respectively. The experiment was repeated three times 

and a representative example is shown. Error bars indicate SD (two technical replicates). n.s. p>0.05, *p<0.05, **p<0.01, 

***p<0.001 (t-test). (D) Representation of the percentage of cell viability versus cell percentage of Ruby3+ R1 Fbxw7 KO cells 

after 48h treated with 5 μM of a FDA-approved drug library of 114 antitumoural compounds. DMSO was used a control. The 

culture started with 3:1 ratio of WTeGFP and Fbxw7-KORuby3 respectively. Error bars indicate SD (two technical replicates). (E) Cell 

percentages of eGFP+ R1 WT cells and Ruby3+ R1 Fbxw7 KO cells from the experiment in (D). Only the 44 significative 

compounds are displayed. DMSO was used as control. Error bars indicate SD (two technical replicates, except for DMSO with 

more technical replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). 
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2.1.2. FBXW7 deficiency is associated with multi-drug resistance in human cancer cell lines  

Given the impact of Fbxw7 deletion in mESCs, we next evaluated whether FBXW7-deficient 

human cancer cells presented a similar phenotype. To this end, we generated FBXW7 knock-out (KO) 

cells in DLD1 colorectal cancer cell line (Figure 17A), as this is one of the cancer types where FBXW7 

is most frequently mutated (Figure 6), and DLD1 cell line has been largely used to explore FBXW7 

biology (Wertz et al., 2011, Davis et al., 2018, Li et al., 2019). FBXW7 WT and KO clones were exposed 

to several drugs with different mechanisms of action: microtubule poisons (paclitaxel and vincristine), a 

DNA intercalating agent (doxorubicin), different nucleotide synthesis inhibitors or antimetabolites 

(hydroxyurea (HU), gemcitabine and Fluorouracil (5-FU)), and inhibitors of MEK1/2 (trametinib), Polo-

like kinase 1 (PLK1i BI2536), NEDD8-ubiquination (pevonedistat or MLN4924), and mTOR 

(rapamycin). After 72h, we quantified cell viability by counting nuclei by High Throughput Microscopy. 

Both FBXW7 KO clones presented significant resistance to all the tested compounds (Figure 17B). 

Hence, FBXW7 deficiency is associated with a multi-drug resistance phenotype in the colorectal human 

cancer cell line DLD1.  

Next, we explored different publicly available bioinformatics resources to gain more insights 

into the extent of the multi-drug resistance phenotype of FBXW7-deficient cancer cells. First, we 

analysed the profile of drug responses of FBXW7-mutant cancer cell lines using data coming from the 

US National Cancer Institute 60 human tumour cell line anticancer drug screen (NCI60) and the Cancer 

Cell Line Encyclopaedia (CCLE). These databases were constructed by exposing hundreds of human 

cancer cell lines to large collections of compounds and combining that information with the cell lines 

mutational data (Alley et al., 1988, Barretina et al., 2012). More recently, additional layers of information 

such as transcriptomics, proteomics or metabolomics of these cell lines have been added to these 

efforts to elaborate a bigger picture of genetic variants, candidate targets, potential therapeutics, and 

new cancer dependencies (Su et al., 2011, Ghandi et al., 2019, Nusinow et al., 2020). Analysing these 

datasets for the drug response of FBXW7-mutant cells, we found that FBXW7-mutant cell lines 

displayed drug resistance for most of the drugs (Figure 17C-D). Noteworthy, the multi-drug resistance 

phenotype of FBXW7-mutant cells was even more pronounced that the one associated with the 

canonical multi-drug resistance gene ABCB1 (Figure 17C).  

In an independent approach, we also took advantage of the Cancer Therapeutics Response 

Portal (CTRP) data. Similar to the previous datasets, this portal links different cellular features like gene 

expression of cancer cell lines to drug sensitivity (Basu et al., 2013, Seashore-Ludlow et al., 2015, Rees 

et al., 2016). Drug response is represented in this case by its Area Under the Curve (AUC), which is 

positively correlated with the IC50 of the drug and inversely related to the response. The lineal model 

analysis between FBXW7 expression and the AUC of hundreds of therapeutic compounds revealed a 

significant negative correlation for most of the drugs (Figure 17E). That implied that for the 379 

compounds with negative coefficient, the lower the expression of FBXW7, the higher the AUC and the 

resistance to the compound was (Figure 17E). Only 14 compounds showed an opposite effect, in which 

low levels of FBXW7 correlated with sensitivity (Figure 17E). In conclusion, the use of three different 

human cancer cell line databases revealed the existence of a correlation between FBXW7 mutations 

and multi-drug resistance in cancer. 
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Figure 17: FBXW7 deficiency is associated with multi-drug resistance in human cancer cell lines. (A) Western Blot 

illustrating the KO of FBXW7 in DLD1 cells generated using CRISPR-Cas9. ß-ACTIN levels are shown as a loading control. (B) 

Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO clones (in red) upon different drug treatments: DMSO (control), 

EtOH (control for rapamycin), paclitaxel (40nM), vincristine (10nM), doxorubicin (25nM), hydroxyurea (HU, 75μM), gemcitabine 

(10nM), Fluorouracil (5-FU, 10μM), trametinib (5μM), BI2536 (PLK1i, 10nM), pevonedistat (200nM) and rapamycin (10μM). DAPI 

staining was performed to count nuclei by high-throughput microscopy. Error bars indicate SD (n=3, three independent 

experiments, with two technical replicates per experiment). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). (C) Profile of the 

drug response of FBXW7 and ABCB1-mutant cancer cell lines from the NCI60. Each line represents a compound. (D) Profile of 

the drug response of FBXW7-mutant cancer cell lines from the CCLE. Each line represents a compound. (E) Representation of 

the coefficients resulting from the lineal model analysis between FBXW7 expression and the AUC of multiple therapeutic 

compounds in cell lines of the CTRP. Each line represents a compound. Positive coefficients relate to sensitivity of FBXW7low 

cells to the compound; negative, to resistance to the compound.  

 

2.1.3. FBXW7 deficiency is associated with poor therapy response in cancer patients 

Additionally, we investigated if the resistance to therapies caused by FBXW7 deficiency could 

have some relevance in cancer patients. To address this question, we mined the UCSC XenaBrowser 

(https://xenabrowser.net/) GDC Pan-Cancer database, which contains patients’ survival data, treatment 

information, and their tumours’ gene expression values. These data were first stratified by treatment 

(patients under treatment and patients without drug treatment information) and, then, according to their 

FBXW7 expression’s mean to finally plot survival data. The analysis revealed that for patients for whom 

there was not drug information, prognosis was independent of FBXW7 levels (Figure 18A). However, 

for patients under any type of therapy, there was a significative reduction of survival when FBXW7 

tumour levels were low (Figure 18B). Altogether, we propose that FBXW7 deficiency could be used in 

medical practice as a biomarker of therapy response in cancer patients. 

https://xenabrowser.net/
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Figure 18: FBXW7 deficiency is a poor prognosis marker in cancer. (A,B) Patient survival probability of cancer patients 

without drug information (A) and under any therapy (B), stratified by FBXW7 mRNA levels (low in blue, high in red). Data comes 

from GDC Pan-Cancer study available at Xenabrowser. N indicates number of patients. n.s. p>0.05, *p<0.05, **p<0.01, 

***p<0.001. After Cox regression taking tumoural type as covariable, coef = -1.22 and p = 0.0508 for (B). 

 

2.2. Mechanisms of therapy resistance driven by FBXW7-deficiency  

2.2.1. MCL1 

Previous works indicated that the accumulation of the anti-apoptotic factor MCL1 was 

responsible for the resistance of FBXW7-deficient cells to certain agents like vincristine, taxol, 

nocodazole, etoposide, and the BCL2 inhibitor ABT-737 (Wertz et al., 2011, Inuzuka et al., 2011), and 

later expanded to many other compounds (Figure 8 and Annex Table 4). In this context, we wondered 

if the accumulation of MCL1 was behind the multi-drug resistance phenotype unravelled by this work. 

However, deletion of MCL1 in FBXW7-deficient DLD1 cells (Figure 19A) was not sufficient to rescue 

their resistance to several compounds (Figure 19B). For instance, the resistance to HU, gemcitabine, 

5-FU, trametinib, PLKi and rapamycin resistance were MCL1-independent (Figure 19B). On the other 

hand, the resistance of FBXW7-deficient DLD1 cells to paclitaxel, vincristine, doxorubicin and 

pevonedistat was significantly reduced upon MCL1 deletion (Figure 19B). Indeed, the resistance 

phenotype to clinically relevant agents like doxorubicin was completely ablated in MCL1-deficient cells 

(Figure 19B). Of note, WT cells depleted for MCL1 also displayed a significantly reduced viability to 

paclitaxel, vincristine, doxorubicin and pevonedistat, arguing that this sensitization phenomenon is 

independent of FBXW7 (Figure 19C).  

 

2.2.2. ABCB1 

We next wondered whether the multi-drug resistance phenotype of FBXW7-deficient cells was 

caused by the upregulation of an already described multi-drug resistance mechanism such as the 

increased expression or activity of ABCB1 (Kartner et al., 1983a, Kartner et al., 1983b), which 

promotes the expulsion out of the cell of various hydrophobic compounds, including major cancer 

chemotherapeutics such as taxanes, topoisomerase inhibitors and antimetabolites (Hodges et al., 2011, 

Wolking et al., 2015). Moreover, ABCB1 was described to be upregulated in FBXW7-mutant cells in a 

very recent report (Mun et al., 2020).  

Consistent with the recent report, DLD1 FBXW7-depleted cells upregulated ABCB1 (Figure 

20A). Moreover, ABCB1 deletion completely rescued the resistant phenotype of FBXW7-deficient cells 

to paclitaxel, vincristine, doxorubicin, PLK1i and pevonedistat (Figure 20B), reducing viability even 

more than that of WT cells. As a matter of fact, ABCB1 deletion was per se a sensitiser to these 

compounds, regardless of the FBXW7 mutational status (Figure 20C). Interestingly, there was a 

reduction in viability upon rapamycin treatment in double FBXW7 ABCB1 KO cells (Figure 20B), that 

was not seen in FBXW7 WT ABCB1 KO cells (Figure 20C). For the rest of the tested compounds, the 

resistance was ABCB1-independent (Figure 20B). These results are concordant to what we reported 
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previously in Figure 17. Namely, that the resistance profile of FBXW7-mutant cells is even more 

profound than that of ABCB1-mutant tumours. That is explained by the fact that, in addition to 

upregulating ABCB1, FBXW7-mutant cells present additional mechanisms that further increase their 

resistance to anticancer agents.  

 

 

 

Figure 19: MCL1 deletion overcomes the resistance of FBXW7 KO cells to some, but not all, compounds. (A) Western 

Blot illustrating the KO of MCL1 in DLD1 FBXW7 WT and KO cells generated using CRISPR-Cas9. TUBULIN levels are shown 

as a loading control. (B) Normalized viability of DLD1 WT (in green), DLD1 FBXW7 KO (in red) and DLD1 FBXW7 MCL1 KO (in 

blue) cells upon different drug treatments: DMSO (control), EtOH (control for rapamycin), paclitaxel (40nM), vincristine (10nM), 

doxorubicin (25nM), hydroxyurea (HU, 75μM), gemcitabine (10nM), Fluorouracil (5-FU, 10μM), trametinib (5μM), BI2536 (PLK1i, 

10nM), pevonedistat (200nM) and rapamycin (10μM). DAPI staining was performed to count nuclei by high-throughput 

microscopy. Error bars indicate SD (n=3, three independent experiments, with two technical replicates per experiment). The 

experiment was performed in another DLD1 FBXW7 MCL1 KO clone with similar results. T-test comparisons for each drug versus 

DLD1 WT: n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001. T-test comparisons for each drug of DLD1 FBXW7 KO and DLD1 FBXW7 

MCL1 KOs: n.s. p>0.05, #p<0.05, ##p<0.01, ###p<0.001. (C) Normalized viability of DLD1 WT (in green) and DLD1 MCL1 KO 

(in blue) cells upon different drug treatments: DMSO (control), paclitaxel (40nM), vincristine (10nM), doxorubicin (25nM) and 

pevonedistat (200nM). DAPI staining was performed to count nuclei by high-throughput microscopy. Error bars indicate SD (n=3, 

three independent experiments, with two technical replicates per experiment). The experiment was performed in another DLD1 

MCL1 KO clone with similar results. n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). 
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Figure 20: ABCB1 deletion overcomes the resistance of FBXW7 KO cells to some, but not all, compounds. (A) Western 

Blot illustrating the KO of ABCB1 in DLD1 FBXW7 WT and KO cells generated using CRISPR-Cas9. TUBULIN levels are shown 

as a loading control. (B) Normalized viability of DLD1 WT (in green), DLD1 FBXW7 KO (in red) and DLD1 FBXW7 ABCB1 KO 

(in blue) cells upon different drug treatments: DMSO (control), EtOH (control for rapamycin), paclitaxel (40nM), vincristine (10nM), 

doxorubicin (25nM), hydroxyurea (HU, 75μM), gemcitabine (10nM), Fluorouracil (5-FU, 10μM), trametinib (5μM), BI2536 (PLK1i, 

10nM), pevonedistat (200nM) and rapamycin (10μM). DAPI staining was performed to count nuclei by high-throughput 

microscopy. Error bars indicate SD (n=3, three independent experiments, with two technical replicates per experiment). The 

experiment was performed in another DLD1 FBXW7 ABCB1 KO clone with similar results. T-test comparisons for each drug 

versus DLD1 WT: n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001. T-test comparisons for each drug of DLD1 FBXW7 KO and DLD1 

FBXW7 ABCB1 KOs: n.s. p>0.05, #p<0.05, ##p<0.01, ###p<0.001. (C) Normalized viability of DLD1 WT (in green) and DLD1 

ABCB1 KO (in blue) cells upon different drug treatments: DMSO (control), EtOH (control for rapamycin), paclitaxel (40nM), 

vincristine (10nM), doxorubicin (25nM), BI2536 (PLK1i, 10nM), pevonedistat (200nM) and rapamycin (10μM). DAPI staining was 

performed to count nuclei by high-throughput microscopy. Error bars indicate SD (n=3, three independent experiments, with two 

technical replicates per experiment). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). 

 

Given that neither MCL1 or ABCB1 dysregulation can explain the MDR phenotype of 

FBXW7-deficient cells, we next decided to investigate into more general potential phenotypes that could 

explain this phenomenon and, hopefully, to offer additional opportunities for selectively targeting 

FBXW7-deficient cells. 
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3. PROTEOMIC APPROACHES IDENTIFIED MITOCHONDRIAL TRANSLATION AND 

OTHER MITOCHONDRIAL PROCESSES AS A VULNERABILITY FOR FBXW7-DEFICIENT 

CELLS  

3.1. Proteomic comparison between FBXW7-mutated and WT cells revealed an 

upregulation of mitochondrial processes in FBXW7-deficient cells 

In order to have an overview of the pathways that are dysregulated in FBXW7-deficient cells, 

we performed proteomic comparisons between FBXW7 WT and KO DLD1 and mESCs.  

First, we had a general overview of the proteomic analysis of DLD1 cells, which showed 

significant differences in 731 and 371 proteins that were down or upregulated, respectively (Figure 

21A, Annex Table 9). As expected, we observed multiple known substrates of FBXW7 to be 

upregulated in FBXW7 KO DLD1 cells including DAB2IP, CCNE1, MYC, TGIF1, KLF13, KLF10, KLF5, 

or MED13 (Figure 21B, Annex Table 9, Annex Table 3). 

 

Figure 21: A proteomic comparison between FBXW7 KO and WT cells revealed an upregulation of known FBXW7 

substrates. (A) Vulcano plot representing the number in proteins downregulated (731, 8%, in green) and upregulated (371, 4.1%, 

in red) in DLD1 FBXW7 KO versus WT cells. A protein was considered downregulated or upregulated if p-value<0.05 (FDR<5%) 

and log2FC>0.3 or <-0.3. (B) Representation of the log2FC values of the proteomic comparisons between Fbxw7/FBXW7 KO and 

WT mES R1 and DLD1 cells. Known FBXW7 substrates are marked in red. 
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Figure 22: A proteomic comparison between FBXW7 KO and WT cells revealed an upregulation mitochondrial 

processes. (A) GSEA top enriched processes in DLD1 FBXW7 KO cells. Gene ontology (GO) terms; normalized enrichment 

score (NES); and False discovery rate (FDR) q-value are shown. Mitochondrial specific processes are highlighted in yellow, 

mitochondrial and cytosolic processes in green. Analysis performed using the data coming from the proteomic comparison 

between DLD1 FBXW7 KO and DLD1 WT cells. (B) Enrichment plots of the gene ontology terms mitochondrial gene expression 

and mitochondrial translation from (A). (C) GSEA top enriched processes in mESCs R1 Fbxw7 KO cells. Reactome and Hallmark 

terms; normalized enrichment score (NES); and False discovery rate (FDR) q-value are shown. Mitochondrial specific processes 

are highlighted in yellow. Analysis performed using the data coming from the proteomic comparison between mESCs R1 Fbxw7 

KO and mES R1 WT cells. (D) Enrichment plot of the Hallmark term oxidative phosphorylation from (C). (E) Representation of 

the log2FC values of the proteomic comparisons between Fbxw7/FBXW7 KO and WT mESCs R1 and DLD1 cells. Mitochondrial 

proteins are marked in red. 
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Nevertheless, and besides effects in specific genes, we were more interested in performing 

more general pathway analyses of the proteomics comparisons. Interestingly, Gene Set Enrichment 

Analysis (GSEA) analysis of the data revealed that most of the pathways enriched in DLD1 FBXW7 KO 

cells were related to mitochondria processes, such as mitochondrial translation and gene expression, 

or the assembly of respiratory complexes, among others (Figure 22A-B). Similarly, Fbxw7 KO mESC 

were also found to be enriched in mitochondrial processes, such as oxidative phosphorylation or 

respiratory electron chain (Figure 22C-D). Of note, the enrichment for mitochondrial processes in 

mESC was not as dramatic as in DLD1 cells, where almost all mitochondrial proteins were found to be 

upregulated in FBXW7 KO cells (Figure 22E). 

 

Figure 23: A proteomic comparison between FBXW7-mutant and WT cells across CCLE 338 cancer cell lines revealed 

an upregulation of mitochondrial proteins. (A) Differential expression analysis between FBXW7-mutated and WT cancer cell 

lines from the Cancer Cell Line Encyclopaedia (CCLE, 338 cell lines). Upregulated proteins in FBXW7 mutated cell lines are 

displayed. Mitochondrial specific proteins are highlighted in yellow, proteins with both mitochondrial and cytosolic localisation, in 

green. Cell lines were ordered by mutational status and also for lineage. 

 

To perform a more comprehensive analysis of the potential proteomic alterations that might 

exist in FBXW7-deficient tumours we next performed a meta-analysis of proteomic data from the 

Cancer Cell Line Encyclopaedia (CCLE), which contains proteomic data from 338 cancer cell lines 

(Nusinow et al., 2020). Differential expression analysis between FBXW7-mutant and WT cell lines 

revealed that most of the upregulated proteins in mutant cells were related to energetic metabolism and 

mitochondrial protein import (Figure 23A). Among the upregulated proteins we found ATP5I, ATP5O 

and ATPAF1 (Figure 23A), part of the mitochondrial complex V, and which were also upregulated in 

our proteomics, as well as MRPL1. In conclusion, all of our proteomic analyses converge in identifying 

an upregulation of mitochondrial processes as a common feature of FBXW7-mutant cells. 

 

3.2. Mitochondrial translation and other mitochondrial processes are upregulated in 

FBXW7-deficient cells  

 Next, we aimed to validate the upregulation of mitochondrial translation proteins seen in 

the proteomic analyses. Western blot analysis revealed that DLD1 FBXW7 KO cells presented higher 

levels of POLMRT, the mitochondrial RNA polymerase, and MRPL12, a mitochondrial ribosomal 

protein, compared to their WT counterparts (Figure 24A). Similar results were obtained for OXPHOS 

complexes, particularly for complex II and IV (Figure 24B).  

We then questioned if the upregulation on mitochondrial proteins was due to an increment on 

the mitochondrial mass. The most usual way to quantify mitochondrial mass is to stain cells with 

mitochondrial dyes such as Mitotrackers. Unfortunately, cells overexpressing ABCB1 are known to 

expulse mitochondrial dyes (Marques-Santos et al., 2003), and since ABCB1 is upregulated in FBXW7 

KO cells, we switched to a different methodology. qPCR measurement of mtDNA-encoded genes 

revealed similar amounts between FBXW7 WT and KO cells (Figure 25A). Additionally, the use of a 

stable marker of mitochondria as the citrate synthetase, revealed similar amount of this protein by 
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Western Blot analyses (Figure 25B). Immunostainings of mitochondria with the same antibody revealed 

a slight reduction in the number of mitochondria in DLD1 FBXW7-deficient cells (Figure 25C). In 

contrast, FBXW7 loss was associated with an increase of the mitochondrial volume, which was due to 

a higher frequency of mitochondrial fusion events (Figure 25D-E). 

Among the factors that may be involved in the increase of mitochondrial activity of tumours 

cells, C-MYC overexpression has emerged as one of the main regulators (Morrish and Hockenbery, 

2014). The transcription factor C-MYC stimulates nuclearly encoded mitochondrial genes and 

mitochondrial biogenesis (Li et al., 2005), triggering the activation of a general mitochondrial programme 

in the cell. Noteworthy, C-MYC was one of the main upregulated proteins in both of our proteomic 

analyses of FBXW7-deficient mESC and DLD1 cells, consistent which its description as a FBXW7 target 

(Welcker et al., 2004b, Yada et al., 2004) (Figure 21B, Annex Table 3). Western Blot analyses 

validated the observation that C-MYC was overexpressed in DLD1 FBXW7-deficient cells (Figure 26A). 

Moreover, C-MYC downregulation with siRNAs in FBXW7 KO DLD1 cells (Figure 26B), led to the 

downregulation of several mitochondrial translation factors that were overexpressed in FBXW7 KO cells 

(POLRMT, TUFM elongation factor, and MRPL12) (Figure 26C).  

Together, these results indicate that FBXW7-deficient cells present a general increase in 

mitochondrial translation, which is due to a large extent dependent on the accumulation of C-MYC. 

 

 

Figure 24: FBXW7-deleted cells present an upregulation of mitochondrial translation and OXPHOS complexes proteins. 

(A,B) Western Blot showing (A) POLRMT and MRPL12 protein levels, and (B) OXPHOS complexes protein levels in DLD1 WT 

and FBXW7 KO cells and its quantification. CDK2 and GAPDH levels are shown as loading controls. Error bars indicate SD (n=2, 

two biological replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test).  
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Figure 25: Mitochondrial mass is independent of FBXW7 status, but FBXW7-deleted cells present more fusion events. 

(A) Mitochondrial DNA relative fold-change in DLD1 WT and FBXW7 KO cells. ND1 mitochondrial-expressed gene levels were 

measured by qPCR, and were normalized against the levels of GAPDH nuclearly-encoded gene (2^-ΔΔCt (FC)). Error bars 

indicate SD (n=3, three independent experiments, with three technical replicates per experiment). n.s. p>0.05, *p<0.05, **p<0.01, 

***p<0.001 (t-test). (B) Western Blot showing CS protein levels in DLD1 WT and FBXW7 KO cells and its quantification. MCM7 

levels are shown as a loading control. Error bars indicate SD (n=2, two biological replicates). n.s. p>0.05, *p<0.05, **p<0.01, 

***p<0.001 (t-test). (C) Intensity density and mitochondrial mass per cell in DLD1 WT and FBXW7 KO cells. DAPI staining was 

performed to count nuclei, and CS to mark and quantify mitochondrial features by confocal microscopy. Error bars indicate SD 

(six technical replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). Arbitrary units (a.u.) (D) Mitochondrial volume in 

DLD1 WT and DLD1 FBXW7 KO cells. DAPI staining was performed to count nuclei, and CS to mark and quantify mitochondrial 

features by confocal microscopy. Error bars indicate SD (six technical replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-

test). Arbitrary units (a.u.). (E) Representative images from (C) and (D), DLD1 WT and DLD1 FBXW7 KO cells. DAPI staining 

was performed to count nuclei, and CS to mark and quantify mitochondrial features by confocal microscopy. Scale bar = 10μm. 
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Figure 26: C-MYC overexpression is involved in the upregulation of mitochondrial translation in FBXW7 KO cells. (A) 

Western Blot showing C-MYC protein levels in DLD1 WT and FBXW7 KO cells and its quantification. CDK2 levels are shown as 

a loading control. Error bars indicate SD (n=2, two biological replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). (B) 

Western Blot showing C-MYC protein levels in DLD1 WT, FBXW7 KO and FBXW7 KO + siMYC cells, and its quantification. 

CDK2 levels are shown as a loading control. (C) Western Blot showing POLRMT, TUFM, and MRPL12 protein levels in DLD1 

WT, FBXW7 KO and FBXW7 KO + siMYC cells and its quantification. CDK2 levels are shown as a loading control.  

 

3.3. Targeting mitochondrial activity is selectively toxic for FBXW7-deficient cells 

3.3.1. Genetic and pharmacological inhibition of mitochondrial activity 

The mitochondrial ribosome has emerged as a promising vulnerability in C-MYC-

overexpressing tumours (D’Andrea et al., 2016, Oran et al., 2016, Ravà et al., 2018). Given the role of 

C-MYC overexpression and its associated increase in mitochondrial translation in FBXW7-deficient 

cells (Figure 26), we reasoned that, similarly to what is seen in MYC-overexpressing tumours, FBXW7-

deficient tumours may also be sensitive to mitochondrial translation inhibition. In this regard, antibiotics 

that interfere with bacterial protein synthesis have the potential to inhibit mitochondrial translation due 

to conserved evolutionary similarities between bacterial and mitochondrial ribosomes. Consistently, 

previous work from several groups has opened the window to repurpose certain antibiotic families 

targeting the bacterial ribosomes such as tetracyclines, glycylcyclines, oxazolidinones and 

chloramphenicol for cancer therapy (D’Andrea et al., 2016, Oran et al., 2016, Ravà et al., 2018, Sheth 

et al., 2014, Jia et al., 2016, Lamb et al., 2015, Sharon et al., 2019, Skrtic et al., 2011).  

In this context, we decided to evaluate the sensitivity of FBXW7-deficient cells to several 

antibiotics including two tetracyclines (doxycycline and minocycline), chloramphenicol, one 

oxazolidinone (tedizolid), and one glycylcycline (tigecycline). Among the different antibiotics tested to 

abrogate mitochondrial translation, the use of the glycylglycine antibiotic tigecycline proved to be the 

most efficient, as other authors had also previously reported (D’Andrea et al., 2016, Skrtic et al., 2011). 

Flow cytometry analysis of cell mixtures of DLD1 WTeGFP and FBXW7-KORuby3 mixed at 1:3 ratios 

showed a significant decrease of the FBXW7-KORuby3 cell percentage after 72 hours of tigecycline 
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treatment, even at low doses (Figure 27A-B). A milder, but significant, decrease in the population of 

FBXW7-deficient cells was also observed with the other antibiotics (Figure 27A-B), an effect that 

became significant at high doses and longer times for chloramphenicol and tedizolid (Figure 27C). An 

independent evaluation of the effect of the antibiotics on FBXW7-deficient cells made by quantifying 

nuclei counts by high-content microscopy yielded similar results. Once again, tigecycline showed to 

have a dose-dependent selective toxicity for DLD1 FBXW7 KO cells (Figure 27D). Furthermore, 

tigecycline was also preferentially toxic for FBXW7-deficient cells in clonogenic survival assays (Figure 

27E).   

 

Figure 27: Interference of mitochondrial translation with tigecycline and other compounds is selectively lethal in FBXW7-

deleted cells. (A) Normalized cell percentages of Ruby3+ DLD1 FBXW7 KO cells after 72h treatment with different doses of 

doxycycline, minocycline, chloramphenicol, tedizolid and tigecycline. Each compound percentages were normalized to its control: 

water (doxycycline, minocycline), ethanol (chloramphenicol) and DMSO (tedizolid and tigecycline). Control is represented as a 

dotted line, equal for all compounds after the normalization. The culture started with 1:3 ratios of WTeGFP and FBXW7-KORuby3 

respectively. The experiment was repeated three times and in another DLD1 FBXW7 KO clone, and a representative example is 

shown. Error bars indicate SD (two technical replicates). (B) Normalized cell percentages of eGFP+ DLD1 WT cells and Ruby3+ 

DLD1 FBXW7 KO cells from (A) treated with 50μM of each compound. Error bars indicate SD (two technical replicates). n.s. 

p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). (C) Normalized cell percentages of eGFP+ DLD1 WT cells and Ruby3+ DLD1 

FBXW7 KO cells after treatment for 7 days with chloramphenicol (500μM) and tedizolid (25μM). Each compound percentages 

were normalized to its control: ethanol (chloramphenicol) and DMSO (tedizolid). Control is represented as dotted line equal for 

all compounds after the normalization. The culture started with 1:3 ratios of WTeGFP and FBXW7-KORuby3 respectively. The 

experiment was repeated two times, and a representative example is shown. Error bars indicate SD (two technical replicates). 

n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). (D) Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO cells 

(in red) upon different doses of tigecycline. DAPI staining was performed to count nuclei by high-throughput microscopy. The 

experiment was repeated three times and in another DLD1 FBXW7 KO clone, and a representative example is shown. Error bars 

indicate SD (two technical replicates). (E) Clonogenic assay of DLD1 FBXW7 WT cells (above) and DLD1 FBXW7 KO cells 

(below) treated with different doses of tigecycline or a DMSO control. Experiment was performed in triplicate, and a representative 

example is shown. 

 

Next, we validated the effect of tigecycline in two additional cell lines: cervical cancer HeLa 

cells and ovarian cancer A2780 cells (Figure 28A). In all cases, FBXW7-deficient cells presented a 

marked sensitivity to tigecycline when compared to their WT counterparts (Figure 28B), indicating that 

this phenomenon could be extensive for multiple cancer cell types. 
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Finally, we determined whether we could reproduce our above findings by a genetic 

perturbation of mitochondrial translation and other mitochondrial processes. To this end, we 

performed, once again, competition experiments mixing WTeGFP and FBXW7-KORuby3 DLD1 cells at a 

ratio of around 1:3. Cell mixes where then transfected with esiRNAs targeting the mitochondrial 

transcription polymerase (POLRMT), an elongation factor (TUFM), an essential translation factor 

(PTCD3), a mitoribosomal protein (MRPS27), and an OXPHOS protein (UQCRC1). Population 

percentages were subsequently analysed by FACS at days 3 and 7 of the experiment, transfecting 

again the esiRNAs on day 3 to maintain the downregulation at longer time points. In general, the 

downregulation of mitochondrial proteins supposed a significant reduction in the percentage of FBXW7-

KORuby3 cells (Figure 28C). Besides this genetic approach, we also confirmed that inhibition of 

mitochondrial electron chain activity by two different complex inhibitors (IACS-10759 complex I inhibitor 

and oligomycin complex V inhibitor) was preferentially lethal for FBXW7 KO cells (Figure 28D). 

 

Figure 28: Interference of mitochondrial translation with tigecycline in other cellular models, and of other mitochondrial 

processes by genetic or pharmacological approaches, is selectively lethal in FBXW7-deleted cells. (A) Western Blot 

illustrating the KO of FBXW7 in HeLa and A2780 cells generated using CRISPR-Cas9. ß-ACTIN levels are shown as a loading 

control. (B) Normalized viability of WT (in green) and FBXW7 KO clones (in red) upon different doses of tigecycline in HeLa and 

A2780 human cancer cell lines. DAPI staining was performed to count nuclei by high-throughput microscopy. The experiment 

was repeated three times, and a representative example is shown. Error bars indicate SD (two technical replicates). (C) Cell 

percentages of eGFP+ DLD1 WT cells and Ruby3+ DLD1 FBXW7 KO cells after transfecting twice (at day 0 and day 3) with a 

esiRNA library of mitochondrial related genes and the RLUC control. Analysis was performed at day 3 and 7 by flow cytometry, 

here represented day 7 data. The culture started with 1:3 ratios of WTeGFP and FBXW7-KORuby3 respectively. The experiment was 

repeated three times and a representative example is shown. Error bars indicate SD (two technical replicates). n.s. p>0.05, 

*p<0.05, **p<0.01, ***p<0.001 (t-test). (D) Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO (in red) upon IACS-

10759 and oligomycin mitochondrial electron chain inhibitors treatment. DAPI staining was performed to count nuclei by high-

throughput microscopy. The experiment was repeated three times and in another DLD1 FBXW7 KO clone, and a representative 

example is shown. Error bars indicate SD (two technical replicates). 
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3.3.2. Mechanism of action of the sensitivity to mitochondrial poisons: MYC and the ISR 

Following our previous results, we next explored if the effect of tigecycline on FBXW7-deficient 

cells was dependent on C-MYC overexpression. Indeed, cell viability assays showed that C-MYC 

downregulation (Figure 26B) was able to partially rescue the differential sensitivity to tigecycline-

induced cell death of FBXW7 KO cells (Figure 29A).  

 

Figure 29: C-MYC is involved in the sensitivity of FBXW7-deficient cells to 

tigecycline.  (A) Normalized viability of DLD1 WT cells with siCTRL (in green), 

DLD1 FBXW7 KO with siCTRL cells (in red) and DLD1 FBXW7 KO cells 

downregulated for C-MYC using siRNAs (in blue) upon tigecycline treatment. 

DAPI staining was performed to count nuclei by high-throughput microscopy. 

The experiment was repeated three times and in another DLD1 FBXW7 KO 

clone, and a representative example is shown. Error bars indicate SD (two 

technical replicates). 

 

 

 

 

 

The mechanisms by which this antibiotic present antitumoural properties remain 

uncharacterised. As tedizolid was recently shown to activate the ISR (Sharon et al., 2019), we 

speculated whether that was also the case for tigecycline. To test this possibility, we evaluated the 

activation of the ISR by high-content microscopy through quantifying the nuclear translocation of 

ATF4. Interestingly, we noticed that FBXW7 KO cells presented a basal activation of the ISR, which 

might contribute to the further ISR activation that is observed in these cells upon tigecycline treatment 

(Figure 30A-B). Moreover, the translocation of ATF4 induced by tigecycline could be reversed by an 

inhibitor of the ISR, ISRIB (Sidrauski et al., 2013, Sidrauski et al., 2015) (Figure 30A-B). Importantly, 

ISRIB rescued the toxicity of tigecycline in both WT and FBXW7 KO cells (Figure 30C-D), implying that 

the ISR plays a determinant role in the cytotoxic effects of this antibiotic in cancer cells. 

Collectively, these results support that targeting mitochondrial translation through the use 

of tigecycline or other genetic and pharmacological approaches is an effective way to preferentially 

eliminate FBXW7-deficient cancer cells, in a C-MYC- and ISR-dependent manner. 
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Figure 30: Activation of the integrated stress response (ISR) is involved in the  mechanism of action of tigecycline. (A) 

Nuclear ATF4 intensity measured by high-throughput microscopy in DLD1 WT (in green) and DLD1 FBXW7 KO clones (in red) 

upon DMSO or tigecycline (10μM) treatment with or without an ISR inhibitor (ISRIB, 50nM). The experiment was repeated three 

times and a representative example is shown (left). The average of the three experiments was represented (right), with error bars 

indicating their SD. T-test comparisons between DLD1 WT and DLD1 FBXW7 KO clones: n.s. p>0.05, *p<0.05, **p<0.01, 

***p<0.001. T-test comparisons for each cell type to calculate the effect of ISRIB treatment: n.s. p>0.05, #p<0.05, ##p<0.01, 

###p<0.001. T-test comparisons between with or without tigecycline for each cell type were significant with ***p<0.001. (B) 

Representative images from (A). FBXW7 WT and KO treated with DMSO, or tigecycline (10μM) treatment with or without an ISR 

inhibitor (ISRIB, 50nM). Scale bar = 20μm. (C) Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO (in red) upon 

tigecycline treatment, with (dotted lines) or without ISRIB (50nM). DAPI staining was performed to count nuclei by high-throughput 

microscopy. The experiment was repeated three times and in another DLD1 FBXW7 KO clone, and a representative example is 

shown. Error bars indicate SD (two technical replicates). (D) Clonogenic assay of DLD1 FBXW7 WT cells (above) and DLD1 

FBXW7 KO cells (below) treated with different doses of tigecycline or a DMSO control, and then of DMSO or 50nM ISRIB. 

Experiment was performed in triplicate, and a representative example is shown. 
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3.4. Efficacy of tigecycline in preclinical models of FBXW7-deficient tumours 

To address the significance of our results in an in vivo setting, we tested the efficacy of 

tigecycline to selectively kill FBXW7 KO DLD1 xenografts. For this, 5·106 DLD1 FBXW7 KO and WT 

cells were injected in the flanks of nude/SCID mice (Figure 31A). 6 days after, mice were randomized 

into three groups per genotype (six groups in total, 10 mice per group) and we started treating them 

intraperitoneally (i.p) with vehicle, 1,5mg/kg paclitaxel or 50mg/kg of tigecycline three times per week 

(Figure 31A). Consistent with the role of FBXW7 as a tumour suppressor, FBXW7 KO tumours grew 

significantly faster than WT DLD1 tumours (Figure 31B-D). Moreover, FBXW7 KO failed to respond to 

paclitaxel treatment, supporting that FBXW7 deficiency confers resistance to cancer therapies (Figure 

31B-D). Importantly, while the treatment with tigecycline had almost no effect on WT tumours, it 

significantly reduced tumour growth of FBXW7 KO tumours (Figure 31B-D). These data provide initial 

indications of the potential use of strategies targeting mitochondrial function to target FBXW7 mutant 

tumours that might otherwise be resistant to the vast majority of available cancer therapies. 

 

Figure 31: Interference of mitochondrial translation with tigecycline is selectively lethal in FBXW7-depleted tumours in 

vivo. (A) Schematic representation of the xenograft experiment. 5·106 DLD1 FBXW7 KO and WT cells were injected in the flank 
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of nude/SCID mice. 6 days after, mice were randomized into three groups per genotype: six groups in total, 10 mice per group. 

Intraperitoneal injection (i.p.) with either vehicle, paclitaxel (1,5mg/kg) or tigecycline (50mg/kg) was started at day 6 post-tumour-

injection, following a scheme of treatment of three times per week (at days 6, 8, 10, 13). Tumours were measured every 2-3 days, 

and when they reached 1600mm3 (measures were calculated using the standard formula length x width x 0.5), mice were 

sacrificed and their tumours extracted. (B) Tumour growth (in mm3) during the 15 days of the xenograft experiment, following 

DLD1 WT and FBXW7 KO cells injection into nude mice. Error bars indicate SEM (n=10). (C) Tumour growth (in mm3) at day 13 

of the xenograft experiment after tumour inoculation. Error bars indicate SEM (n=10). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 

(t-test). (D) Representative images of the xenograft experiment. DLD1 WT and FBXW7 KO tumours extracted from mice untreated 

or treated with paclitaxel or tigecycline are displayed here. Tumours were extracted 15 days after cells were injected.  

 

4. DISCOVERY OF ADDITIONAL COMPOUNDS SELECTIVELY KILLING FBXW7-

DEFICIENT CELLS 

4.1. A focused chemical screen identifies the B-RAF inhibitor PLX-4720 as a compound 

selectively killing FBXW7 KO cells 

Chemical screens looking for compounds selectively killing cells presenting specific 

tumourigenic or resistance mutations is one of the main approaches used to identify synthetic lethalities 

(Miller et al., 2016, Hangauer et al., 2017, Liu et al., 2019, Mariniello et al., 2020). Our previous approach 

to identify compounds targeting FBXW7-deficient cells was based on the characterization of pathways 

that might be altered in these cells in order to look for potential vulnerabilities. Independently, we 

decided to explore a more agnostic approach, by conducting a small and focused chemical screen with 

the aim of discovering more compounds able to selectively kill FBXW7 KO cells.  

 

Figure 32: Identification of PLX-4720 in a focused chemical screen for compounds selectively toxic for FBXW7 KO 

tumours. (A) Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO clones (in red) upon treatment with 10μM of 

PLX-4720, CAY10576, VAF-347, ML334 and NCS30930, and 50μM of ifosfamide. DAPI staining was performed to count nuclei 

by high-throughput microscopy. Error bars indicate SD (two technical replicates). (B) Normalized viability of DLD1 WT (in green) 

and DLD1 FBXW7 KO clones (in red) upon treatment with PLX-4720. Error bars indicate SD (two technical replicates). (C) 

Clonogenic assay of DLD1 FBXW7 WT cells (above) and DLD1 FBXW7 KO cells (below) treated with different doses of PLX-

4720. Experiment was performed in duplicate, and a representative example is shown. 
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The screen was focused as we selected compounds based on our previous meta-analysis 

of CTRP data, which suggested a potential action for certain drugs to be toxic for cells with low FBXW7 

levels (Figure 17E). Six compounds were evaluated: PLX-4720, CAY10576, VAF-347, ML334, 

NSC30930, and ifosfamide. Of these compounds, only PLX-4720 displayed a selective toxicity towards 

DLD1 FBXW7 KO cells (Figure 32A). For CAY10576, VAF-347, and ML334, FBXW7-deficient cells 

were even more resistant, and NSC30930 and ifosfamide did not yield any toxicity even at high doses 

(Figure 32A). PLX-4720 proved to be preferentially toxic for FBXW7 KO cells in short and long-term 

experiments (Figure 32B-C), and we decided to further characterise this compound and its mechanism 

of action. 

 

4.2. Connectivity Map (CMap) tool identified more compounds similar to PLX-4720 in 

the ability to selectively kill FBXW7 KO cells 

 PLX-4720 is a 7-azaindole derivative that inhibits B-RAFV600E with an IC50 of 13 nM (Tsai et al., 

2008). However, our DLD1 cells do not present the B-RAFV600E mutation, therefore the effect we see 

on selectively killing FBXW7-deficient cells must be due to another target. PLX-4720 displays more 

than 10 times selectivity against WT B-RAF or C-RAF (Tsai et al., 2008), and  more than 100 times 

selectivity over other kinases with IC50 of 1-3μM (PLX-4720 Kinome Scan, Annex Table 10). 

Nevertheless, deletion of B-RAF, C-RAF, A-RAF or two kinases with low IC50 in WTeGFP and FBXW7-

KORuby3 cell mixtures, did not result in any significant selective death of the latter (Figure 33A). 

Moreover, from another three independent B-RAFV600E or B-RAF/C-RAF inhibitors, only vemurafenib 

showed a similar effect to PLX-4720 in sensitising FBXW7-deficient cells (Figure 33B). These 

observations, together with the fact that the effect on FBXW7 cells demands doses as high as 10-20μM, 

further supports that this phenomenon is due to an off-target effect. 

The list of possible kinases that PLX-4720 could be targeting at 10μM is very large (PLX-4720 

Kinome Scan, Annex Table 10), making it unrealistic for us to test them one by one as mediators of 

our observations. Therefore, we first aimed to identify compounds that may be producing a similar 

cellular effect as PLX-4720. The development of databases containing transcriptional signatures of 

human cancer cell lines exposed to a specific perturbation such as pharmacological or genetic 

manipulations have brought an excellent platform for drug repurposing or to better understand the 

mechanism of action of compounds (Wang et al., 2016c, Keenan et al., 2018, Papatheodorou et al., 

2018).  

For this last purpose, we used the Connectivity Map (CMap) from the Broad Institute at MIT, 

which stores over 1,5M signatures from human cancer cell lines exposed to around 5,000 drugs and 

3,000 genetic perturbations (overexpression or shRNA-mediated depletion) 

(https://www.broadinstitute.org/connectivity-map-cmap) (Lamb et al., 2006, Subramanian et al., 2017), 

trying to identify compounds triggering a similar transcriptional signature to PLX-4720. Supporting the 

usefulness of this approach, if the transcriptional signature of PLX-4720 is used as an input, we can 

find vemurafenib as the 4th most similar compound, as well as multiple RAF/MAPK and EGFR inhibitors 

among the first positions (Figure 33C, Annex Table 11). Interestingly, the 3rd compound from this 

similarity list was oligomycin, the mitochondrial complex V inhibitor which we already found to selectively 

kill FBXW7 KO cells (Figure 28C). 

We then decided to test the effects of some of these compounds including the two B-RAF 

inhibitors (PLX-4720 and vemurafenib), the FLT3 inhibitor sorafenib (ranked 2nd), the BCR-ABL kinase 

inhibitor dasatinib (6th) and two EGFR inhibitors (erlotinib (10th) and gefinitib (even though it ranked 22nd, 

it still had a similarity score above 99%)). Both competition experiments measured by flow cytometry 

(Figure 33D) and cell viability measurements by high-content microscopy (Figure 33E) revealed a 

significant effect of the 6 different compounds in selectively targeting FBXW7 KO cells. While dasatinib 

and erlotinib had the biggest effect, they were also very toxic for WT cells (Figure 33E). In any case, 

these data support that our approach was a valid strategy to identify drugs selectively toxic for FBXW7-

deficient cells. 

 

https://www.broadinstitute.org/connectivity-map-cmap
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Figure 33: Identification of compounds transcriptionally similar to PLX-4720 in the ability to selectively kill FBXW7 KO 

cells. (A) Cell percentages of eGFP+ DLD1 WT cells and Ruby3+ DLD1 FBXW7 KO cells after infecting them every 7 days with 

lentiviral supernatants encoding for sgRNAs against BRAF, CRAF, ARAF, FYN or CSK. Analysis was performed at day 19 by 

flow cytometry. The culture started with 1:3 ratios of WTeGFP and FBXW7-KORuby3 respectively. Error bars indicate SD (two 

technical replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). (B) Normalized viability of DLD1 WT (in green) and DLD1 

FBXW7 KO cells (in red) upon treatment with 20μM of PLX-4720, vemurafenib, dabrafenib and ZM-336372. DAPI staining was 

performed to count nuclei by high-throughput microscopy. Error bars indicate SD (two technical replicates). (C) Similarity scores 

of the top compounds with a transcriptional signature similar to the PLX-4720 signature, identified by using CMap tool. 

Compounds already identified as similar are highlighted in orange, in yellow a mitochondrial poison already proven to work against 

FBXW7 KO tumours, and in blue the compounds selected for further analysis. (D) Cell percentages of eGFP+ DLD1 WT cells 

and Ruby3+ DLD1 FBXW7 KO cells after 72h treatment with 15μM of PLX-4720, vemurafenib, sorafenib, dasatinib, erlotinib and 

gefitinib. The culture started with 1:3 ratios of WTeGFP and FBXW7-KORuby3 respectively. The experiment was repeated three times 

and a representative example is shown. Error bars indicate SD (two technical replicates). n.s. p>0.05, *p<0.05, **p<0.01, 

***p<0.001 (t-test). (E) Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO cells (in red) upon treatment with 10μM 

of PLX-4720, vemurafenib, erlotinib and gefitinib, and 5μM of sorafenib and dasatinib. DAPI staining was performed to count 

nuclei by high-throughput microscopy. Experiments were performed also in another DLD1 FBXW7 KO clone, with similar results. 

Error bars indicate SD (n=3, three independent experiments, with two technical replicates per experiment). n.s. p>0.05, *p<0.05, 

**p<0.01, ***p<0.001 (t-test). 

 

4.3. Compounds preferentially toxic for FBXW7-deficient cells activate the ISR 

In order to understand the possible mechanism of action that explains the preferential 

toxicity of these compounds for FXW7 cells, we further used CMap to explore “pathways” -rather than 

other drugs- that could be related to the effects of PLX-4720. First, we adapted Gene Set Enrichment 

Analyses (GSEA) to conduct a "drug GSEA", to identify positively enriched “compound classes” similar 

to PLX-4720 (Korotkevich et al., 2019, Sinha et al., 2020, Sanchez-Burgos et al., 2020). Besides EGFR 

or RAF inhibitors, this analysis showed an enrichment of mitochondrial oxidative phosphorylation 

uncouplers as most similar to the effects of PLX-4720 (Figure 34A). In addition, CMap contains data 

from different pathways in a pertubagen called CMap classes. Among the CMap classes with a similarity 

score most similar to PLX-4720, we once again found VEGFR, EGFR, or RAF inhibition, but also ATP 

synthase inhibitors (Figure 34B, Annex Table 11). In fact, and as previously mentioned, oligomycin 

had ranked 3rd among the individual compounds that positively correlated to PLX-4720 (Figure 33C). 
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Together, these pathway analyses indicated a possible similarity of the drugs that we found to 

selectively kill FBXW7-deficient cells as PLX-4720, and mitochondrial poisons. 

Given that the toxicity of tigecycline was due to an effect of the drug in activating the ISR, we 

next checked if the mechanism of action of this new set of drugs that selectively killed FBXW7-deficient 

cells and were related to mitochondrial poisons, was also associated to the ISR. In fact, the 6 new 

compounds related to PLX-4720 activated the ISR in both FBXW7 WT and KO cells, producing a higher 

induction in FBXW7-deficient cells (Figure 35A,C). Furthermore, this induction was reversed by ISRIB 

(Figure 35A,C). Of note, the activation of the ISR is not just a consequence of using too high doses of 

a drug, as we could not observe similar effects with other common anticancer drugs such as paclitaxel 

or trametinib (Figure 35B-C). Finally, we confirmed the relevance of the ISR in mediating the toxicity of 

this new set of compounds, as this was rescued by co-treating the cultures with ISRIB (Figure 35D).  

In conclusion, based on a focused chemical screen and comparison of publicly available 

transcriptional signatures of anticancer drugs we have identified 6 additional compounds that 

selectively kill FBXW7 KO cells. Once again, this phenomenon was related to an effect of the drugs 

in activating the ISR. Together with our previous findings with tigecycline, we finally investigated if the 

activation of the ISR is a general vulnerability of FBXW7-deficient tumours. 

 

 

Figure 34: CMap pathway analysis revealed a relationship between PLX-4720 and mitochondrial poisons. (A) Drug GSEA 

analysis of compounds with a transcriptional signature that positively correlates to PLX-4720. Enriched pathways with padj value 

<0.05 are shown, as well as their gene ranks, Normalized Enrichment Scores (NES), p-value (pval), and adjusted p-value (padj). 

Mitochondrial poisons are highlighted in yellow. (B) Similarity scores of the top CMap classes with a transcriptional signature that 

positively correlates to PLX-4720. Mitochondrial poisons are highlighted in yellow. 
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Figure 35: The mechanism of action of PLX-4720 and similar set of compounds involves the activation of the ISR. (A,B) 

Nuclear ATF4 intensity measured by high-throughput microscopy in DLD1 WT and DLD1 FBXW7 KO cells upon treatment with 

different compounds in the presence or absence of an ISR inhibitor (ISRIB, 50nM): DMSO, paclitaxel (250nM), tunicamycin (1μM) 

and 10μM of trametinib, tigecycline, oligomycin, PLX-4720, vemurafenib, sorafenib, dasatinib, erlotinib and gefitinib. The 

experiment was repeated three times and a representative example is shown. (C) Representative images from (A,B) DLD1 

FBXW7 WT cells. Scale bar = 20μm. (D) Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO cells (in red) upon 

treatment for 72h with 10μM of PLX-4720, vemurafenib, erlotinib and gefitinib, and 5μM of sorafenib and dasatinib; in the presence 

or absence of ISRIB (50nM). DAPI staining was performed to count nuclei by high-throughput microscopy. Experiments were 

performed also in another DLD1 FBXW7 KO clone, with similar results. Error bars indicate SD (n=3, three independent 

experiments, with two technical replicates per experiment). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test). 
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4.4. Activating the ISR as a general strategy to target FBXW7-deficient tumours 

C-MYC overexpressing cells have been reported to have an enhanced ISR (Tameire et al., 

2019). Hence, our first question was to address the role of C-MYC in the higher activation of the ISR 

observed in the context of FBXW7 mutations. Indeed, downregulation of C-MYC reduced the basal 

levels of nuclear ATF4 in FBXW7-deficient cells and had also a partial effect in reducing the 

hyperactivation of the ISR induced by tigecycline (Figure 36A). The enhanced ISR in C-MYC 

overexpressing cells is known to be due to ER stress (Tameire et al., 2019). However, inhibition of the 

PERK kinase, the main mediator of activating the ISR in response to ER stress, did not rescue the basal 

hyperactivation of the ISR FBXW7-deficient cells (Figure 36B), implying that additional MYC-

dependent stresses might promote the activation of the ISR in these cells. In contrast, and as previously 

shown, the use of ISRIB, which inhibits the ISR downstream of the activating kinases, rescued the 

activation of the ISR in FBXW7-deficient cells (Figure 36B). 

Furthermore, none of our non-antibiotic additional set of compounds that preferentially killed 

FBXW7-deficient cells activated the ISR in a PERK-dependent manner (Figure 36C). These studies 

indicate that FBXW7-deficient cells present an enhanced activity of the ISR, produced by stressors 

different or additional to ER stress. In any case, we were able to see also selective killing of FBXW7 

KO tumours with the ER-stressor tunicamycin (Figure 36D), implying that any drug that activates the 

ISR would selectively target FBXW7-deficient cells. 

We then evaluated the effect of the compounds selectively targeting FBXW7-deficient cells in 

inducing the levels of CHOP, which is a key mediator of cell death upon activation of the ISR. Notably, 

all the compounds that were preferentially toxic for FBXW7-deficient cells induced CHOP expression, 

an effect that was not seen with paclitaxel and trametinib (Figure 37A). Moreover, the induction of 

CHOP was even more pronounced in FBXW7-deficient cells (Figure 37A), further indicating that the 

toxic effects of these compounds are mediated by their induction of the ISR. 

As to which branch of the ISR is mediating the toxic effects of the compounds that are 

selectively toxic for FBXW7-deficient cells, it is worth mentioning that besides ER stress, mitochondrial 

stress has recently emerged as another powerful branch that activates the ISR (Pakos‐Zebrucka et al., 

2016, Guo et al., 2020a, Fessler et al., 2020). This branch of the ISR is PERK independent and instead 

signalled through the HRI kinase. Importantly, HRI and GCN2 levels were upregulated in FBXW7-

deficient DLD1 cells, while the levels of the remaining ISR kinases (PERK and PKR) were not 

substantially altered (Figure 37B). Together with our previous data, these results collectively support 

the potential of targeting mitochondrial activity for the selective elimination of FBXW7-deficient cells. 
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Figure 36: ER stress induction selectively kills FBXW7 KO tumours, while it is not implicated in the other compounds 

and the basal ISR activation. (A) Nuclear ATF4 intensity measured by high-throughput microscopy in DLD1 WT cells with 

siCTRL (in green), DLD1 FBXW7 KO cells with siCTRL (in red) and DLD1 FBXW7 KO cells downregulated for C-MYC using 

siRNAs (in blue) upon DMSO or tigecycline (10μM). The experiment was repeated three times and a representative example is 

shown (left). The average of the three experiments was represented (right), with error bars indicating their SD. T-test comparisons 

between DLD1 WT and DLD1 FBXW7 KO (siCTRL or siMYC) cells: n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001. T-test 

comparisons between DLD1 FBXW7 KO siCTRL and siMYC cells: n.s. p>0.05, #p<0.05, ##p<0.01, ###p<0.001. T-test 

comparisons between with or without tigecycline for each cell type were significant with ***p<0.001. (B) Nuclear basal ATF4 

intensity measured by high-throughput microscopy in DLD1 WT (green) and DLD1 FBXW7 KO cells (red) with or without an 

ISRIB (50nM) and PERKi (500nM). The experiment was repeated three times and a representative example is shown (left). The 

average of the experiments was represented (right), with error bars indicating their SD. T-test comparisons between DLD1 WT 

and DLD1 FBXW7 KO cells: n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001. T-test comparisons between DLD1 FBXW7 KO with or 

without the ISRIB and PERKi: n.s. p>0.05, #p<0.05, ##p<0.01, ###p<0.001. (C) Nuclear ATF4 intensity measured by high-

throughput microscopy in DLD1 WT and DLD1 FBXW7 KO cells upon treatment with different compounds in the presence or 

absence of a PERKi (500nM): DMSO, tunicamycin (1μM) and 10μM of tigecycline, oligomycin, PLX-4720, vemurafenib, sorafenib, 

dasatinib, erlotinib and gefitinib. The experiment was repeated three times and a representative example is shown. (D) 

Normalized viability of DLD1 WT (in green) and DLD1 FBXW7 KO (in red) upon tunicamycin treatment. DAPI staining was 

performed to count nuclei by high-throughput microscopy. The experiment was repeated three times and a representative 

example is shown. Error bars indicate SD (two technical replicates). 
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Figure 37: FBXW7 KO tumours present an upregulation of the downstream effector CHOP and the upstream ISR kinases. 

(A,B) Western Blot showing (A) CHOP protein levels and (B) GCN2, HRI, PERK, and PKR protein levels in DLD1 WT and FBXW7 

KO cells and its quantification. ACTIN levels are shown as loading controls. For (B) Error bars indicate SD (two biological 

replicates). n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001 (t-test).
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1. SHEDDING LIGHT ON THE MECHANISMS BEHIND DRUG RESISTANCE IN CANCER  

1.1. Studying the mechanisms of cancer drug resistance 

Unfortunately, tackling drug resistance in cancer therapy is like battling with the multi-headed 

Hydra beast: the initial success of every antitumoural agent in reducing tumour growth has always been 

quickly tempered by the appearance of resistance (Vasan et al., 2019).  

Due to the high complexity and heterogeneity of tumours, identifying the best strategy to 

overcome drug resistance is extremely challenging. Nowadays, a personalised treatment of cancer 

patients is regarded as the future of clinical oncology, and decisions on which treatment to be 

administered will be based on the knowledge on tumour mutations and their vulnerabilities. Thus, 

tumours will be treated according not only to their type but also their molecular hallmarks. Moreover, 

the development and improvement of other aspects of cancer therapy, such as earlier treatments, 

improvement of the compounds’ efficacies, monitoring drug responses, and improving the delivery and 

regimen strategies, will also contribute to achieve better responses in patients. For instance, new 

treatment strategies, such as the permutations of on-off or high dose-low dose regimens, result in longer 

survival and delayed drug resistance for some cancers (Kaiser, 2017, Moriceau et al., 2015, Sale et al., 

2019). However, these new strategies are not universal and might depend on the specific mutations of 

the tumour, therefore, more research on the mechanisms of resistance for each treatment and cancer 

is required. 

In this context, a complete understanding of the mechanisms that mediate drug resistance 

is the first step to circumvent clinical resistance, and effectively cure cancer patients. The molecular 

mechanisms of anticancer drug resistance have been studied since the 1960s (Brockman, 1963), 

leading to the identification of some of the mutations involved in drug resistance to single-agents, or 

even to multiple drugs (Shoemaker, Curt, and Carney 1983). More recently, the development of high-

throughput cancer genomics, proteomics, and other OMICS analyses, have facilitated the identification 

of the driver genes and the principal modules that contribute to the drug resistance at any stage of 

tumourigenesis. Equally powerful are the more recently developed technologies for systematic gain-of-

function or loss-of-function genetic screens, that allow the selection of individual cells with a therapy-

resistant phenotype within a mutagenised population. While their initial main drawbacks were their 

limited resemblance to relevant biological situations and that they are only able to generate single-

mutations, not very common in tumours, this technology is gaining power by the expansion of the editing 

toolbox and the use of combinatorial and in vivo screens. During the last years, the contributions from 

computational biology to the development of databases encompassing data from large chemical and 

genetic screens and cancer OMICS have greatly facilitated the discovery of many mutations related to 

the sensitivity and/or resistance to cancer therapies, and it is expected to become a future reference 

technology to fully understand and circumvent drug resistance. 
 

1.2. CRISPR-Cas9 screens as a powerful technique to discover novel resistance-related 

genes  

The advent of CRISPR-Cas9 technology, with sgRNA libraries that target thousands of genes, 

have allowed the exhaustive study and identification of novel genes and/or mutations related to 

resistance to cancer therapies (Wang et al., 2014b, Shalem et al., 2014, Koike-Yusa et al., 2014, 

Konermann et al., 2015). Here, we exploited this powerful technique to identify novel mediators of drug 

resistance. Specifically, we used loss-of-function CRISPR-Cas9 libraries generated in mESCs (Ruiz 

et al., 2016) to identify mutations that confer resistance to two of the most widely studied genotoxic 

agents: cisplatin and UV-radiation.  

To perform our screens, we choose toxic concentrations of both genotoxics and sequenced 

only individual clones where we could confirm substantial resistance. This approach contrasts with the 

general tendency of other CRISPR-Cas9 screens that use sub-lethal doses (Wang et al., 2014b, 

Shalem et al., 2014, Koike-Yusa et al., 2014, Olivieri et al., 2020), allowing the identification of more 

hits and biological pathways. However, we preferred to focus on identifying specific mutations that give 

notable resistance (Ruiz et al., 2016). This focused and low-throughput approach may explain why we 
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did not find any of the mutations known to mediate resistance to cisplatin and UV. In a very recent report 

(Olivieri et al., 2020), CRISPR-Cas9 screens against 27 genotoxic agents were performed with the aim 

to find novel DNA repair genes and drug response modifiers. These screens included UV-C radiation 

and cisplatin at sub-lethal doses, and were able to identify numerous relevant repair pathways for both 

agents. In contrast, from the other many recent reports of CRISPR-Cas9 screens to identify mediators 

of cisplatin resistance (Ko and Li, 2019, Ouyang et al., 2019, Stover et al., 2019, Goodspeed et al., 

2019, Xu et al., 2020, Hundley et al., 2021), only one was able to identify a known resistance hit (MSH2) 

among their top hits (Goodspeed et al., 2019).  

Besides the limited throughput of our approach, another possibility to explain why we failed to 

detect previously reported mediators of resistance to cisplatin and UV may be the cell line of choice. 

Certainly, we are aware that one of the caveats of our approach is that we may find hits that are only 

relevant for mESCs. In fact, hits related to pluripotency related pathways (e.g. WNT) are frequent in our 

screens. In addition, we found cases where a specific mutation (e.g. Rock2 deletion) confers resistance 

to a specific agent in mESCs, but not in human cancer cell lines (data not shown). Moreover, mutations 

in Ptgs1, Glod4, Fam115c, Myh9, Tbck, Ptpn2 and Fbxw7 were abundant in our screens (Annex Table 

6-8). We hypothesised four possible non-exclusive explanations for this observation: (1) these 

mutations confer a general fitness advantage for mESCs; (2) they are truly involved in pathways that 

are common for UV-cisplatin signalling (Olivieri et al., 2020); (3) they are bona-fide MDR-related genes; 

or (4) they were artefacts carried together with another sgRNA driving-resistance in the same cell. For 

instance, Myh9-sgRNAs came always together in mixed clones with Fbxw7-sgRNA (Annex Table 7), 

which we later showed to be a MDR-driver hit. Nevertheless, MYH9 deletion alone was identified as a 

tumourigenic gene driver and a FGFR inhibitor-resistance related mutation in different genetic screens 

(Schramek et al., 2014, Kas et al., 2017, Kas et al., 2018). Whether it was just an accompanying sgRNA, 

or it was also cooperating to the resistance phenotype of the surviving cells, is yet to be determined.  

Noteworthy, the loss of Fbxw7 and Ptpn2 has been related to a naïve state of pluripotency and 

impaired differentiation in ESCs (Buckley et al., 2012, Zhang et al., 2018a). While in cancer stemness 

is related to chemoresistance (Dean et al., 2005, Nunes et al., 2018, Hepburn et al., 2019, Lettnin et 

al., 2019), the opposite was recently reported to occur in human ESCs (Panina et al., 2021). Still, 

differences between human and mouse ESCs could exist and, thus, the relationship between the 

pluripotent state of the mESCs and drug response could be an interesting field to explore. The results 

of those experiments could be relevant for the platforms that aim to replace compound toxicity testing 

in animals with in vitro assays in ESCs (Adler et al., 2008, Tandon and Jyoti, 2012, Liu et al., 2017), as 

dosages and responses could not be as easily extrapolated if these are significantly affected by the 

pluripotent state of the cells. 

Even if we focused our study on FBXW7, another of our frequent hits, TC-PTP (encoded by 

Ptpn2), is a known negative regulator of pro-survival pathways involving  factors such as STAT3 and 

AKT (Kim et al., 2010). In addition, its activation is a suppressor of survival and proliferation following 

UV irradiation (Lee et al., 2015, Kim et al., 2017b), being a bona-fide mediator of UV-responses. The 

role of PTPN2 in cancer initiation and promotion upon gene loss has been studied in animal models of 

skin carcinogenesis (Lee et al., 2017a). The fact that Ptpn2-deficient cells are resistant to cisplatin 

(Figure 14) could be due to the relevance of STAT3 signalling in response to this agent (Sun et al., 

2019). Finally, we want to note that PTPN2 deletions were recently identified in an in vivo CRISPR 

screen related to identify mutations that increase the efficacy of anti-PDL1 immunotherapies (Manguso 

et al., 2017). Thus, PTPN2 seems to have important pleotropic functions that modulate the response to 

cancer therapies, which deserve further attention. 

 As for Fbxw7, the impact of its mutations on the resistance to specific compounds, such as 

cisplatin (Yu et al., 2013, Song et al., 2015, Zhou et al., 2015, Xiao et al., 2018a) and its derivatives (Li 

et al., 2015b, Fang et al., 2015, Gombodorj et al., 2018), UV light (Hong et al., 2016) or paclitaxel and 

other microtubule poisons (Wertz et al., 2011, Inuzuka et al., 2011, Yokobori et al., 2014, Gasca et al., 

2016, Ishii et al., 2017, Gombodorj et al., 2018) has been reported numerous times. Furthermore, 

FBXW7 mutations have been identified (even if not validated) as resistance hits in multiple CRISPR-



DISCUSSION 

 

76 
 

Cas9 genome-wide genetic screens: JQ1 (Liao et al., 2018), pterostilbene and resveratrol (Benslimane 

et al., 2020), MNNG and Duocarmycin (Olivieri et al., 2020), erlotinib (Zeng et al., 2019), and to multiple 

compounds (flavopiridol, palbociclib, rivociclib, pictilisib, pravastatin) (Hundley et al., 2021). Moreover, 

additional genome-wide genetic resistance screens not based on CRISPR-Cas9 also identified FBXW7 

mutations in response to an FGFR inhibitor (Kas et al., 2018), PARP1 inhibitors (Marzio et al., 2019), 

and to the microtubule damaging agents docetaxel and vinorelbine (Gerhards et al., 2018). Despite all 

of these previous works, the impact of FBXW7 deficiency in multidrug resistance had never been 

systematically addressed before. 

Regarding the effects of FBXW7 deficiency in mESCs, most reports have focused on its 

impact to impair differentiation and enhance cellular reprogramming through stabilisation of C-MYC 

(Buckley et al., 2012). Accordingly, Fbxw7 ablation increases the efficiency of the generation of induced 

pluripotent stem cells (Okita et al., 2012, Lu et al., 2012). Here, we have provided proof of the multi-

drug resistant nature of FBXW7-deficient mESCs (Figure 16). The molecular mechanisms of the 

resistance to different agents could be mediated by specific FBXW7 substrates, as described in human 

cancer cells. In a proteomic comparison between Fbxw7 WT and KO mESCs we found upregulation of 

many of the known substrates of FBXW7, such as C-MYC or RAS (Figure 21). The relationship of C-

MYC or RAS with stemness is out of doubt and, as mentioned, the cellular pluripotent state of the cells 

may be the ultimate cause of resistance, as happens in many tumoural contexts (Dean et al., 2005, 

Nunes et al., 2018, Hepburn et al., 2019, Lettnin et al., 2019). Unfortunately, the extrapolation of these 

results to cancer, and more specifically to cancer stem cells, may not be appropriate. For instance, 

Fbxw7 loss in non-dividing leukaemia-initiating cells triggers proliferation and their exit from quiescence, 

enhancing the sensitivity to certain agents (Takeishi et al., 2013), as seen in other cancer stem cell 

populations (Izumi et al., 2017, Shimizu et al., 2019). 

To end this section: besides the hits that were common to both, there were also several that 

were specific to each screen (Annex Table 6-8). For example, in the cisplatin screen we found Bicd1 

and Mlf1 sgRNAs. Interestingly, MLF1 downregulation has been shown to activate D-cyclins and inhibit 

cisplatin and hypoxia-induced cell death (Rangrez et al., 2017). For UV, some screen-specific hits were 

Gas6 or the E3-ligases Apc and Ttc3, the latter being related to AKT signalling pathway, one of the key 

pathways modulating the sensitivity to UV-irradiation (Suizu et al., 2009). Thus, despite the limitations 

that might be associated to the use of mESCs for screenings related to cancer therapy, we believe that 

our data support its usefulness as a powerful platform to discover novel mediators of resistance. 

 

1.3. FBXW7 deficiency as a multi-drug resistance mediator  

One of the main contributions of this Thesis has been to nominate FBXW7 deficiency as a 

novel MDR mediator. FBXW7 is the substrate recognition component of an E3 ubiquitin-protein ligase 

complex, and mediates the degradation of multiple oncoproteins by marking them for proteasomal 

degradation (Winston et al., 1999, Koepp et al., 2001, Moberg et al., 2001, Strohmaier et al., 2001). 

Thus, FBXW7 mutations have been associated with increased levels and/or deregulation of important 

oncoproteins (MYC, CYCLIN E, NOTCH, JUN, MCL1 among many), and therefore with multiple cancer-

associated processes (Mao et al., 2004, Akhoondi et al., 2007, Ikenoue et al., 2018, Zhang et al., 2016b, 

Jiang et al., 2017, Davis et al., 2014a).  

Previous knowledge, together with our results in screening campaigns (Figure 15), pointed out 

a possible role of FBXW7 as a multi-drug resistance-related gene which, surprisingly, had never been 

specifically addressed. In this Thesis we provide sufficient evidences to propose FBXW7 deficiency as 

a multi-drug resistance-related event. This MDR phenotype is not cell-type specific, as it is present 

in mESCs, the colorectal cancer cell line DLD1, and in different human cancer cell lines mutated for 

FBXW7, or presenting low levels of the protein (Figure 16-17, Figure 38).  

Based on our findings, we used publicly available cancer databases to explore the possibility 

of using FBXW7 levels as a biomarker of the response to therapy in the clinic (Figure 18). In fact, 

as previously mentioned, there are multiple reports relating mutations of FBXW7 to clinical resistance 

to certain drugs (Arita et al., 2017, Li et al., 2017, Rachiglio et al., 2019). Many of these works require 
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further efforts to validate the clinical resistance of FBXW7-deficient tumours to each resistance-

associated therapy. This could be of a great importance, as FBXW7 is among the most highly mutated 

genes in cancer (Lawrence et al., 2013), and a large number of patients harbouring these mutations 

will be exposed to chemotherapeutic agents with no therapeutic benefit. 

Importantly, we reported previously unknown resistance of FBXW7-deficient cells to 

compounds such as the nucleotide synthesis inhibitor HU, the MEK inhibitor trametinib, the PLK1 

inhibitor BI2536, the NEDD8-ubiquination inhibitor pevonedistat, and the mTOR inhibitor rapamycin 

(Figure 17, Figure 38). Again, the translation of our observation to the clinic could be of relevance, as 

patients with mutations in FBXW7 may not respond to these treatments. HU is approved for treating 

several tumours, while trametinib is approved for treating melanoma and lung cancer in combination 

with dabrafenib, and is under study in several clinical trials, including colorectal tumours. BI2536 or 

pevonedistat are still in clinical trials, but other PLK1 and NEDD8 inhibitors have already been approved 

by the FDA. In the case of rapamycin, our results are in discrepancy with a study in which rapamycin 

was shown to reverse resistance to gefitinib (Xiao et al., 2018b), and in a bioinformatics analysis this 

was suggested as a possible sensitiser therapy (https://pandrugs.org/#!/) (Piñeiro-Yáñez et al., 2018). 

Additionally, rapamycin was shown to inhibit the EMT transition of FBXW7-altered colorectal cancer 

cells (Wang et al., 2013b). Nevertheless, rapamycin could still confer resistance by other mechanisms 

rather than inducing the EMT. The differences between our work and the previous report (Xiao et al., 

2018b) could be due to the different cell types employed (colorectal versus lung), or the mutational 

status of FBXW7 (knock-out versus knockdown). In fact, we have frequently observed during our project 

that downregulation of FBXW7 using siRNAs is not always sufficient to achieve a resistant phenotype 

(data not shown), and gene deletion is required. Either way, the effects of rapamycin should be 

interpreted cautiously as they may be cell-type dependent.  

 

Figure 38: Involvement of FBXW7 in multi-drug resistance. 

FBXW7 KO resulted in multi-drug resistance to multiple 

antitumoural compounds. This was demonstrated in mESCs, 

DLD1 colorectal cancer cell lines, and other human cancer 

cells, as well as in cancer patients. (*) indicates bioinformatics 

analysis. Resistance mediators in DLD1 cells were identified for 

some compounds: MCL1 and ABCB1. The mediators were 

drug-dependant, and for some compounds resistance was 

multi-factorial, while for others the resistance is still unknown. 

(#) indicates novel resistance to drugs identified in this Thesis.  
 

 

 

 

Despite the lack of novelty of the results regarding the resistance of FBXW7-deficient cells to 

some other compounds, these data supported our model of the MDR phenotype. In the case of 

paclitaxel, it was rewarding to see that in our model we could reproduce the resistance phenotype 

observed in most studies (Wertz et al., 2011, Inuzuka et al., 2011, Yokobori et al., 2014, Gasca et al., 

2016, Ishii et al., 2017) (Figure 17), although there are some cellular models in which the opposite was 

found (Ding et al., 2017, Shimizu et al., 2019). Again, this may be due to the cellular type (breast cancer 

disseminated tumour cells (Shimizu et al., 2019)), or to the fact that these studies were only based on 

correlations to FBXW7 levels (Ding et al., 2017). We also confirmed previous observations with 

vincristine (Wertz et al., 2011), 5-FU (Li et al., 2019, Lorenzi et al., 2016), and doxorubicin (Yu et al., 

2014, Li et al., 2016, Ding et al., 2018), validated also in colorectal cancer cells. Besides, it was 

noteworthy that the resistance of FBXW7-deleted cells for gemcitabine holds in a different cell type 

apart from pancreatic cancer (Ishii et al., 2017, Hu et al., 2017) (Figure 17). All the data presented in 

this Thesis confirmed the role of FBXW7 deficiency as a MDR factor. 

 

https://pandrugs.org/#!/
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1.4. FBXW7 deficiency mechanism of MDR may be multifactorial and drug-dependent 

As to the mechanism of multi-drug resistance, previous work focused on the study of single 

factors. However, in this Thesis we revealed that MCL1 and ABCB1 upregulation in FBXW7-deficient 

cells was conferring resistance to some, but not all, compounds. This means that there may be multiple 

factors contributing to MDR in FBXW7-deficient cells. 

 

1.4.1. MCL1 

MCL1 has already been found to mediate the resistance of FBXW7-deficient cells to 

vincristine, paclitaxel, regorafenib, HSP90 inhibitor, BCL2 inhibitor ABT-737, etoposide, camptothecin, 

nocodazole, gemcitabine, gefitinib, crizotinib, nedaplatin, docetaxel, and radiation (Wertz et al., 2011, 

Tong et al., 2017a, Tong et al., 2017b, Inuzuka et al., 2011, Ishii et al., 2017, Ye et al., 2017, Gombodorj 

et al., 2018, Gasca et al., 2016). In these situations, the stabilisation of this anti-apoptotic protein 

reduces mitochondrial priming and impedes reaching the MOMP and death by apoptosis. We confirmed 

that loss of MCL1 was able to re-sensitise cells to paclitaxel and vincristine, as already reported (Wertz 

et al., 2011, Inuzuka et al., 2011, Yokobori et al., 2014, Gasca et al., 2016, Ishii et al., 2017), and to 

pevonedistat and doxorubicin (Figure 19, Figure 38). Interestingly, while doxorubicin resistance of 

FBXW7-deficient cells had been previously linked to an activation of the EMT (Yu et al., 2014, Li et al., 

2016, Ding et al., 2018), here we observed that MCL1 could also be contributing to the resistance 

phenotype. Nevertheless, MCL1 deletion sensitised to only four compounds out of those tested (Figure 

19). Therefore, there should be other resistance mechanisms in FBXW7-deficient cells apart from 

MCL1 contributing to MDR.  

 

1.4.2. ABCB1 

Besides MCL1, we found that the well-established MDR factor ABCB1 was upregulated in 

DLD1 FBXW7 KO cells (Figure 20), in consensus with a recent study in another cell line (Mun et al., 

2020). Moreover, ABCB1 deletion re-sensitised FBXW7 KO cells to some, but not all, treatments 

(Figure 20, Figure 38). The role of ABCB1 mutations in resistance to paclitaxel, vincristine, doxorubicin, 

and BI2536, due to enhanced expulsion of these substrates is largely known (Hodges et al., 2011, 

Wolking et al., 2015, Wu et al., 2013). For pevonedistat, it has been only suggested (Ferris et al., 2020), 

but here we provided proofs that loss of ABCB1 also sensitises cells to this compound.  

It remains to be determined whether ABCB1 is a substrate of FBXW7, or if its upregulation 

following FBXW7 loss is an indirect effect. In this regard, we searched for potential CPDs in the ABCB1 

sequence, but only found three possible suboptimal CPDs containing at least the Ser or Thr at position 

0 and the Pro +1 position (Annex Figure 2A). It remains to be tested if these sequences are true CPDs 

and if ABCB1 is targeted by FBXW7 for its proteasomal degradation.  

Importantly, there are many factors for which resistance in FBXW7-deficient cells is 

independent of ABCB1, such as HU, gemcitabine, 5-FU, or trametinib (Figure 20). These results are 

consistent with our observation that the resistance profile of FBXW7-mutant cells is even broader than 

that of ABCB1-mutant tumours (Figure 17), as there must be alternative mechanisms of resistance in 

FBXW7-altered cells besides those provoked by ABCB1 upregulation.  

 

1.4.3. Cellular phenotype 

Our results, together with previous reports, show that the resistance to therapies observed in 

FBXW7-deficient cells is drug-dependent and that multiple proteins can be contributing towards 

resistance to the same compound. We cannot exclude the possibility that there are also cell-type or 

mutational status dependent mechanisms of resistance in FBXW7-deficient cells.  

Nevertheless, and besides the impact of specific mutations, our work here reveals that there 

might be a general phenomenon that increases the overall resistance to toxic therapies in FBXW7-

deficient cells, namely, the upregulation of mitochondrial processes. Our proteomic analysis 

revealed that FBXW7-deleted cells, in addition to presenting altered levels of specific factors such as 



DISCUSSION 

 

79 
 

MYC or CCNE1, also present a generalised activation of pathways related to mitochondrial metabolism 

and translation (Figure 22), which may create a pro-survival and pro-growth cellular context that 

enables cells to survive very different insults. Interestingly, the upregulation of mitochondrial pathways 

has largely been related to chemoresistance (Vazquez et al., 2013, Farnie et al., 2015, Ippolito et al., 

2016, Farge et al., 2017, Xu et al., 2018, Cruz-Bermudez et al., 2019, Hirpara et al., 2019, Chen et al., 

2019b, Zhang et al., 2019b, Messner et al., 2020), and even MDR (Roesch et al., 2013, Lee et al., 

2017b). Moreover, and specifically, two substrates upregulated in FBXW7-deficient cells, MCL1 and C-

MYC, were recently shown to induce chemoresistance via an increase in OXPHOS (Lee et al., 2017b).  

All things considered, we propose that, although altered levels of factors such as ABCB1 or 

MCL1 might contribute to resistance to specific therapies, the MDR phenotype of FBXW7-deficient cells 

might be mostly related to a generalised increase in mitochondrial translation and metabolism. How this 

property can be exploited in cancer therapy will be next discussed. 

 

2. OVERCOMING RESISTANCE 

2.1. General strategies to overcome drug resistance 

 Once the molecular causes of a resistance to a given compound have been determined, 

subsequent efforts concentrate on finding ways to overcome such resistance. Most often, 

combinatorial therapies are investigated. However, in some cases, the resistance offers a novel 

vulnerability that can be targeted by a single targeting agent, as we will discuss later for FBXW7 

deficiency.  

Strategies to identify compounds that overcome resistance range from knowledge-based 

targeting to unbiased chemical screens for selective toxicity in resistant cells, as well as CRISPR-Cas9 

screens to identify synthetic lethality partners. The field of overcoming drug resistance is rapidly moving 

towards the latter approaches; accordingly, CRISPR-Cas9 screens have already been performed in 

thousands of cell lines, and it is expected to accelerate the development of novel precision treatments 

(Tsherniak et al., 2017, McDonald et al., 2017, Dharia et al., 2021). In conclusion, the identification of 

dependencies and vulnerabilities in cancer cells that have evolved resistance to therapy is a powerful 

incipient field that may help to overcome the major problem of drug resistance in cancer patients (Finn 

et al., 2016).  

 

2.2. Current potential strategies to overcome therapy resistance in FBXW7-deficient 

cells 

Collectively, our work revealed the need for effective treatments for cancer patients 

presenting FBXW7-inactivating mutations, as they are resistant to most the current therapies.  

Previous works revealed the possibility to overcome the resistance of FBXW7 KO cells to 

certain compounds such as regorafenib, gefitinib and taxol, by combining the treatments with MCL1 

inhibitors, rapamycin, or an HDAC inhibitor (Tong et al., 2017b, Xiao et al., 2018b, Yokobori et al., 

2014). Rapamycin, in our hands, instead of overcoming resistance, enhanced it. Nevertheless, our data 

does support that MCL1 inhibitors would be a good approach to overcome resistance to compounds 

like microtubule poisons, doxorubicin, or pevonedistat. Besides the previously defined role of MCL1, 

our work here revealed that the use of ABCB1 inhibitors is also a valid approach to overcome resistance 

to these compounds, as well as towards PLK1 inhibitors or rapamycin. Inhibiting ABCB1 or targeting 

the BCL2 pathway is a recurrent approach to overcome drug resistance, and multiple inhibitors have 

been developed (Cornwell et al., 1987, Starling et al., 1997, Roe et al., 1999, Oltersdorf et al., 2005, 

van Delft et al., 2006, Souers et al., 2013, Friberg et al., 2013). Unfortunately, this strategy has shown 

limited results in clinical trials, especially in the case of ABCB1 inhibitors (Baer et al., 2002, Gruber et 

al., 2003, Pusztai et al., 2005, Fox et al., 2015).  

Other authors have reported the action of several single agents that seemed to target FBXW7-

altered cells, but most were in contradiction with other reports (Izumi et al., 2017, Ding et al., 2017, 

Galindo-Moreno et al., 2019, Honma et al., 2019, Shimizu et al., 2019, Cui et al., 2020) or have been 
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only shown to work in a specific cellular context (Inuzuka et al., 2011, Takeishi et al., 2013, He et al., 

2013, Urick and Bell, 2018, Fiore et al., 2019) or cell line (Davis et al., 2018). Among others, a recent 

screen identified 11 compounds to which FBXW7-deficient cells could be specifically sensitive (Hundley 

et al., 2021). However, as mentioned, we know that FBXW7-deficient cells are not sensitive, but rather 

resistant, at least to PLK1 inhibition. It remains to be explored how FBXW7-deficient cells respond to 

the rest of the predicted compounds. Furthermore, and as we have seen in this work, these strategies 

are cell- and treatment-dependent and, thus, their usefulness is limited to very specific contexts. For 

these reasons, we believe that the identification of a general strategy that exploits the essence of the 

resistant phenotype and that is able to selectively kill FBXW7-deficient tumours may be a better 

therapeutic approach than looking for combinatorial treatments that may recurrently face resistance. 

 

2.3. Novel ideas to overcome therapy resistance in FBXW7-deficient cells 

Besides combinatorial strategies, several targeted strategies have been envisioned as a 

potential treatment for FBXW7-deficient tumours, and include (1) small-molecule agonists that can 

increase FBXW7-substrate binding affinity, (2) the targeting of FBXW7 regulators specially FBXW7-

related deubiquitylases, (3) the therapeutic targeting of downstream oncoproteins and (4), the discovery 

of synthetic-lethal strategies (Davis et al., 2014b, Xu et al., 2016) (Figure 39). 

 

Figure 39: Novel ideas to overcome therapy resistance in 

FBXW7-deficient cells. Four different strategies to target 

FBXW7-deficient tumours are (1) molecular glues or 

enhancers that can increase FBXW7-substrate binding 

affinity, (2) the targeting of FBXW7 activators (A) or inhibitors 

(I), (3) the targeting of downstream substrates of FBXW7, and 

(4) the discovery of synthetic-lethal strategies. FBXW7* (with 

the WD40 domain in red) indicates that FBXW7 is mutated or 

deleted. F-box motif (F), Phosphorylation (P).  

 

 

 

 

 

 

2.3.1. Increase FBXW7-substrate binding affinity 

Regarding the first approach, some point mutations in the WD substrate-recognition motifs of 

FBXW7 lead to decreased affinity for substrates. Therefore, tumours carrying these mutations could 

benefit from the development of small-molecule agonists that increase the binding affinity by acting as 

a molecular glue. In recent years, substantial progress has been made in the field of molecular glues 

with the development of PROteolysis-Targeting Chimeras (PROTACs) (Sakamoto et al., 2001, Lai and 

Crews, 2017, Mayor-Ruiz et al., 2020), that in principle could allow the targeting for degradation of any 

protein of interest, including those traditionally categorised as undruggable. This system is based on 

bridging two small molecules, one recognising the substrate and another binding to the E3 ubiquitin 

ligase, thereby bringing the substrate in close proximity with the E3 protein, promoting its ubiquitylation 

and degradation.  

For FBXW7 mutations, a simpler approach could be used, by using a linker molecule that would 

act as an enhancer of the naturally occurring interaction (Figure 39). An example of such agonists 

can be found in the nature: the plant hormone auxin, which functions as a molecular glue between an 

F-box protein and its substrates (Gray et al., 2001, Tan et al., 2007). Similarly, enhancers of the 

interaction between β-catenin and its cognate E3 ligase, SCFβ-TrCP, were recently developed (Simonetta 

et al., 2019). Moreover, the discovery of an inhibitor of the yeast orthologue of FBXW7, Cdc4, suggest 

that the WD40 domain of F-box mammalian proteins may be generally accessible to allosteric 

modulation by small molecules (Orlicky et al., 2010). Hence, directing drug discovery and development 

to those classes of molecules represent an attractive strategy for targeting FBXW7-mutant tumours. 
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2.3.2. Targeting of FBXW7 regulators 

An alternative approach would be to stabilise FBXW7 (Figure 39), especially for tumours 

presenting low levels of FBXW7. In principle, this could be achieved by inhibiting the transcriptional 

inhibitor of FBXW7α (Balamurugan et al., 2010), C/EBPδ. However, as C/EBPδ is also a known tumour 

suppressor, the global effects of this strategy are unpredictable. Other ways to increase FBXW7 levels 

could be potentially targeting its epigenetic silencing by inhibiting PRMT5, or decreasing its protein 

product destabilisation by inhibiting ERK/MAPK kinases (Ji et al., 2015, Zhang et al., 2020a), or by 

PLK1 (Xiao et al., 2016). Actions of other regulators, such as the deubiquitylase USP28, might be more 

complicated, as this protein stabilises FBXW7 by reversing its self-ubiquitylation, but simultaneously 

also reverses FBXW7-dependent substrate ubiquitylation (Popov et al., 2007, Schulein-Volk et al., 

2014).  

Of note, for the few cases in which decreasing the levels of FBXW7 could be a vulnerability for 

the tumour, as in the case of non-dividing leukaemia-initiating cells (Takeishi et al., 2013); enhancing 

the actions of negative regulators of FBXW7 may be an interesting possibility. For these cases, a 

direct protein inhibitor of FBXW7 has been recently described, STYX (Reiterer et al., 2017, Liu et al., 

2020), although its potential for cancer therapy remains to be addressed. 

 

2.3.3. Targeting of downstream oncoproteins 

Regarding the downstream oncoproteins, we believe that targeting only one substrate may not 

be enough, due to the alteration of many others, as we have seen in the case of drug resistance. 

Moreover, most of the more relevant substrates are difficult to target. For instance, C-MYC has 

generally been regarded as undruggable, mainly due to lack of defined pocket domains and a narrow 

therapeutic window caused by on-target toxicity in normal tissues (McKeown and Bradner, 2014). 

MYC/MAX heterodimerisation disrupters, while displaying potent anti-tumoural effects, are dependent 

on MYC degradation for their efficacy (Han et al., 2019). Therefore, FBXW7-altered tumours are 

expected to be refractory to these novel therapeutic inhibitors. The recently discovered synthetic 

lethality between CCNE1 amplification with PKMYT1 kinase inhibition may be potentially more 

interesting (Gallo et al., 2021). Given that FBXW7-deficient tumours present high levels of CCNE1, this 

could render them sensitive to PKMYT1 inhibition.  

 

2.3.4. Discovery of synthetic-lethal strategies 

The example of the CCNE1/PKYMT1 interaction adds to the recent interest in the discovery of 

synthetic-lethal strategies, which has been greatly facilitated by the use of CRISPR-Cas9 screens in 

isogenic cell lines (Mengwasser et al., 2019, DeWeirdt et al., 2020, Gallo et al., 2021). In this regard, a 

competitive loss-of-function CRISPR screen in the isogenic pair of FBXW7 KO and WT cells, could 

allow the identification of mutations that are selectively lethal for FBXW7 KO cells (Figure 39). 

Moreover, the performance of CRISPR screens in thousands of cancer cell lines have unravelled many 

tumour dependencies. These types of studies have allowed, for example, the discovery of the Werner 

syndrome ATP-dependent helicase (WRN), as a synthetic lethal target in tumours with microsatellite 

instability (Behan et al., 2019). Of note, the same study also identified WRN as a strong Pan-Cancer 

synthetic lethal target in FBXW7-mutant cell lines, together with many other weaker unknown 

dependencies in colorectal cancer and Pan-Cancer. In addition, many other Big Data computational 

efforts may be relevant to lead the discovery of novel FBXW7-deficient cells vulnerabilities. One 

example is the DepMap Consortium (Chan et al., 2019, Dharia et al., 2021), which has merged tumour 

features, dependencies (based on CRISPR and RNAi screens), and drug sensitivity data, to allow the 

identification of novel synthetic lethal interactions and faster the development of innovative cancer 

treatments. According to DepMap (https://depmap.org/portal/), the three top co-dependencies for 

FBXW7 for all tumour types are C-MYC, MED23 and KLF10, which is consistent with our data on C-

MYC and validates the power of this strategy.  

 

https://depmap.org/portal/
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2.3.5. This Thesis approach 

In this Thesis, we tried to identify single agents that produce selective toxicity in FBXW7-

depleted cells, for which we used two independent approaches (Figure 40): (1) proteomics, to identify 

pathways that are selectively altered in FBXW7-deficient cells, and (2) chemical screens. Interestingly, 

while the molecules identified in these two approaches did not seem similar at a first glance, further 

work revealed that they all converged at the ISR, reinforcing the value of these strategies. 

Figure 40: Strategies to selectively kill FBXW7-deficient cells 

developed in this Thesis. FBXW7 KO cells were found to 

overexpress mitochondrial proteins, especially those involved in 

mitochondrial translation. This effect was dependent on C-MYC 

(although there may be other factors involved, marked with a “?” 

sign), as well as a slight activation of the ISR pathway, represented 

by the translocation of ATF4 to the nucleus. Targeting the 

mitochondria with (1) tigecycline and other mitochondrial translation 

and OXPHOS inhibitors generated mitochondrial damage that 

converged on hyperactivation of the ISR. These compounds were 

identified by a proteomic approach to selectively kill FBXW7 KO 

cells. The use of (2) a set of a PLX-4720 compounds identified by a 

chemical screen also resulted in the hyperactivation of the ISR. 

ATF4 translation upon extreme activation of the ISR leads to cell 

death, specifically in FBXW7 KO tumours.  
 

2.4. Final considerations to overcome therapy resistance in FBXW7-deficient cells 

 There are two final considerations regarding any compound with the prospect to target FBXW7-

deficient cells. First, the efficacy of compounds with the ability to overcome the resistance of FBXW7-

deficient tumours are expected to be also effective in patients presenting tumours with reduced levels 

of FBXW7 due to mutations in regulators of FBXW7. 

Secondly, most studies, including ours, are based on FBXW7-deletion models. However, data 

coming from mouse studies indicate that we may expect differences between FBXW7 deletion and 

point mutations (Davis et al., 2014a, Davis et al., 2011). Therefore, it will be interesting to test whether 

the antitumoural effects of tigecycline, and the other single-agents identified as selectively toxic for 

FBXW7-depleted tumours hold true in FBXW7-point-mutation models. This can be achieved by the use 

of cell lines containing FBXW7 point-mutations, or by generating knock-in cellular models 

encompassing the most frequent point-mutations present in cancer patients. 

 

3. TARGETING MITOCHONDRIAL TRANSLATION 

3.1. Targeting the mitochondria to overcome resistance in FBXW7-deficient cells 

The identification of pathways that could be exploited to kill FBXW7-deficient cells motivated a 

comparison of WT and FBXW7 KO proteomes. Interestingly, we found a generalised upregulation of 

mitochondrial proteins and processes in the mutant cells (Figure 22-24). Whether this increase in 

OXPHOS proteins led to a functional increase of mitochondrial respiration is still to be determined. In 

any case, the presence of more fused mitochondria, as seen in FBXW7-deficient cells (Figure 25), has 

been related to higher dependence on OXPHOS metabolism (Yao et al., 2019, Dai and Jiang, 2019). 

Of note, the increased number of fused mitochondria has also been observed upon C-MYC 

overexpression (Graves et al., 2012), which, as previously mentioned, is a hallmark of FBXW7 

depletion. Surprisingly, one manuscript reported lower number of fused mitochondria upon FBXW7 

downregulation by siRNAs (Abbate et al., 2018), although these results are contrary to what we and 

many others have linked to FBXW7.  

In contrast to the roles of FBXW7 in proliferation and differentiation, the links to mitochondrial 

function have been barely studied. It was only recently revealed that FBXW7 lead to an enhanced 

mitochondrial gene transcriptional program in melanoma (Abbate et al., 2018) and in pan-cancer 

signatures (Davis et al., 2018). However, here we single out the specific significance of mitochondrial 

translation among the many upregulated mitochondrial processes (Figure 22). This overexpression of 
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mitochondrial translation proteins is present in many tumours (Sotgia et al., 2012, Kim et al., 2017a). 

Moreover, this process has been shown to be driven by several pro-tumoural events such as the loss 

of RB1 (Jones et al., 2016), or C-MYC overexpression (Skrtic et al., 2011, D’Andrea et al., 2016). Our 

results here add FBXW7 deficiency to the list of mutations linked to increased mitochondrial translation 

and contribute to lengthen the list of evidences that contradict Warburg’s original hypothesis (Warburg, 

1956), namely the universal downregulation of mitochondrial OXPHOS in tumours. 

Interestingly, recent work already indicated mitochondrial hyperactivation in FBXW7-mutant 

melanoma cells, mediated by the upregulation of MITF (Abbate et al., 2018). However, here we found 

that this response is mediated by C-MYC (Figure 26). C-MYC coordinates a general mitochondrial 

transcriptional programme (Li et al., 2005), and is a well-characterised FBXW7 substrate (Yada et al., 

2004, Welcker et al., 2004b). Therefore, it was straight-forward to hypothesise that FBXW7 KO cells 

could present an accumulation of C-MYC that activates mitochondrial metabolism.  

The fact that C-MYC depletion does not fully rescue the toxicity of tigecycline in FBXW7-

deficient cells could be related to an incomplete depletion of C-MYC following RNA interference, 

nevertheless, we cannot discard the possible contribution of other factors. For instance, the master 

regulator of mitochondrial metabolism and global inducer of mitochondrial gene expression PGC1α is 

an FBXW7 substrate (Olson et al., 2008, Vazquez et al., 2013). In addition, MITF is able to induce 

PGC1α (Haq et al., 2013) and, hence, the effect could also be related to an upregulation of MITF, as 

reported in melanoma (Abbate et al., 2018). There are other FBXW7 substrates that are known to 

regulate mitochondrial gene expression, such as SREBP1 (Sundqvist et al., 2005) and MCL1 (Inuzuka 

et al., 2011, Wertz et al., 2011). SREBP1 knockdown has been recently shown to decrease OXPHOS 

(Ruiz et al., 2020); and MCL1, independently of its anti-apoptotic functions, was shown to cooperate 

with C-MYC to drive OXPHOS upregulation (Lee et al., 2017b). The possible contribution of all of these 

factors to the sensitivity of FBXW7-deficient cells to tigecycline remains yet to be tested.  

Regardless of the mechanism, in this Thesis we proved that the genetic or pharmacological 

inhibition of mitochondrial translation machinery preferentially targets FBXW7-deficient cells (Figure 

27), as previously shown for MYC-overexpressing tumours (D’Andrea et al., 2016, Oran et al., 2016, 

Ravà et al., 2018, Sheth et al., 2014). The toxicity was not restricted to mitochondrial translation 

inhibitors, but was also observed with mitochondrial poisons or by the genetic inhibition of OXPHOS 

complexes (Figure 28). To our knowledge, this is the first time that FBXW7-deficient cells have been 

successfully targeted by using different inhibitors of mitochondrial processes. In agreement with our 

results, a recent CRISPR-Cas9 screen reported the presence of FBXW7-targeting sgRNAs among the 

sensitising mutations against the mitochondrial electron chain complex II inhibitor, TTFA (Hundley et 

al., 2021); although this sensitivity was not further validated. Likewise, the upregulation of mitochondrial 

metabolism found in FBXW7-depleted melanoma cells was not further explored as a targeting strategy 

(Abbate et al., 2018). Instead, the authors suggested using the expression of mitochondrial proteins as 

biomarkers of prognostic value of FBXW7-mutant tumours in melanoma cancer patients. In a related 

work, the authors reported an overexpression of OXPHOS components in FBXW7-mutated cells in all 

cancer types, although they then only focused on colorectal cancer and did not exploit this property for 

the targeting of the mutant cells (Davis et al., 2018). Our study is the first in capitalising on this 

knowledge, and providing proof of principle of the value of targeting mitochondrial metabolism, and 

more specifically translation, for killing FBXW7-deficient cells. 

 

3.2. Clinical use of tigecycline 

Tigecycline was approved for treating bacterial infections in 2005, b, the FDA delivered a black 

box warning to the use of tigecycline in 2010, due to the increased risk of death compared to other 

antibiotics (Dixit et al., 2014). As a result, the use of tigecycline is restricted to infections that present 

resistance to more frequently used antibiotics. Besides its use in microbiology, there is only one phase 

I clinical trial that has examined the efficacy of tigecycline for cancer treatment, specifically in AML. 

Despite proven to be safe, none of the patients presented a noticeable response to the tigecycline 

treatment (Reed et al., 2016). This was mostly attributed to the short half-life of the drug, that can now 
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be solved using a novel formulation that extends its stability from 9.5 hours to a week (Jitkova et al., 

2014).   

Two other clinical trials will test soon the efficacy of tigecycline in urogenital cancer 

(NCT03962920) and in CML (NCT02883036). It is yet to be seen whether tigecycline may finally reach 

phase II and III clinical trials and be approved for clinical practice. We should have in mind that 

tigecycline exert its effects by targeting the mitochondrial ribosome of all cells, which might complicate 

its possible clinical use and further studies are needed to identify whether a therapeutic window exists. 

Our work adds FBXW7-deficient tumours as another type that could benefit from the clinical use of 

tigecycline in oncology. In any case, we are aware that tigecycline is a broad-spectrum approach to 

target mitochondrial translation and further efforts are needed to develop more selective agents. 

 

3.3. New strategies to target mitochondrial translation 

The development of novel compounds, or the improvement of the current antibiotics targeting 

mitochondrial translation could improve the anticancer effects that have been observed with tigecycline. 

An interesting candidate would be the recently discovered inhibitors of mitochondrial transcription, IMTs 

(Bonekamp et al., 2020). Despite these candidates, strategies to discover novel mitochondrial 

translation inhibitors would open up new families in this relatively small chemical class. One such 

approach could be through conducting unbiased chemical screens using in situ imaging of mitochondrial 

translation as a read-out. Recently, a method to visualise and quantify global mitochondrial translation 

was developed, using specific labelling of mitochondrial-translated factors with a non-canonical amino 

acid that is coupled to fluorescent proteins through chemo-selective, bio-orthogonal ‘click-it’ reactions 

(Estell et al., 2017). A simpler approach could be to analyse individual mitochondrial-encoded proteins. 

However, for large screens, tagging these proteins with a fluorescent reporter would be desirable, 

although it will display extra difficulties, such as the challenge of transporting RNAs and the Cas9 into 

mitochondria, or the fact that linearized mtDNA is rapidly degraded, occasioning heteroplasmic shifts 

that favour uncut mtDNA genomes (Gammage et al., 2018, Peeva et al., 2018, Nissanka et al., 2018). 

Only recently, a method to efficiently generate a knock-in in mtDNA has been reported (Bian et al., 

2019), that could be adapted for these purposes.  

Another possibility would be to enhance the efficacy of the currently used agents by 

modifications of the compounds that increase their selective binding to mitochondrial ribosomes. 

Indeed, there are multiple differences between bacterial and mitochondrial ribosomes, which can be 

exploited for the development of such compounds. A first requirement would be to find the specific 

sequence that is bound by tigecycline and other antibiotics in the mitochondrial ribosome. While 

tigecycline is expected to bind similarly to mitoribosomes as to bacterial ribosomes, where it binds to 

both subunits and impedes the binding of the aminoacyl-tRNA to the acceptor site (Jenner et al., 2013, 

Schedlbauer et al., 2015), its exact target is unknown.  

Finally, besides improving the compounds, it would also be important to do further work in 

identifying the mutations that confer sensitivity to the inhibition of mitochondrial translation. To date, 

no CRISPR-Cas9 screen has been performed against tigecycline or any of the most commonly 

repurposed antibiotics. A loss-of-function CRISPR-screen should reveal factors that modulate 

sensitivity to tigecycline, and, in fact, we are currently working in that direction. Independently, we could 

use the transcriptional signature derived from cells exposed to tigecycline to query databases of 

transcriptional signatures such as the Connectivity Map to search for genes and compounds eliciting 

similar signatures and, therefore, to identify novel strategies to target mitochondrial translation in 

eukaryotic cells. 

 

4. TARGETING THE ISR 

4.1. Role of the ISR in the toxicity of mitochondrial translation inhibitors 

Another antibiotic targeting the mitoribosome, tedizolid, was recently proven to kill cells via an 

activation of the integrated stress response (ISR) (Sharon et al., 2019). Here, we presented that 
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this is also the case for tigecycline. FBXW7-deficient cells tumours had a basal upregulation of the ISR, 

which becomes exacerbated with tigecycline (Figure 30). The ISR senses and tries to mitigate the 

consequences of different stressors, but an excessive or prolonged ISR activation eventually causes 

cell death. We propose that an excessive activation ISR underlies the selective sensitivity of FBXW7-

deficient cells to agents that target mitochondrial metabolism. 

A remaining question is whether targeting mitochondrial metabolism is itself selectively toxic for 

FBXW7-deficient cells, or whether this is due to the activation of the ISR. Our data support the latter. 

Accordingly, other inducers of the ISR also showed preferential toxicity for FBXW7-deficient cells. One 

way to discern between both possibilities would be to find a mitochondrial poison that does not activate 

the ISR, which might be rather complicated to achieve, as, to date, any interference with mitochondrial 

processes seems to activate the ISR (Sharon et al., 2019, Chen et al., 2019b, Donati et al., 2020, Guo 

et al., 2020a, Fessler et al., 2020). 

 

4.2. Discovery of novel drugs activating the ISR 

During our search of compounds that selectively target FBXW7-deficient cells, we identified 

another chemical family that kills cells by activating the ISR (Figure 32-37). Importantly, many of 

these compounds are in clinical trials, or even approved, and their ability to trigger the ISR, or the 

consequences that this may have in cancer patients, was unknown. In the case of FBXW7-deficient 

cells, activation of the ISR is detrimental and, thus, the repurposing of these agents could be an 

interesting therapeutic approach to follow in clinical practice. However, the effect could be the opposite 

for other tumours. In fact, activation of the ISR has been generally considered to contribute to 

tumourigenic processes, due to its cytoprotective effects (Bi et al., 2005, Ye et al., 2010, Avril et al., 

2017). For instance, ATF4 can potentially regulate more than 400 genes, many of which promote cell 

survival (Pakos‐Zebrucka et al., 2016). In fact, most of the efforts to target the ISR in cancer have been 

made towards its inhibition rather than its activation (Foufelle and Fromenty, 2016, Walczak et al., 

2019). Therapeutic targeting of the ISR should, therefore, be done with caution, as consequences of 

targeting ISR are not the same in all cancer types and there may be undesirable side effects (Pakos‐

Zebrucka et al., 2016). Thus, the clinical use of compounds with the ability to activate the ISR pathway 

demands a profound understanding of the molecular context.  

Classic ISR inducer agents, such as the ER stressor tunicamycin are particularly toxic to 

FBXW7-deficient cells (Figure 36). In addition, two other ER stressors, brefeldin-A and BAPTA-AM, 

were among the 11 compounds that showed preferential toxicity for FBXW7-deficient cells in a recent 

work based on CRISPR screens (Hundley et al., 2021). Interestingly, the BCL2 inhibitor, venetoclax, 

was recently reported to activate the ISR and to synergise with tedizolid to kill cancer cells (Sharon et 

al., 2019). Taking this into account, and the fact that FBXW7-sgRNAs were discovered in a screen for 

sensitisers to venetoclax (Chen et al., 2019b), we speculate that this compound may also act similarly 

to the compounds defined in our study. Furthermore, we speculate that targeting the ER or any other 

branch of the ISR may selectively target FBXW7-deficient cells.  

ER stress is the most broadly studied branch of the ISR, and there are many compounds 

known to generate ER stress (Foufelle and Fromenty, 2016, Walczak et al., 2019), which is sensed by 

PERK and other factors like ATF6 or IRE1α. Interestingly, there are several compounds, such as the 

sphingosine kinase inhibitors SKI-II and ABC294640, the latter being already in clinical trials, that have 

recently been shown to exert their toxicity via ER stress-ISR, independently of their predicted targets 

(Corman et al., 2021). There is also a selective PERK activator that does not elicit ER stress, 

CCT020312 (Stockwell et al., 2012). We speculate that these compounds might also be efficient in 

killing FBXW7-deficient cells.  

Regardless of ER stress, the activators of the ISR by mitochondrial stress have been recently 

elucidated (Guo et al., 2020a, Fessler et al., 2020). These authors demonstrated that multiple 

mitochondrial poisons were able to induce the ISR via a mitochondrial stress pathway involving factors, 

such as OMA1, DELE1, or HRI. Other mitochondrial targeting perturbations, such as the complex I 

inhibitor IACS-010759 (Donati et al., 2020), depletion of a mitochondrial chaperonin (Chen et al., 
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2019b), and, as mentioned, tedizolid (Sharon et al., 2019), are known to act through activation of the 

ISR. Similarly, despite not being directly linked to the whole ISR, multiple mitochondrial poisons or 

alterations of mitochondrial homeostasis, such as the overexpression of misfolded proteins in the 

mitochondrial matrix (known as the mitochondrial unfolded protein response) have been described to 

produce mitochondrial stress (Zhao et al., 2002, Vogtle, 2021). Importantly, none of the studies explored 

the specific ISR kinase that is activated. In our case, it remains to be tested if the mitochondrial stress 

pathway is involved in the excessive ISR activation of FBXW7-deficient cells and in their sensitivity to 

tigecycline. Of note, the proteolysis of DELE1 upon OMA1 activation, a bona-fide marker of the 

mitochondrial stress branch of the ISR, could be used to perform chemical screens and to identify 

selective activators of this pathway. For instance, a reporter cell-line containing a DELE1 construct 

attached to a fluorescent protein, or a HaloTag (Los et al., 2008) could serve as a reporter for the 

activation of mitochondrial stress, and its proteolysis and translocation to the cytosol be the read-out 

for performing chemical screens. This is an emergent field and possibilities for developing new agents 

are high. 

Besides ER and mitochondrial stress, other stressors that are known to induce the ISR 

include amino acid or heme deprivation and viral infections. Potentially, all of these stressors might be 

relevant in the context of FBXW7 mutations; as well as activators of the kinases that sense those 

stresses, such as BTdCPU and related N,N'‐diarylureas, which are activators of HRI (Chen et al., 

2011b); histidinol, halofuginone, asparaginase, and arginine deiminase, which are GCN2 activators 

(Zhang et al., 2002, Bunpo et al., 2009, Keller et al., 2012, Long et al., 2013); and BEPP 

monohydrochloride that is a PKR activator (Hu et al., 2009). As for the latter, apart from its role in the 

context of viral infections, PKR is also known to be activated by siRNAs (Puthenveetil et al., 2006, Han 

et al., 2011). Interestingly, during our siRNA or esiRNA transfections we repeatedly noticed that in 

cellular mixtures transfected with control siRNAs, the percentage of FBXW7 KO cells was diminished 

in comparison with untransfected cells (data not shown). One interesting possibility is that this is due to 

an ISR activation, driven by the detection of double-stranded RNAs of the siRNA sequences by PKR. 

The relationship between FBXW7-deficiency and viral infections remains mostly unexplored. There are 

only two reports linking FBXW7-deficiency with reduced dsRNA sensors levels and impaired antiviral 

responses (Song et al., 2017, Gstalder et al., 2020), but whether this relates in any way with the ISR 

pathway is unknown. 

The number of compounds that are capable of inducing the ISR, even as an off-target, remains 

as a mystery. Here, we have identified some compounds displaying that property, but we believe that 

a chemical screen to identify a collection of compounds activating the ISR could be of great 

relevance. Firstly, because these compounds can be used or repurposed for treating certain types of 

malignancies that are sensible to ISR activators, such as FBXW7-deficient tumours. Secondly, because 

many of these compounds might already be in clinical trials, and could be exerting their antitumoural 

effects through this unknown response. As mentioned, for the discovery of compounds that activate the 

mitochondrial branch of the ISR we could use a DELE1-proteolysis-reporter cell line. Similar reporter 

strategies could be used for the other branches of the ISR, as has been previously done for ER stress 

inducers (Jeong et al., 2013, Bi et al., 2015). A chemical screen using an ATF4-luciferase reporter 

identified a novel inducer of the ISR (Sayers et al., 2013). A similar approach could be designed, using 

high-content microscopy, to detect the nuclear translocation of ATF4 using fluorescent reporters. Once 

again, we could also mine databases, such as the Connectivity Map (Lamb et al., 2006, Subramanian 

et al., 2017), to search for compounds able to induce a transcriptional signature similar to that triggered 

by the expression of bona-fide markers of the ISR response, such as ATF4 or CHOP (Gao et al., 2019).  

An important consideration is that, many of these prospected compounds may activate the ISR 

indirectly, through other cellular stresses. Therefore, the development of specific activators of the ISR 

kinases or effectors may be even more effective in some contexts. We previously mentioned specific 

activators of the four kinases that phosphorylate eIF2α. Interestingly, eIF2α phosphorylation can also 

be directly targeted using inhibitors of its de-phosphorylation such as salubrinal, guanabenz, or the 

derivative sephin1 (Boyce et al., 2005, Das et al., 2015, Tsaytler et al., 2011, Tsaytler and Bertolotti, 

2013). Discovery of other compounds presenting similar capabilities to directly activate the ISR could 
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be of interest for targeting tumours that are especially sensitive to ISR induction, such as those carrying 

FBXW7 inactivating-mutations. 

 

4.3. Other tumour types or diseases that may be targeted by activating the ISR 

Whether ISR hyperactivation is a general property of tumours overexpressing 

mitochondrial proteins is yet unknown. C-MYC overexpressing tumours (D’Andrea et al., 2016), and 

RB1-deficient breast cancer (Jones et al., 2016) present an over-activation of mitochondrial translation 

and are extremely sensitive to tigecycline, as well as K-RAS mutant colorectal cancer cells (Martin et 

al., 2017). For C-MYC overexpression, the involvement of the ISR in sensitivity to mitochondrial 

targeting compounds has already been described (Sharon et al., 2019, Donati et al., 2020). Several 

additional cancer-related events such as H-RasV12 mutations (Telang et al., 2007, Yao et al., 2019), B-

RAF inhibition (Haq et al., 2013), overexpression of PGC1α or MITF (Vazquez et al., 2013), PTEN loss 

(Naguib et al., 2018), or MCL1 overexpression (Lee et al., 2017b) have also been related to 

mitochondrial metabolism. Exploring whether this property provides a vulnerability that can maximise 

the efficacy of cancer therapies is an interesting possibility. 

Besides their usefulness in cancer, the discovery of novel compounds that activate the ISR 

may be beneficial for the treatment of other human diseases. Specifically, in diseases where protein 

misfolding plays a role in the pathogenesis, like some degenerative diseases, the activation of the ISR 

could be essential to allow the cells to slow down translation and recover homeostasis. Consistently, 

guanabenz, sephin1, or genetic manipulations that activate the ISR, have been shown to wield 

beneficial effects in animal models of traumatic brain injury (Dash et al., 2015), multiple sclerosis (Way 

et al., 2015), Charcot–Marie–Tooth syndrome (Das et al., 2015, D'Antonio et al., 2013), or amyotrophic 

lateral sclerosis (Wang et al., 2014a, Jiang et al., 2014, Das et al., 2015). In diabetes, the consequences 

of chronic ER stress were attenuated with the use of salubrinal, which protects cells from death 

(Krokowski et al., 2013). One of the most widely used treatments for diabetes, metformin, was also 

proposed to exert its beneficial actions, at least partially, by inducing the expression of an anti-obesity 

and anti-diabetes hormone through an ATF4-dependent mechanism, independently of AMPK (Kim et 

al., 2013). Hence, the discovery and development of novel ISR activators may have outstanding 

implications for the treatment of multiple human pathological conditions. 

 

4.4. Dissecting the induction of the ISR in FBXW7-deficient cells 

Our data indicate that the basal ISR upregulation found in FBXW7-deficient cells was, to an 

important extent, dependent on C-MYC (Figure 36). This is consistent with the fact that C-MYC-

overexpressing cells present an enhanced ISR due to ER stress (Tameire et al., 2019), although 

surprisingly PERK inhibition did not rescue the phenotype. We had similar observations with the ISR 

activation upon treatment with tigecycline, oligomycin, and the PLX-4720 set of compounds; the toxicity 

was likewise not reverted by PERK inhibition (Figure 36). This was surprising for sorafenib, as it was 

previously reported as an ER stressor and activator of PERK (Holz et al., 2013). However, we have not 

yet identified the upstream kinase that mediates the increased activity of the ISR in FBXW7 KO cells. 

For oligomycin and tigecycline, it is easy to speculate that this is caused by mitochondrial stress. As for 

the other compounds, we believe that the most probable branch may also be mitochondrial stress, 

based on the transcriptional signature similarity to other mitochondrial poisons. The hyperactivation of 

mitochondrial translation and other mitochondrial processes which are known to produce mitochondrial 

stress (Zhao et al., 2002, Vogtle, 2021), may be an interesting idea to explain the basal ISR activation 

in FBXW7-deficient cells.  

A recent study showed that mitochondrial stress can be detected by OMA1 and signalled to 

the ISR through activation of the HRI kinase. Noteworthy, we observed that HRI was upregulated in 

FBXW7 KO cells (Figure 37). While the levels of the phosphorylated protein should provide a better 

read-out of its activity, the presence of an increased expression of the global protein could be explain 

by an increased mitochondrial stress signalling in the mutant cells. However, we cannot discard the 

involvement of other ISR kinases. For instance, previous reports have pointed out at the activation of 
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the ISR by mitochondrial poisons via GCN2 (Michel et al., 2015, Mick et al., 2020), which is also 

upregulated in FBXW7-deleted cells (Figure 37). What is more, the notion of an universal path linking 

mitochondrial dysfunction to the ISR has been dissipated by evidences pointing out the existence of 

multiple paths that depend on the nature of the mitochondrial defect and the metabolic state of the cell 

(Mick et al., 2020). Cell death upon mitochondrial stress was also proposed to occur independently of 

any of the core ISR kinases, occurring by a direct activation of ATF4 and CHOP, via the mitochondrial 

unfolded protein response (Munch and Harper, 2016). However, another study clearly demonstrated 

that even these type of stressors, previously attributed to the mitochondrial unfolded protein response, 

are inducers of the ATF4 pathway via the activation of the ISR (Quirós et al., 2017). Nevertheless, in 

that very same study, individual knock-outs of all four eIF2α kinases following mitochondrial inhibition, 

surprisingly, did not lead to a substantial reduction of eIF2α phosphorylation, suggesting a possible 

interplay of all of them (Quirós et al., 2017). Therefore, identifying the exact kinase and mechanism 

triggering mitochondrial stress responses upon different drug treatments may be extremely challenging 

due to the interconnectivity and overlap of the different branches of the ISR.  

We should also bear in mind that some of the ISR pathway mediators are actually substrates 

of FBXW7. For instance, two ER stress sensors, BBF2H7 and OASIS (Yumimoto et al., 2013), are 

known to be degraded by FBXW7. While the expression of these two proteins remained unaltered in 

our DLD1 FBXW7-depleted (proteomics data), we observed an increased expression of GCN2 and 

HRI, particularly the latter. Remarkably, we could detect suboptimal CPDs in all four ISR kinases 

(Annex Figure 2B-E). In fact, the first possible CPD sequence found in HRI kinase (“TPEKE”) has been 

proposed as a new FBXW7 degron in a recent bioinformatic analysis (Martínez-Jiménez et al., 2019). 

More research in this direction could illuminate if these ISR kinases are true substrates of FBXW7, or 

their overexpression is indirect. Noteworthy, β-TrCP, another SCF protein, is a known degrader of ATF4 

(Lassot et al., 2001). It is thus possible that FBXW7 might also promote the degradation of ATF4 and/or 

other effectors of the ISR. 

Regardless of the role played by the different upstream factors, what seems clear is that the 

downstream effector that mediates the toxic consequences of activating the ISR in FBXW7-deficient 

cells is most probably CHOP (Figure 37). Overexpression of this pro-apoptotic factor upon exposure 

to tigecycline and to the other inducers of the ISR used in this study, especially in FBXW7-deficient 

tumours, may reduce the mitochondrial priming threshold and prompt the induction of the MOMP. 

Indeed, OXPHOS complex I inhibition lowers the apoptotic threshold via ISR-dependent activation of 

CHOP in MYC-driven lymphomas (Donati et al., 2020). For tedizolid, suppression of glycolytic capacity 

was reported as the mechanism of cell death (Sharon et al., 2019). Although we did not investigate the 

possible role of this metabolic shift after ISR activation, we believe that the effect of CHOP induction is 

substantial enough to support its primary role in mediating the selective death in FBXW7-deficient cells 

upon ISR activation. 

 

In summary, we have here revealed that the inactivation of FBXW7 provides a multi-drug 

resistant phenotype that limits the efficacy of the majority of anticancer drugs. We subsequently 

discovered that the hyper-activation of mitochondrial metabolism leads to an activation of the ISR in 

FBXW7-deficient cells, which can be exploited for their selective killing. Moreover, we have identified 

specific novel compounds that are preferentially toxic for FBXW7-deficient cells, which invariably 

activate the ISR. Based on our findings, we propose that ISR activation emerges as an exciting 

possibility in cancer therapy, and that this approach can help to overcome the MDR of FBXW7-deficient 

tumours. 
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1. Los cribados genómicos de pérdida de función con CRISPR-Cas9 en mESCs facilitan la 

identificación de nuevas mutaciones relacionadas con resistencia, como Ptptn2 y Fbxw7, 

siendo el último un hallazgo recurrente en múltiples cribados. 

2. La deleción de FBXW7 produce resistencia a múltiples fármacos en mESCs y líneas celulares 

humanas de cáncer. 

3. Los niveles bajos de FBXW7 están asociados con una pobre respuesta a terapias en pacientes 

de cáncer. 

4. El mecanismo de resistencia en células deficientes para FBXW7 está mediado por múltiples 

dianas como MCL1 y ABCB1, y la multi-resistencia no es debida a un único factor.  

5. Dos comparaciones independientes de proteómica entre células WT y deficientes para FBXW7 

revelaron una sobre-regulación de la traducción mitocondrial y otros procesos mitocondriales 

en células con alteraciones en FBXW7. 

6. La inhibición de la traducción mitocondrial con el antibiótico tigeciclina y otras estrategias 

genéticas y farmacológicas cuya diana es la función mitocondrial, son selectivamente tóxicas 

para células deficientes para FBXW7. 

7. Los xenotransplantes de tumores deficientes para FBXW7 son resistentes al tratamiento con 

paclitaxel, pero son selectivamente eliminados con tigeciclina. 

8. El mecanismo de acción detrás de la citotoxicidad preferencial de la tigeciclina en células 

deficientes para FBXW7 es dependiente de la sobre-regulación de C-MYC y de la activación 

de la ISR. 

9. Un cribado farmacológico dirigido identificó un grupo de compuestos que eliminaban 

selectivamente las células deficientes para FBXW7, activando todos la ISR. 

10. La híper-activación de la ISR es una vulnerabilidad que puede ser explotada para eliminar 

selectivamente las células deficientes para FBXW7. 
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1. Loss-of-function CRISPR-Cas9 genome-wide screens in mESCs enable the identification of 

novel resistance-related mutations such as the loss of Ptptn2 or Fbxw7, the latter being a 

recurrent hit in multiple screens. 

2. FBXW7 deletion leads to multi-drug resistance in mESCs and human cancer cell lines. 

3. Low levels of FBXW7 are associated with a poor response to therapy in cancer patients. 

4. Drug resistance in FBXW7-deficient cells is mediated by multiple targets, such as MCL1 and 

ABCB1, and the multi-drug resistance is not due to a single factor. 

5. Two independent proteomic comparisons between WT and FBXW7-deficient cells revealed a 

generalised upregulation of mitochondrial translation and other mitochondrial processes in 

FBXW7-deficient cells. 

6. Inhibition of mitochondrial translation, by repurposing the antibiotic tigecycline or targeting 

mitochondrial function by genetic or pharmacological strategies, is selectively toxic for FBXW7-

deficient cells. 

7. FBXW7-deficient xenografts are resistant to treatment with paclitaxel, but are selectively 

targeted by tigecycline. 

8. The mechanism of action behind the preferential cytotoxicity of tigecycline for FBXW7-deficient 

cancer cells depends on the upregulation of C-MYC and on the activation of the ISR. 

9. A focused chemical screen identifies additional compounds selectively killing FBXW7-deficient 

cells, all of which activate the ISR. 

10. The hyperactivation of the ISR is a vulnerability that can be exploited to selectively target 

FBXW7-deficient cells.
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1. ANNEX FIGURES 

 

 

Annex Figure 1: Lethal doses of cisplatin and UV-C light in mES Cas9 clones. (A) Clonogenic assay of mES Cas9 clones 

1 and 2 exposed to different doses of cisplatin (μM). (B) Clonogenic assay of mES Cas9 clones 1 and 2 exposed to different 

doses of UV-C radiation (J/m2). 
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Optimal CPD  

φ, X, φ, φ, φ, T/S, P, P, X, T/S/D/E 

Positions -5 to +4 

A- ABCB1 

MDLEGDRNGGAKKKNFFKLNNKSEKDKKEKKPTVSVFSMFRYSNWLDKLYMVVGTLAAIIHGAGLPLMMLVFGEMTDIFANAG

NLEDLMSNITNRSDINDTGFFMNLEEDMTRYAYYYSGIGAGVLVAAYIQVSFWCLAAGRQIHKIRKQFFHAIMRQEIGWFDVHDV

GELNTRLTDDVSKINEGIGDKIGMFFQSMATFFTGFIVGFTRGWKLTLVILAISPVLGLSAAVWAKILSSFTDKELLAYAKAGAVAE

EVLAAIRTVIAFGGQKKELERYNKNLEEAKRIGIKKAITANISIGAAFLLIYASYALAFWYGTTLVLSGEYSIGQVLTVFFSVLIGAFSV

GQASPSIEAFANARGAAYEIFKIIDNKPSIDSYSKSGHKPDNIKGNLEFRNVHFSYPSRKEVKILKGLNLKVQSGQTVALVGNSGC

GKSTTVQLMQRLYDPTEGMVSVDGQDIRTINVRFLREIIGVVSQEPVLFATTIAENIRYGRENVTMDEIEKAVKEANAYDFIMKLPH

KFDTLVGERGAQLSGGQKQRIAIARALVRNPKILLLDEATSALDTESEAVVQVALDKARKGRTTIVIAHRLSTVRNADVIAGFDDG

VIVEKGNHDELMKEKGIYFKLVTMQTAGNEVELENAADESKSEIDALEMSSNDSRSSLIRKRSTRRSVRGSQAQDRKLSTKEALD

ESIPPVSFWRIMKLNLTEWPYFVVGVFCAIINGGLQPAFAIIFSKIIGVFTRIDDPETKRQNSNLFSLLFLALGIISFITFFLQGFTFGKA

GEILTKRLRYMVFRSMLRQDVSWFDDPKNTTGALTTRLANDAAQVKGAIGSRLAVITQNIANLGTGIIISFIYGWQLTLLLLAIVPIIAI

AGVVEMKMLSGQALKDKKELEGSGKIATEAIENFRTVVSLTQEQKFEHMYAQSLQVPYRNSLRKAHIFGITFSFTQAMMYFSYA

GCFRFGAYLVAHKLMSFEDVLLVFSAVVFGAMAVGQVSSFAPDYAKAKISAAHIIMIIEKTPLIDSYSTEGLMPNTLEGNVTFGEV

VFNYPTRPDIPVLQGLSLEVKKGQTLALVGSSGCGKSTVVQLLERFYDPLAGKVLLDGKEIKRLNVQWLRAHLGIVSQEPILFDCS

IAENIAYGDNSRVVSQEEIVRAAKEANIHAFIESLPNKYSTKVGDKGTQLSGGQKQRIAIARALVRQPHILLLDEATSALDTESEKV

VQEALDKAREGRTCIVIAHRLSTIQNADLIVVFQNGRVKEHGTHQQLLAQKGIYFSMVSVQAGTKRQ 

B- GCN2 

MAGGRGAPGRGRDEPPESYPQRQDHELQALEAIYGADFQDLRPDACGPVKEPPEINLVLYPQGLTGEEVYVKVDLRVKCPPTY

PDVVPEIELKNAKGLSNESVNLLKSRLEELAKKHCGEVMIFELAYHVQSFLSEHNKPPPKSFHEEMLERRAQEEQQRLLEAKRKE

EQEQREILHEIQRRKEEIKEEKKRKEMAKQERLEIASLSNQDHTSKKDPGGHRTAAILHGGSPDFVGNGKHRANSSGRSRRER

QYSVCNSEDSPTSCEILYFNMGSPDQLMVHKGKCIGSDEQLGKLVYNALETATGGFVLLYEWVLQWQKKMGPFLTSQEKEKID

KCKKQIQGTETEFNSLVKLSHPNVVRYLAMNLKEQDDSIVVDILVEHISGVSLAAHLSHSGPIPVHQLRRYTAQLLSGLDYLHSNS

VVHKVLSASNVLVDAEGTVKITDYSISKRLADICKEDVFEQTRVRFSDNALPYKTGKKGDVWRLGLLLLSLSQGQECGEYPVTIPS

DLPADFQDFLKKCVCLDDKERWSPQQLLKHSFINPQPKMPLVEQSPEDSEGQDYVETVIPSNRLPSAAFFSETQRQFSRYFIEF

EELQLLGKGAFGAVIKVQNKLDGCCYAVKRIPINPASRQFRRIKGEVTLLSRLHHENIVRYYNAWIERHERPAGPGTPPPDSGPL

AKDDRAARGQPASDTDGLDSVEAAAPPPILSSSVEWSTSGERSASARFPATGPGSSDDEDDDEDEHGGVFSQSFLPASDSES

DIIFDNEDENSKSQNQDEDCNEKNGCHESEPSVTTEAVHYLYIQMEYCEKSTLRDTIDQGLYRDTVRLWRLFREILDGLAYIHEK

GMIHRDLKPVNIFLDSDDHVKIGDFGLATDHLAFSADSKQDDQTGDLIKSDPSGHLTGMVGTALYVSPEVQGSTKSAYNQKVDL

FSLGIIFFEMSYHPMVTASERIFVLNQLRDPTSPKFPEDFDDGEHAKQKSVISWLLNHDPAKRPTATELLKSELLPPPQMEESELH

EVLHHTLTNVDGKAYRTMMAQIFSQRISPAIDYTYDSDILKGNFSIRTAKMQQHVCETIIRIFKRHGAVQLCTPLLLPRNRQIYEHN

EAALFMDHSGMLVMLPFDLRIPFARYVARNNILNLKRYCIERVFRPRKLDRFHPKELLECAFDIVTSTTNSFLPTAEIIYTIYEIIQEF

PALQERNYSIYLNHTMLLKAILLHCGIPEDKLSQVYIILYDAVTEKLTRREVEAKFCNLSLSSNSLCRLYKFIEQKGDLQDLMPTINS

LIKQKTGIAQLVKYGLKDLEEVVGLLKKLGIKLQVLINLGLVYKVQQHNGIIFQFVAFIKRRQRAVPEILAAGGRYDLLIPQFRGPQA

LGPVPTAIGVSIAIDKISAAVLNMEESVTISSCDLLVVSVGQMSMSRAINLTQKLWTAGITAEIMYDWSQSQEELQEYCRHHEITYV

ALVSDKEGSHVKVKSFEKERQTEKRVLETELVDHVLQKLRTKVTDERNGREASDNLAVQNLKGSFSNASGLFEIHGATVVPIVSV

LAPEKLSASTRRRYETQVQTRLQTSLANLHQKSSEIEILAVDLPKETILQFLSLEWDADEQAFNTTVKQLLSRLPKQRYLKLVCDEI

YNIKVEKKVSVLFLYSYRDDYYRILF 

C- HRI 

MQGGNSGVRKREEEGDGAGAVAAPPAIDFPAEGPDPEYDESDVPAEIQVLKEPLQQPTFPFAVANQLLLVSLLEHLSHVHEPNP

LRSRQVFKLLCQTFIKMGLLSSFTCSDEFSSLRLHHNRAITHLMRSAKERVRQDPCEDISRIQKIRSREVALEAQTSRYLNEFEEL

AILGKGGYGRVYKVRNKLDGQYYAIKKILIKGATKTVCMKVLREVKVLAGLQHPNIVGYHTAWIEHVHVIQPRADRAAIELPSLEVL

SDQEEDREQCGVKNDESSSSSIIFAEPTPEKEKRFGESDTENQNNKSVKYTTNLVIRESGELESTLELQENGLAGLSASSIVEQQ

LPLRRNSHLEESFTSTEESSEENVNFLGQTEAQYHLMLHIQMQLCELSLWDWIVERNKRGREYVDESACPYVMANVATKIFQEL

VEGVFYIHNMGIVHRDLKPRNIFLHGPDQQVKIGDFGLACTDILQKNTDWTNRNGKRTPTHTSRVGTCLYASPEQLEGSEYDAK

SDMYSLGVVLLELFQPFGTEERAEVLTGLRTGQLPESLRKRCPVQAKYIQHLTRRNSSQRPSAIQLLQSELFQNSGNVNLTLQM

KIIEQEKEIAELKKQLNLLSQDKGVRDDGKDGGVG 

D- PERK 

MERAISPGLLVRALLLLLLLLGLAARTVAAGRARGLPAPTAEAAFGLGAAAAPTSATRVPAAGAVAAAEVTVEDAEALPAAAGEQ

EPRGPEPDDETELRPRGRSLVIISTLDGRIAALDPENHGKKQWDLDVGSGSLVSSSLSKPEVFGNKMIIPSLDGALFQWDQDRE

SMETVPFTVESLLESSYKFGDDVVLVGGKSLTTYGLSAYSGKVRYICSALGCRQWDSDEMEQEEDILLLQRTQKTVRAVGPRSG

NEKWNFSVGHFELRYIPDMETRAGFIESTFKPNENTEESKIISDVEEQEAAIMDIVIKVSVADWKVMAFSKKGGHLEWEYQFCTPI

ASAWLLKDGKVIPISLFDDTSYTSNDDVLEDEEDIVEAARGATENSVYLGMYRGQLYLQSSVRISEKFPSSPKALESVTNENAIIP

LPTIKWKPLIHSPSRTPVLVGSDEFDKCLSNDKFSHEEYSNGALSILQYPYDNGYYLPYYKRERNKRSTQITVRFLDNPHYNKNIR

KKDPVLLLHWWKEIVATILFCIIATTFIVRRLFHPHPHRQRKESETQCQTENKYDSVSGEANDSSWNDIKNSGYISRYLTDFEPIQC

LGRGGFGVVFEAKNKVDDCNYAIKRIRLPNRELAREKVMREVKALAKLEHPGIVRYFNAWLEAPPEKWQEKMDEIWLKDESTD

WPLSSPSPMDAPSVKIRRMDPFATKEHIEIIAPSPQRSRSFSVGISCDQTSSSESQFSPLEFSGMDHEDISESVDAAYNLQDSCL
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TDCDVEDGTMDGNDEGHSFELCPSEASPYVRSRERTSSSIVFEDSGCDNASSKEEPKTNRLHIGNHCANKLTAFKPTSSKSSS

EATLSISPPRPTTLSLDLTKNTTEKLQPSSPKVYLYIQMQLCRKENLKDWMNGRCTIEERERSVCLHIFLQIAEAVEFLHSKGLMH

RDLKPSNIFFTMDDVVKVGDFGLVTAMDQDEEEQTVLTPMPAYARHTGQVGTKLYMSPEQIHGNSYSHKVDIFSLGLILFELLYP

FSTQMERVRTLTDVRNLKFPPLFTQKYPCEYVMVQDMLSPSPMERPEAINIIENAVFEDLDFPGKTVLRQRSRSLSSSGTKHSR

QSNNSHSPLPSN 

E- PKR 

MAGDLSAGFFMEELNTYRQKQGVVLKYQELPNSGPPHDRRFTFQVIIDGREFPEGEGRSKKEAKNAAAKLAVEILNKEKKAVSP

LLLTTTNSSEGLSMGNYIGLINRIAQKKRLTVNYEQCASGVHGPEGFHYKCKMGQKEYSIGTGSTKQEAKQLAAKLAYLQILSEE

TSVKSDYLSSGSFATTCESQSNSLVTSTLASESSSEGDFSADTSEINSNSDSLNSSSLLMNGLRNNQRKAKRSLAPRFDLPDMK

ETKYTVDKRFGMDFKEIELIGSGGFGQVFKAKHRIDGKTYVIKRVKYNNEKAEREVKALAKLDHVNIVHYNGCWDGFDYDPETS

DDSLESSDYDPENSKNSSRSKTKCLFIQMEFCDKGTLEQWIEKRRGEKLDKVLALELFEQITKGVDYIHSKKLIHRDLKPSNIFLVD

TKQVKIGDFGLVTSLKNDGKRTRSKGTLRYMSPEQISSQDYGKEVDLYALGLILAELLHVCDTAFETSKFFTDLRDGIISDIFDKKE

KTLLQKLLSKKPEDRPNTSEILRTLTVWKKSPEKNERHTC 

 

Annex Figure 2: Possible CPDs in ABCB1 and ISR kinases. (A-E) Possible CPDs in ABCB1 (A) and ISR kinases (B-E) are 

marked. The optimal CPD is: φ, X, φ, φ, φ, T/S, P, P, X, T/S/D/E (positions -5 to +4). Basic positions are 0 T/S, +1 P and +4 

T/S/D/E, and are marked in bold. In yellow are highlighted the amino acids that correspond with the canonical CPD, in blue those 

that do not, and X amino acids are not highlighted. CPDs with more than two changes in the canonical CPD are considered a 

suboptimal CPD.  
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2. ANNEX TABLES 

 

Annex Table 1: CRISPR-Cas9 screen types, applications and representative examples. Related to Introduction 1.3.3. 

Type Applications Representative examples 

Negative 

selection 

screens 

Pathways 

negative 

regulators of 

- LPS-cytokine response (Parnas et al., 2015) 

- PARKIN (Potting et al., 2018) 

- PD-L1 expression (Burr et al., 2017) 

- T-cell responses (Huang et al., 2021) 

Essential 

fitness genes 

- In human ES cells (Shalem et al., 2014, Ihry et al., 2019, Mair et al., 2019) 

- In different human cancer cells (Shalem et al., 2014, Wang et al., 2014b, Gilbert 

et al., 2014, Hart et al., 2015, Yamauchi et al., 2018, Zhang et al., 2019c, 

MacLeod et al., 2019) 

- For oxidative phosphorylation (Arroyo et al., 2016) 

- Under different oxygen tensions (Jain et al., 2020) 

Map tumour 

dependencies 

- Combinatorial screens for synthetic lethalities (Wong et al., 2016, Han et al., 

2017, Shen et al., 2017, Najm et al., 2018) 

- CRISPR screens in thousands of cancer cell lines (Chan et al., 2019, Behan et 

al., 2019, Dharia et al., 2021) 

Therapy-sensitiser mutations in Annex Table 2 

Positive 

selection 

screens 

Pathways 

positive 

regulators of 

- LPS-cytokine response (Parnas et al., 2015) 

- PARKIN (Potting et al., 2018) 

- Hedgehog signalling (Breslow et al., 2018) 

- EMT transition (McFaline-Figueroa et al., 2019) 

- mTORC1 (Condon et al., 2021) 

Drivers of 

tumourigenesis 

in 

- Lung cancer growth and metastasis (Chen et al., 2015) 

- Colorectal cancer (Takeda et al., 2019) 

- KRAS-mutated tumours (Huang et al., 2019) 

- TP53-deficient cells (Drainas et al., 2020) 

- Melanoma (Gautron et al., 2021) 

Therapy-resistant mutations in Annex Table 2 
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Annex Table 2: Drug sensitivity or resistance CRISPR-Cas9 screens representative examples. Related to Introduction 

1.3.3. Some relevant genes/mutations discovered through each screen are displayed inside parentheses. Knock-out (KO), 

overexpression (OE). 

Drug type Drug Representative examples of resistance or sensitivity 

Classic 

chemotherapy 

6-thioguanine Resistance (MMR genes KO) (Wang et al., 2014b, Koike-Yusa et al., 2014)  

Etoposide Resistance (CDK6 KO) (Wang et al., 2014b) 

Cisplatin Resistance & sensitivity (ZNRF3 KO as sensitiser) (Ko and Li, 2019)  

Temozolomide 
Resistance & sensitivity (MCM8/9 and ZC3H7A KO as sensitisers) (MacLeod et 

al., 2019) 

Gemcitabine Sensitivity (SH3D21 KO (Masoudi et al., 2019); PRMT5 KO (Wei et al., 2020)) 

Targeted therapies 

BRAF inhibitors 

Resistance (NF2 KO (Shalem et al., 2014); GPCRs and ITG receptors OE 

(Konermann et al., 2015); SMAD3, BIRC3, and SLC9A5 OE (Gautron et al., 

2021); DOT1L KO (Torre et al., 2021)) 

EGFR inhibitors 
Resistance & sensitivity (RIC8A KO as sensitiser, ARIH2 KO in resistance) (Zeng 

et al., 2019) 

Multi-kinase 

inhibitors 

Resistance & sensitivity (KEAP1 KO in resistance (Zheng et al., 2019); PHGDH 

as sensitiser (Wei et al., 2019)) 

Imatinib Resistance (BCR-ABL1 point mutations) (Ma et al., 2017) 

Venetoclax 
Resistance & sensitivity (mitochondrial genes as CLPB KO as sensitisers) (Chen 

et al., 2019b) 

ATR inhibitors 
Resistance (CDC25A KO) (Ruiz et al., 2016)  

/ Sensitivity (POLE3/4 KO) (Hustedt et al., 2019) 

Immunotherapy 

Anti-PD-1 Resistance & sensitivity (PTPN2 KO as sensitiser) (Manguso et al., 2017) 

T-cell killing 
Resistance & sensitivity (PBAF components KO as sensitisers (Pan et al., 2018); 

FITM2 and autophagy components KO as sensitisers (Lawson et al., 2020)) 

Multiple 

compounds 

screens 

- 9 chemotherapeutic agents to find antagonistic pleiotropy (PRC2–NSD2/3-mediated MYC 

axis as BRD4i resistant but BCL2i sensitivity) (Lin et al., 2020) 

- 27 genotoxic agents to find novel DNA repair genes (ERCC6L2, ELOF1) and drug response 

(Olivieri et al., 2020) 

- 41 compounds response upon ubiquitin pathway loss (FBXO42 KO in mitosis inhibitors 

sensitivity) (Hundley et al., 2021) 

- DNA damaging agents, PARPi and BH3 mimetics base editing screens for specific 

mutations  (Cuella-Martin et al., 2021, Hanna et al., 2021) 
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Annex Table 3: FBXW7 substrates. Related to Introduction 2.1.2. CPD type, substrate and reference are displayed in 

alphabetical order in each CPD type. (*) pseudo-substrate; (**) not degraded. 

CPD type Substrate Reference 

Optimal CPD 

BBF2H7 (Yumimoto et al., 2013) 

C-MYC (Yada et al., 2004, Welcker et al., 2004a, Welcker et al., 2004b) 

Cyclin E1 (Koepp et al., 2001, Moberg et al., 2001, Strohmaier et al., 2001) 

DISC1 (Yalla et al., 2018) 

GATA2 (Nakajima et al., 2015) 

GATA3 (Kitagawa et al., 2014) 

KLF2 (Wang et al., 2013a) 

NFκB2 (Busino et al., 2012, Arabi et al., 2012, Fukushima et al., 2012) 

N-MYC (Otto et al., 2009) 

NONO (Alfano et al., 2018) 

OASIS (Yumimoto et al., 2013) 

PGC1α (Olson et al., 2008) 

Semi-optimal CPD 

Aurora-A (Kwon et al., 2012) 

BLM (Kharat et al., 2016) 

BRAF (de la Cova and Greenwald, 2012) 

BRG1 (Huang et al., 2018) 

C/EBPα (Bengoechea-Alonso and Ericsson, 2010b) 

C/EBPδ (Balamurugan et al., 2013) 

CCDC6 (Zhao et al., 2012) 

CDX2 (Kumar et al., 2016) 

C-JUN (Wei et al., 2005) 

C-MYB (Kitagawa et al., 2009) 

CRY2 (Fang et al., 2015) 

Cyclin E2 (Klotz et al., 2009) 

DAB2IP (Dai et al., 2014) 

DEK (Babaei-Jadidi et al., 2011) 

EBP2* (Welcker et al., 2011) 

EGLN2 (Takada et al., 2017) 

EZH2 (Jin et al., 2017) 

FAAP20 (Wang et al., 2016a) 

Fetuin-A (Zhao et al., 2018) 

FOXM1 (Chen et al., 2016) 

GFI1 (Kuai et al., 2019) 

GRα (Malyukova et al., 2013) 

HSF1 (Kourtis et al., 2015) 

IRF1 (Garvin et al., 2019) 

JUNB (Pérez-Benavente et al., 2013) 

KLF5 (Liu et al., 2010, Zhao et al., 2010) 

KLF7 (Sugiyama et al., 2019) 

KLF10 (Yu et al., 2018) 

KLF13 (Kim et al., 2012) 

LSD1* (Lan et al., 2019) 

MCL1 (Inuzuka et al., 2011, Wertz et al., 2011) 

MED13 (Davis et al., 2013) 

MED13L (Davis et al., 2013) 

 MyRF (Nakayama et al., 2018) 
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CPD type Substrate Reference 

Semi-optimal CPD 

NCOA3 (Wu et al., 2007) 

NGN3 (Sancho et al., 2014) 

NOTCH1 
(Oberg et al., 2001, Wu et al., 2001, Gupta-Rossi et al., 2001, Maruyama et al., 

2001) 

NOTCH2 Conservation with NOTCH1 (Yumimoto and Nakayama, 2020) 

NOTCH3 Conservation with NOTCH1 (Yumimoto and Nakayama, 2020) 

NOTCH4 Conservation with NOTCH1 (Yumimoto and Nakayama, 2020) 

NRF1 (Biswas et al., 2011) 

P53 (Cui et al., 2020) 

Presenilin-1 (Li et al., 2002) 

REV-ERBα (Zhao et al., 2016) 

RICTOR (Koo et al., 2015) 

SETD3 (Cheng et al., 2017) 

SHOC2 (Xie et al., 2019) 

SNAIL (Xiao et al., 2018a) 

SOX9 (Hong et al., 2016, Suryo Rahmanto et al., 2016) 

SOX10 (Lv et al., 2015) 

SREBP1 (Sundqvist et al., 2005) 

SREBP2 (Sundqvist et al., 2005) 

TGIF1 (Bengoechea-Alonso and Ericsson, 2010a) 

ZNF322A (Liao et al., 2017) 

NF1 (Tan et al., 2011) 

Others 

Aurora-B (Teng et al., 2012) 

ENO1 (Zhan et al., 2015) 

EYA1 (Sun and Li, 2014) 

GCSFR (Lochab et al., 2013) 

HIF1α (Cassavaugh et al., 2011) 

MTDH (Chen et al., 2018) 

MTOR (Mao et al., 2008) 

NDE1 (Maskey et al., 2015) 

NDRG1 (Gasser et al., 2014) 

NRF3 (Kannan et al., 2015) 

P63 (Galli et al., 2010) 

PLK1 (Giráldez et al., 2014) 

PLK2 Conservation with PLK1 (Yumimoto and Nakayama, 2020) 

PLK3 Conservation with PLK1 (Yumimoto and Nakayama, 2020) 

PLK4 Conservation with PLK1 (Yumimoto and Nakayama, 2020) 

PTPN11 (Song et al., 2017) 

RCAN1 (Lee et al., 2012) 

RHOGDIα (Zhu et al., 2017) 

STAT3 (Yao et al., 2017) 

TOPOIIα (Chen et al., 2011a) 

YAP (Tu et al., 2014) 

ZEB2 (Li et al., 2019) 

ZFP36 (Zhang et al., 2020b) 

Not degraded 
XRCC4** (Zhang et al., 2016a) 

γ-Catenin** (Li et al., 2018b) 
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Annex Table 4: FBXW7 alterations related to drug resistance. Related to Introduction 2.2.3. Studies are ordered by their 

mediators, and compound to which they are resistant, cancer type and FBXW7 status. (*) is indicated for mediators that are 

suggested in the study, but for which there were no complete proofs for considering them as the only direct mediator. For FBXW7 

status: knock-out (KO), knock-down (KD, via siRNA, shRNAs or miRNAs), mutation (MUT) or FBXW7 up-regulation related with 

sensitivity (UP). 

Study Mediator Compound Cancer type FBXW7 status 

(Wertz et al., 2011) MCL1 Vincristine / Taxol Colorectal KO 

(Tong et al., 2017b) MCL1 Regorafenib Colorectal KO / MUT 

(Tong et al., 2017a) MCL1 HSP90 inhibitor Colorectal KO / MUT 

(Inuzuka et al., 2011) MCL1 

ABT-737 BCL2i / 

Etoposide 

/ CPT / Taxol / 

Nocodazole 

T-ALL KO / MUT 

(Ishii et al., 2017) MCL1 Gemcitabine / Paclitaxel Pancreas KD (siRNA) 

(Ye et al., 2017) MCL1 Gefitinib / Crizotinib Lung KD (shRNA) 

(Gombodorj et al., 2018) MCL1* 
Nedaplatin / Docetaxel / 

Radiation 
Oesophageal UP 

(Gasca et al., 2016) MCL1 and PLK1 Paclitaxel Breast KD (siRNA) 

(Yu et al., 2013) 
EMT – 

TGF-β 
Cisplatin Lung 

KD 

(siRNA) / UP 

(Xiao et al., 2018a) EMT- SNAIL Cisplatin / Sorafenib Lung 
KD 

(shRNA) / UP 

(Li et al., 2016) EMT - TWIST Doxorubicin Lung 
KD 

(siRNA/shRNA) 

(Li et al., 2019) 
EMT – 

ZEB2 
5-FU Colorectal KO 

(Ding et al., 2018) EMT pathway* Doxorubicin Colorectal KD (miRNA) 

(Yu et al., 2014) EMT pathway* Doxorubicin Liver 
KD 

(siRNA) / UP 

(Jiang et al., 2020) C-MYC AURKBi T-ALL MUT 

(Xi et al., 2016) C-MYC Guttiferone K Prostate KD (siRNA) 

(O'Neil et al., 2007) NOTCH* γ-secretase inhibitors T-ALL MUT 

(Zhang et al., 2017) NOTCH* Erlotinib Lung 
KD 

(miRNA/siRNA) 

(Xiao et al., 2018b) mTOR* Gefitinib Lung 
KD 

(siRNA/shRNA) 

(Hong et al., 2016) SOX9 UV radiation Colorectal KO 

(Li et al., 2015b) P53* Oxaliplatin Colorectal KO 

(Fang et al., 2015) CRY2* Oxaliplatin Colorectal UP 

(Song et al., 2015) ABCB?* Cisplatin Nasopharyngeal KD (siRNA) 

(Hu et al., 2017) ENT1* Gemcitabine Pancreas UP 

(Lorenzi et al., 2016) - 5-FU Colorectal KO 

(Yokobori et al., 2014) - Taxol Lung KD (siRNA) 

(Eto et al., 2015) - Trastuzumab Gastric KD (miRNA) 

(Lin et al., 2018) - Temozolamide Glioblastoma 
KD 

(shRNA) / UP 

(Guo et al., 2020b) - Astragalus polysaccharide Ovarian KD (siRNA) 

(Zhou et al., 2015) - Cisplatin Gastric 

KD 

(miRNA/siRNA) / 

UP 
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Annex Table 5: FBXW7 alterations related to drug sensitivity. Related to Introduction 2.2.3. Studies are represented with 

compound to which they are sensitive, whether it rescues resistance to any compound, mediator, cancer type and FBXW7 status. 

(*) is indicated for mediators that are suggested in the study, but for which there were no complete proofs for considering them 

as the only direct mediator. For FBXW7 status: knock-out (KO), knock-down (KD, via siRNA, shRNAs or miRNAs), mutation 

(MUT), FBXW7 expression related with sensitivity (**). 

Study Compound 
Resistance 

reversal 
Mediator Cancer type FBXW7 status 

(Tong et al., 2017b) MCL1 inhibitors Regorafenib MCL1 Colorectal KO/MUT 

(Xiao et al., 2018b) Rapamycin Gefitinib mTOR Lung 
KD 

(siRNA/shRNA) 

(Yokobori et al., 2014) MS-275 Taxol - Lung KD (siRNA) 

(Inuzuka et al., 2011) Sorafenib - MCL1* T-ALL KO / MUT 

(He et al., 2013) Vorinostat HDACi - MCL1 Squamous CC KD (siRNA) 

(Ye et al., 2017) Gefitinib + Oridonin - MCL1 Lung KD (shRNA) 

(Takeishi et al., 2013) Imatinib - C-MYC CML KO 

(Izumi et al., 2017) 
Irinotecan / 

Oxaliplatin 
- C-MYC LGR5+ CSC KD (siRNA) 

(Fiore et al., 2019) N6-isopentenylad. - C-MYC* Colorectal Expression** 

(Davis et al., 2018) 

PHGDH inhibitor 

CBR5884 / TOFA 

acetyl-CoA 

carboxylase inhibitor 

- 
OXPHOS 

met. 
Colorectal KO / MUT 

(Cui et al., 2020) 
Radiation / 

Etoposide 
- P53 

Colorectal / 

Lung 
KO / siRNA 

(Galindo-Moreno et al., 

2019) 
UV radiation - P53 Colorectal KO 

(Ding et al., 2017) 
Cisplatin / MG132 / 

Paclitaxel / SAHA 
- ING5 Breast Expression** 

(Honma et al., 2019) 
5-FU / Oxaliplatin / 

Irinotecan 
- - Colorectal KD (shRNA) 

(Urick and Bell, 2018) 
SI-2 SRCi / 

Dinaciclib 
- - Endometrial KO 

(Shimizu et al., 2019) Paclitaxel - - Breast KO 
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Annex Table 6: Hits obtained in the cisplatin screens in mESCs Cas9 libraries (pool). Results from the cisplatin screens at 

1.5μM using mES Cas9 1 and 2 libraries. Genes identified with more than 150 reads and their number of reads are displayed. 

CISPLATIN (1.5μM) 

Library 1 Library 2 

Genes identified Nº reads Genes identified Nº reads 

Fbxw7 362449 Gpr176 354821 

Myh9 330392 Pdcl 192115 

Fam115c 114294 Tsc2 170171 

Bicd1 100892 Tshz1 111844 

Mlf1 73840 Lrrc10 78165 

1700029H14Rik 29063 Rdh16 72533 

Vmn2r95 21422 Ptgs1 6180 

2810453I06Rik 19702 Grhl1 4901 

Epc2 15421 U2af1l4 3609 

Ano8 12648 Glod4 2944 

Obfc2a 12565 Slc5a12 2427 

Git2 12555 Pdzrn4 2340 

Fam198b 10276 Dtnbp1 2211 

Smap2 9624 Top2a 1993 

Gm5538 7699 Sipa1l1 1924 

Igfn1 5353 Arhgef6 1837 

Ttpal 4327 Nyx 1741 

Ppfibp2 3300 1700018F24Rik 1701 

Zfp462 3022 Gyx 1516 

Olfr666 2870 Fbxw7 1465 

Nr1h4 2383 Pou5f1? 1017 

Braf 2352 Egf 974 

Brwd1? 2023 Lrrc57 945 

Tdrd9 1940 Vmn2r81 776 

Glt8d1 1854 Myh9 656 

Pou5f1? 1659 Gm97 618 

Vmn1r71 1521 Xiap 588 

B630005N14Rik 1511 Obsl1 521 

Nhlrc2 1436 Mgat1 435 

Sbf1 1423 2310030N02Rik 432 

Ceacam16 1399 Lypd6b 432 

4932438H23Rik 1212 Gm4787 424 

Fbxo21 1187 Tsga14 359 

Fabp9 1046 Ptpn2 340 

Scp2 1039 Asxl1 337 

H2-M2 932 Tbck 296 

C230096C10Rik 803 Olfr605 279 

Engase 798 Serhl 265 

Rnf24 737 Pcdh18 257 

C230081A13Rik 732 Olfr1427 253 

Vmn2r66 679 Crebbp 238 

Sugt1 658 Fam115c 217 

Lrrc8a 557 Bicd1 214 

Otud3 533 Fbxw7 (2) 178 

Zfp566 524 Mlf1 172 

Olfr549 518     

Mphosph6 501     

Skint7 464     

AF529169 372     

Papolb 319     

Dse 312     
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CISPLATIN (1.5μM) 

Library 1 Library 2 

Genes identified Nº reads Genes identified Nº reads 

Naa30 290     

Rcan2 277     

4930568D16Rik 273     

Slc38a11 240     

Smg7 233     

Tmem111 231     

Drd1a 227     

Tmem194b 227     

Krt25 219     

Tas2r117 209     

Xrn1 188     

Prkaa1 187     

Fam122b 166     

Slc30a10 165     

Olfr459 153     

 

Annex Table 7: Hits obtained in the cisplatin screens in mESCs Cas9 libraries (clones). Results from the cisplatin screens 

using mES Cas9 1 and 2 libraries. Doses were 2μM and 2.5μM for 1 and 2, respectively. Clone number, gene identified and 

sgRNA sequence are displayed. 

CISPLATIN (2-2.5 μM) 

Library 1 - 2 μM Library 2 - 2.5 μM 

Clone 
number 

Genes 
identified 

sgRNA sequence 
Clone 

number 
Genes 

identified 
sgRNA sequence 

Clone 1 ? CTCAGTGATGCTGTTGATC Clone 1 Tbck AAATAGCCCTTACCCTATT 

Clone 2 
Fbxw7 AGTGTCTGAGAACGTTAGT Clone 3 ? CTCAGTGATGCTGTTGATC 

Myh9 ATCCTCACCCCACGCATCA 
Clone 4 

Tbck AAATAGCCCTTACCCTATT 

Clone 3 ? CTCAGTGATGCTGTTGATC Tsga14 GGCAAAGACAAGCCTTATC 

Clone 8 

? CTCAGTGATGCTGTTGATC Clone 7 Fbxw7 AGTGTCTGAGAACGTTAGT 

Fbxw7 AGTGTCTGAGAACGTTAGT 

Clone 9 

Crebbp TTGCCAGTGAATCGCATGC 

Myh9 ATCCTCACCCCACGCATCA 
2310030N02

Rik 
GCACTGCGGGCCTTCAATG 

Clone 11 

? CTCAGTGATGCTGTTGATC 
Clone 10 

4933409G03
Rik 

CCAGGACAGTGGTAACTCT 

Fbxw7 AGTGTCTGAGAACGTTAGT Gm1673 AGCAAGGACCTGAGCGCGG 

Myh9 ATCCTCACCCCACGCATCA Clone 13 Olfr605 TGAGCAAGGCATGCATCGA 

Clone 12 ? CTCAGTGATGCTGTTGATC Clone 14 Ptgs1 CGAGAAGTACTCATGCGCC 

Clone 15 
Fbxw7 AGTGTCTGAGAACGTTAGT Clone 15 Rragc AAGATCATTTCGTAGTCAA 

Myh9 ATCCTCACCCCACGCATCA 
Clone 17 

Ptsg1 CGAGAAGTACTCATGCGCC 

Clone 17 
Fbxw7 AGTGTCTGAGAACGTTAGT Glod4 CTGCAAAGCTGCATGCAAT 

Myh9 ATCCTCACCCCACGCATCA Clone 20 Olfr605 TGAGCAAGGCATGCATCGA 

Clone 25 Fbxw7 AGTGTCTGAGAACGTTAGT       

Clone 28 

Fbxw7 AGTGTCTGAGAACGTTAGT       

Ptpn2 
GGCAGCATGTGTTCG

GAAG 
      

Clone 32 

Fbxw7 
AGTGTCTGAGAACGTT

AGT 
      

Myh9 
ATCCTCACCCCACGCA

TCA 
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Annex Table 8: Hits obtained in the UV screens in mESCs Cas9 libraries. (A) Results from the UV screens at 25J/m2 using 

mES Cas9 2 library. Clone number, gene identified and sgRNA sequence are displayed. (B) Results from the UV screens at 

25J/m2 using mES Cas9 1 library. Genes identified with more than 150 reads and their number of reads are displayed. 

A  UV-C 25 J/m2 

Library 2 

Clone 
number 

Genes 
identified 

sgRNA sequence 
Clone 

number 
Genes 

identified 
sgRNA sequence 

Clone 2 

Ptpn2 GGCAGCATGTGTTCGGAAG 
Clone 32 

Ptpn2 GGCAGCATGTGTTCGGAAG 

Gm5595 ACCTGTTCTTTCATTTATT Nrp1 CTCACATTGGGCGTTATTG 

? CCAGAGGACAGCCACGACG 
Clone 35 

Tbck AAATAGCCCTTACCCTATT 

Clone 10 
Fbxw7 AGTGTCTGAGAACGTTAGT Olfr605 TGAGCAAGGCATGCATCGA 

Tsga14 GGCAAAGACAAGCCTTATC Clone 38 Gm4871 AGTGCCATATTCAACTTTC 

Clone 13 
Ptpn2 GGCAGCATGTGTTCGGAAG 

Clone 47 
Ptpn2 (2) TCACTTCCATTATACCACC 

Ptpn2 (2) TCACTTCCATTATACCACC Olfr605 TGAGCAAGGCATGCATCGA 

Clone 15 
Ptpn2 (2) TCACTTCCATTATACCACC Clone 53 Tbck AAATAGCCCTTACCCTATT 

Olfr605 TGAGCAAGGCATGCATCGA Clone 54 Fbxw7 (2) GTGGCAACCGCATAGTTAG 

Clone 16 
Ptpn2 (2) TCACTTCCATTATACCACC 

Clone 55 

1700018F2
4Rik 

AGTGCCATATTCAGCTTTC 

Tsga14 GGCAAAGACAAGCCTTATC Tsga14 AGTGCCATATTCAGCTTTC 

Clone 17 
Ptpn2 (2) TCACTTCCATTATACCACC 

Clone 56 

Ptpn2 (2) TCACTTCCATTATACCACC 

Olfr605 TGAGCAAGGCATGCATCGA Tbck AAATAGCCCTTACCCTATT 

Clone 20 Tbck AAATAGCCCTTACCCTATT Olfr605 TGAGCAAGGCATGCATCGA 

Clone 22 
Fbxw7 AGTGTCTGAGAACGTTAGT 

Clone 61 
Ubxn7 CTTGTGCATCAAGTCGATT 

Tsga14 GGCAAAGACAAGCCTTATC Prkar1a GTCCTCCCTCGAGTCAGTA 

Clone 23 
Fbxw7 (2) GTGGCAACCGCATAGTTAG Clone 63 Olfr605 TGAGCAAGGCATGCATCGA 

Ttc3 CCAGAGGACAGTCACGACG Clone 65 Ttc3 CCAGAGGACAGTCACGACG 

Clone 25 
Socs3 TTTCTTATCCGCGACAGCT 

Clone 66 
Ptpn2 (3) CCATTTCTCTGTCATCCGT 

Gas6 TTAACTCACCTTGATATCG Arntl2 TGCGTGGTCGCCCAGTGTA 

Clone 29 

Fbxw7 (2) GTGGCAACCGCATAGTTAG 

Clone 69 

Fbxw7 AGTGTCTGAGAACGTTAGT 

1700018F24
Rik 

AGTGCCATATTCAGCTTTC Tsga14 GGCAAAGACAAGCCTTATC 

Clone 30 
Ptpn2 (3) CCATTTCTCTGTCATCCGT 

  
    

Ptpn2 (4) GCAGCATGTGTTCGGAAGT     

 

 

 

B UV-C 25 J/m2 

Library 1 

Gene 
identified 

Nº 
reads 

sgRNA sequence 
Gene 

identified 
Nº 

reads 
sgRNA sequence 

Ptgs1 149217 CGAGAAGTACTCATGCGCCG Tmem62 922 TGCACACCCGTCACTTCACG 

Fam115c 140210 TTTGCTCAATGCTATACGCG Zfp534 911 ATACTAAGTTTGGATTGTTG 

Glod4 104891 CTGCAAAGCTGCATGCAATG Nfkbiz 909 ATACTGGTACATTGACGCCG 

Reps1 54861 GATTGCCTACGGATCTCATG Omg? 908 ACTTGACTACATCACCACCG 

Trp53inp1 50345 CTTGTTTCCACCTTGATAGG Slc15a2 895 TTACCTTTCATGCCATAATG 

Cyp3a11 42882 TTTCTCTTTCTAGGGTTTAG Myh9 892 ATCCTCACCCCACGCATCAG 

Fbxw7 38937 AGTGTCTGAGAACGTTAGTG Apc (3) 888 GATCCTTCCCGACTTCCGTG 

2200002K05
Rik 

37386 TGGAAGTACACTCCTAACTG Usp21 869 CCTCAGGCTCTCGTCCTAGG 

Fbxw7 (3) 35081 TGGTCAGCGGTCACGGGCAG Nup133 866 GCTCCCGTGGAAATCGCTAG 

Ifngr1 34855 GTATTCCCAGCATACGACAG F3 851 CAGTGTAGGTATAGTTGGTG 

A130010J15
Rik 

26878 CATCCTTCTGTCCGGTCGGG Apc (4) 839 CTACTATCATCATGTCGATG 

2810453I06
Rik 

25549 TGGAAAGTCACGGGCCACGG Efcab9 830 GGGATGATATTTGACCTCCG 
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B UV-C 25 J/m2 

Library 1 

Gene 
identified 

Nº 
reads 

sgRNA sequence 
Gene 

identified 
Nº 

reads 
sgRNA sequence 

Nub1 25490 GCTATGGGATATCACGAGAG Cfb 823 TTTCAAAGTCCTGCGGTCGG 

1700029H14
Rik 

25244 GGTGAGCCTAGAGGACGACG Defb21 823 AAAAGATGCTTGAAAATTTG 

Obfc2a 21965 ACAGACAGGGGATATTATTG Fabp4 822 AAAGTACTCTCTGACCGGAG 

Tubgcp4 21700 TTACTTTTCTAATGCGCTTT Mypn 821 GATGCATGCTTCGTCTGGTG 

Fbxo21 17678 TCTAACCAATTGACGTAGTG Scgb1a1 817 GAATCAGAGTCTGGTTATGG 

Ep300 14685 CATATGCTCGTAAAGTGGAG Pou4f3 805 CGCATCACGCGGTACATCAG 

Olfr749 11958 TTACCCTACCATCATGACTG Naa30 791 CCAGAACTGCGACACCTCCG 

Il17d 11016 CGTGTCGCCCTGGGCGTACG Fabp9 783 GGAGATCTCTTTCAAGTTGG 

Ccdc13 10907 CTTTCATTTTAGGGGCGTCG Mid2 782 TCGCTGAATCACCGGGGCCG 

Gm1673 10829 AGCAAGGACCTGAGCGCGGG Ccdc79 779 TTTATTTCCGGGAAATTGGG 

Slc22a19 9975 CATTTATCCGGTCTCAGGTG BC005561 776 AACATAGATATCGCTTATAG 

Slc22a2 9415 ACCAAATCGCCTTTACTGTG Epc2 (2) 770 CGCTGAAATAGCTCGCTGTG 

4933409G03
Rik 

9392 CCAGGACAGTGGTAACTCTG 
1700018F24

Rik 
769 AGTGCCATATTCAGCTTTCG 

Axin1 8932 GAGCTTATTCACCGTCTAGG Vmn1r68 767 GCCATTACAATCAGTCATAG 

Mlf1 8595 TCACGTTCTCGACGATTATG Prkcz 755 TCTCTTGCAGGATATCGACG 

Olfr441 8314 CCTCAGGATGAGAATTAAAG AU021092 736 TGTTCCTAGTAGTTGCACCG 

Lyar 7882 GTCAGAAGTACGGAGGCAAG 
3110082D06

Rik 
725 GTGTAAGTCCGAATAGAGCG 

Pirt 7057 TTCCAGAAGTGAGTCTGTCG Nxf7 713 CAGAGGCAATGCGAAAGTCG 

Glipr1l2 6309 TTTGTCTAGATGAGTATTAG Hykk 699 CCTTTAGTTCGGCATACGGG 

Fbxw7 (2) 5733 GTGGCAACCGCATAGTTAGG Zfp518b 698 TGACTACATCGTCAAGCACG 

Elmod2 5591 GGGCCGTCAACTTTTTCGTG Hsd11b1 689 CCTCTGCTCACTACATTGCG 

Oct4? 5485 CTCAGTGATGCTGTTGATCG Ogfr 687 GTCAGAGAGCGTCTTGTCCG 

Apc 5119 GATCTGTATCCAGCCGTTCG Rnf2 675 TGTTTACATCGGTTTTGCGG 

Git2 4820 AAAGGGACGACGGTCGTCTG Col25a1 661 TACTCCTGGCATTCCTCGGG 

H2-M2 4609 CTGACGGTATGCGTGAAGTG Ssbp4 651 TCTCTTTCATAGATCCGTTG 

Nanog? 4245 CGTAAGTCTCATATTTCACC Acpl2 639 CATAAACCGGGTCTACGGTG 

Nmt1 4085 AACTGGTAGCTCCGTTTACG Olfr805 632 TTACATCTTGAGCTTGATAG 

Tmem136 3931 GCTACTTCATCTTCGACTTG Nell2 625 ATGGAGTGCGCCAAGTCCCG 

Tmem194b 3901 CGACTCACGCTTACTATGTG Egfl6 618 CCAATTGCCTCAATACCCGG 

Scp2 3875 CTGTTCCACTGCGGAGTAAG Dio3 617 TGTCGTCTGATACGCATATG 

Rbm17 3846 CTTTCTCTACAAGAGACGTG Nrp1 (2) 613 TACGTGGAAGTAATCGATGG 

Mrgprb1 3782 GTCATATGTACTGTGCTTTG Slc3a1 610 GTTCCAATCGAGTAGGACAG 

Olfr845 3757 TTGACAGCACTAATAGCCAG Olfr761 608 TTTCTTTGCATCTTTTGCCG 

Rictor 3597 CAATTAAGTCGAATAAATGG Gm14744 606 CGCACCCTTTACATAGCTGG 

Fam110b 3250 ACCTTCAGCGACTCTGCGAG Ephx2? 589 CCTGTTGGTGCGTACCAGGT 

Apc (2) 3224 CCGACTTCCGTAGGAGCGAG Olfr787 582 ATCTTTCCACCATTAATGTG 

Pde10a 3180 CGCTGCCTCGGCTCACTATG Nrp1 580 CTCACATTGGGCGTTATTGG 

Brwd1? 2953 GGTCTTCGAGAAGACGTTTT Vsig1 579 TTCAAAGACCGAATAATTGG 

Smap2 2941 ATTTCGGAGAGCTTTTCCGG Errfi1 576 ATTTCAAATACGATGCTCCG 

Otud3 2858 ACCGTAGCGGTAGGCGATGG Eif5a2 563 CGGCTTCGTCGTGCTCAAAG 

Cisd1 2727 GAAGGCATGCACCACCTTCG C9 550 TGTCTTTTCGTCTCGTACCG 

Lpar1 2714 CAGTCAGTCTCCGGGTATAG Fam65c 544 TCCAGGTTCTCGTGCACCGG 

Vmn1r71 2704 GAGAGAAGTATCACCAGATG Nup50 544 AGGCAAAGCGCAGAAACGTG 

2510002D24
Rik 

2619 TACACCACTACTACGTCCAG Icos? 534 CTGCAAAGCTGCATGTAATG 

Pald1 2584 CTGCACCAGGTAGTGCTCGG Smad2 533 ATATTGCCGGCTCTGGCGCG 

Olfr605 2445 TGAGCAAGGCATGCATCGAG Tas2r117 527 TATTCATTTGTCCACATGTG 

Rcan2 2327 CTGTTTAAGAGTTTCCGACG D5Ertd577e 510 CACATTTTGCTCCCTACATG 

Ceacam16 2313 TTGCCTACAATTGGTACGCG Kcnt2 499 TTCAGCATCTAGAACGAATG 

Zfp113 2267 AGACTGACTTCTTGTTCGTG Myt1 497 CTGGTTCAGGACATGTGCGG 

Tdrd9 2249 CTCTTTCAGCGCTGTCCGCG Paqr8 489 CTACTTTGTGGACTACGTCG 
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B UV-C 25 J/m2 

Library 1 

Gene 
identified 

Nº 
reads 

sgRNA sequence 
Gene 

identified 
Nº 

reads 
sgRNA sequence 

Rrp15 2225 GTCCCAGCACTCGACTCTGG Pde12? 487 GATGTCTGCATTGCACGGTT 

4930571K23
Rik 

2141 TCATCCTTACCCAGCTTAGG Slc7a13 486 TACTTTGCGTTTTCTGGCGG 

Elovl3 2132 ATCTGTTGCTCATCGTTGTG Vmn1r78 483 ATATTTACCGAATAATGAGG 

Ppfibp2 1922 CACTCCGTAGTGTGTCGATG Oit1 471 CAAACAGGCATAACCCCCAG 

Nr1h4 1916 ACAGGTGAGCGCGTTGTAGG Necap1 468 TTTATTGGCATCGGCTTCAG 

Mtap7d3 1901 CAACTGGCGTTTTTGCTGAG Tmem120a? 466 CGTCTTTGTAAGCGAACCGT 

1700025E21
Rik 

1858 TCTCTATTTTGTCGCTTACG Cldn4 454 GCTGATGACCATAAGGGCTG 

Sult1c2 1839 AGGCAGATTCAGACCTTCGG Dsg1c 453 ACTCTGATCTGCAATAGTTG 

Klk10 1822 TGATAGTCACGCTCGCACTG Ddx1 447 AATTGGTGGCGTTGCGGCTG 

Ctsq 1765 GGCAATAGAGGCTGTCGTTG 
1110054O05

Rik 
440 GGAAGTCCTTGGTAAGAGAG 

Drd1a 1686 CATCCTGATTAGCGTAGCAG 
4930568D16

Rik 
437 ATGTTTTAAGTGTCCGAAGG 

Braf 1679 CATAGGTACCCGCAAGATGG Ptpn2 436 GGCAGCATGTGTTCGGAAGG 

Lpar2 1665 AAAGGCTGGTTCCTGCGACG Jmjd5 432 GTGGCTGCGCTTTTGCGGCG 

Wash 1652 CAGAGCCCGCTCATCCAGTG Cacng3 431 TCACTCTGCTGTTTTTCGGG 

Fam198b 1642 CTTGGGTTTCACCGTGCCAG Ing2 430 CTGCTGTAGGCGTTTTTTCG 

Fbxo18 1582 ATGGGAACAAACGATGGCGG Rad51ap1 412 GACGCCTCGAGTGTTGAAGG 

Epc2 1524 ATCTGGTTGCTCGTTGTCTG Slc20a2 412 GGATGGAGCTCGTCAAGATG 

Smg7 (2) 1490 ACTCAGGTATACATGACCGG Sbf1 410 CTCACATGTACCGTCCCATG 

Jmjd7 1486 TTATGCGGACGCGGTGCGAG Lmbr1l 408 ACTGGATGTAGTAGTTGCGG 

Ptpn2 (2) 1393 TCACTTCCATTATACCACCG Myh9 (2) 406 GGGTTGGTATTCCTCAACGG 

Kat2a 1342 GCTACGGCACAACTCGCTCG Uchl4 396 GGAGTAACACTGCGCACACG 

Smg7 (3) 1313 TTCCTTGGTTCACTTCTCGG Gdap1 394 TCCTTGTGGTTGCATAAGCG 

1700074P13
Rik 

1302 ACTCTCATTGACCCTCAGTG Slmo1 394 TCACCGCTCGCACGAGGCCG 

Csnk1a1 1260 TAACTTCCTAATGGGTATTG Epc2 (3) 393 ATTACAATCGCTTGTACAAG 

H2-DMb2 1217 TCAAATATCCTCAACGAACG Fibcd1 375 GCAGCGAGGGTCGATGAGAG 

Parp14 1211 GAGTTGTTGATTTGAGCGGG Enam 374 TGTTCCCAGCGTTCGGCCCG 

Krt2 1180 GCATCTCTAGTAGCGTGGCG Olfr102 373 CACAGGCCAGATCCAACAAG 

Syt4 1110 ATTTTGATGTACGGGTCAGG Fv1 372 TCATCCTTTTCGAGCGGTAG 

Trmt12 1101 CTGAGCAGGTGAACGAACCG Prkaa1 366 ACTTCTGGTGCGGCATAATG 

Fbxo18 (2) 1086 TTTGAAGGGCATTAACGTCG Apba1 361 GCGGAGGCCGAGCACGTCGG 

Dhtkd1 1080 GCTTAAGCCTCGCATTTTAG Sbp 359 GACTGATGTCTATGGAACCG 

Olfr31 1047 GCTAGTTGATTATCTTCTAG BC048502 351 TGGGTGAGTAATCTTTTGAG 

Olfr922 1029 TGGTAACAGTGTACAACAGG 
2610029G23

Rik 
349 CCTGATATTGAAATGGCTTG 

Cst10 1026 TTCACTATAGGTTGTGGCTG Ubqlnl 346 ATTGTTGGTTACCAGGTTCG 

Bcl7b 1016 CCTCCTTGCTATCTGTCACG Fbxw7 (4) 340 GGCTCAGACTTGTCGATACG 

Fkbp5 1002 GGGCTTTGTCGATCCCAATG Esco2 338 GCTTATAGGTCACTTGATTG 

Endou 996 AGCAGCGATGCCGTCACTAG Engase 337 GTAACCACCCATCATGTCGG 

Hoxb2 989 CCGAGGTCGGATCACCATCG Ick 336 TTCCAGATCGGACACCCACG 

Zp2 985 CACACGCTATCTGCGCACCG Slc38a8 324 GACAGATGCTGCGTAGCCCG 

Satl1 972 TTGTTTTCATATCGGAAGTG Htr3b 319 CAATACAGCATGGACGCAAG 

Olfr606 966 TCTACATTATTGGGGTAACG Slco4a1 316 GCTGGCGATGAGCCCGCTCG 

Npsr1 959 GCTATTCCGATGAGGACTTG Olfr173 309 ATTTTAGGGGTAATAGCACG 

Tagap 947 CCCCACAGATGATCGACAAG Ermap 307 TGTGGTCTTGCCCGTCTTGG 

Ly6g5c 936 CTAGGTGATACCAAGCTCGG Rnf7 306 GTTTTCAGCTTGACATCGAG 

Tbck 922 AAATAGCCCTTACCCTATTG Muc15 300 ATCACCAGAAAACTTTACTG 
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Annex Tables 9-11: Proteomics, Kinome Scan and CMap data.  

Annex Table 9 displays the complete list of the proteins upregulated in DLD1 FBXW7 KO cells and their log Fold Change (FC), 

p-value (pval), and their log FC in mESCs. The proteins in bold indicate FBXW7 substrates. In the mESCs, the upregulated 

proteins are shown in a scale of reds and the downregulated ones in green. 

Annex Table 10 contains the Kinome Scan for PLX-4720, ID:20024, downloaded from the following link: 

https://lincs.hms.harvard.edu/db/datasets/20024/ (Fabian et al., 2005). Proteins ID, proteins name, and their corresponding % 

Control at 10 μM of PLX-4720 are displayed. 

Annex Table 11 contains the complete CMap analysis of PLX-4720, downloaded from the following link: 

https://clue.io/connection?url=macchiato.clue.io/builds/touchstone/v1.1/arfs/BRD-K16478699. Rank, Score, Type of 

perturbagen, Compounds ID and name, and their mechanism of action (MOA, showed as description) are displayed. The different 

perturbagen categories displayed in Type are the following: compounds (cp), gene knock-down (kd), gene overexpression (oe), 

and CMap class (cc). 

 

These files can be found in the following link: 

https://www.dropbox.com/sh/peeyxtkadibdmut/AAC_43s5doV19aKykpGHP2XJa?dl=0 

https://lincs.hms.harvard.edu/db/datasets/20024/
https://clue.io/connection?url=macchiato.clue.io/builds/touchstone/v1.1/arfs/BRD-K16478699
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