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Abstract

Cancer is a genetic disease, the complexity of which started to be uncovered only recently 

by technological revolutions in the field of structural genomics. The resulting issues of 

functionally dissecting the “cancer genome”, assigning a biological meaning to each of the 

thousands of mutations that have been identified, is one of the biggest challenges of current 

cancer biology. However, the increasing information gained by this process opens up the 

door for a subsequent “pharmacologic revolution” where innovative chemistry can be used to 

pharmacologically exploit cancer-specific vulnerabilities that are linked to the underlying 

genomic aberrations. Collectively, this coalesces in the idea of “personalized medicine” 

where custom-designed therapeutic agents and combinations thereof are prescribed based 

on knowledge about the genetic wiring of a patient’s cancer molecular network. 

Chemical biology is commonly referred to as the science at the interface of chemistry and 

biology and can participate in improving the understanding of aberrations driving cancer. 

Different approaches in chemical biology are applied in order to uncover unknown 

vulnerabilities in cancer subtypes or to understand the molecular mode of action of small 

molecule agents that are already used successfully in the clinics. Moreover, chemical 

biology has also been applied in order to dissect mechanisms of resistance to anti-cancer 

agents and to identify drug combinations that might prevent spontaneous acquisition of 

resistances. 

Chemical genetics as well as chemical proteomics are among the most prominent 

subclasses of chemical biology and are, in an integrated form, the unifying topic of my thesis. 

We applied chemical biology centered approaches in order to uncover a novel vulnerability 

of a pediatric bone cancer, to identify a synergistic combination-treatment option for a drug-

resistant form of chronic myeloid leukemia (CML) and finally to uncover a new carrier-

mediated resistance mechanism to YM155, an anti-cancer compound currently in clinical 

trials for lung- cancer as well as other malignancies.  

We screened several hundred small molecule kinase inhibitors in cell line models of Ewings 

sarcoma (ES), a pediatric cancer of the bone that is molecularly characterized by the 

expression of the oncogenic transcription factor fusion EWS-FLI1. We found that tozasertib, 

a promiscuous kinase inhibitor, displayed a remarkably high efficacy in killing ES cell line 

models and also featured selectivity for ES over other pediatric sarcomas. We pursued a 

chemical proteomics-centered target-deconvolution approach in order to identify protein 

targets of tozasertib relevant for the observed phenotype. We found that parallel inhibition of 

both aurora kinases A and B impairs the viability of ES cell lines in a cooperative manner 



  Abstract 

2 
 

which we could validate via RNAi.  We finally also proved efficacy of tozasertib in an in-vivo 

xenograft model.  

In a second chapter of my thesis, we employed a focused drug combination screen in a CML 

model that featured resistance to the front-line treatment imatinib via a point-mutation in 

BCR-ABL, the oncogenic fusion kinase that hallmarks CML pathogenesis. We identified an 

exquisite synergy of the two small molecule kinase inhibitors danusertib and bosutinib in 

killing this imatinib-resistant cell line. We could show that the synergistic drug interaction was 

also preserved in primary mouse cells as well as in primary human patient cells. We 

uncovered the molecular logic underlying this strong synergy by a multi-level approach 

consisting of chemical proteomics, phosphoproteomics and transcriptomics. We intersected 

the target-profiles derived by chemical proteomics with alterations in the signaling networks 

after transient drug-exposure measured by phosphoproteomics and the resulting 

downstream change in the transcriptome assessed by microarray analysis. By doing so, we 

could identify a global downregulation of the gene-expression program maintained by the 

transcription factor c-Myc as point of convergence of the observed synergy. Importantly, both 

kinase inhibitors participate in the observed synergy via off-target effects that were non-

obvious. This approach was, to the best of our knowledge, the first time that chemical- as 

well as phosphoproteomics were intersected with transcriptomics in order to decipher the 

molecular basis for a drug synergy.  

The last chapter of my thesis is based on a recently developed genetic screening 

methodology dependent on a near-haploid CML cell line called KBM7. Via an insertional 

mutagenesis approach using a genetrap-virus, we could identify a novel resistance 

mechanism to the clinical survivin inhibitor YM155. We found that deletion of the solute 

carrier SLC35F2 renders KBM7, but also lung cancer cells, insensitive to otherwise toxic 

YM155 concentrations. We could show that downregulation of SLC35F2 is the major 

resistance mechanism to YM155 treatment in a genetrap-independent wildtype situation and 

that deletion of SLC35F2 prevents YM155 to enter the cells. Thus, using chemical genetics, 

we identified an unknown dependency of an anti-cancer compound on an entry route via a 

yet uncharacterized solute carrier. This makes SLC35F2 an important pharmaceutic 

parameter to consider. 

 

Collectively, the present work shed light on unknown vulnerabilities or resistance 

mechanisms of Ewings sarcoma, chronic myeloid leukemia as well as Lung Cancer via 

innovative and integrative chemical biology-centered approaches and might thus aid to an 

improved understanding of those cancers.  
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Zusammenfassung

Krebs ist eine genetische Erkrankung deren Komplexität erst durch kürzlich errungene, 

immense Fortschritte in genetischen Analyseverfahren erkannt wurde. Damit einher geht die 

Problematik, das komplexe “Krebs-Genom” funktionell zu analysieren, sprich den tausenden 

neu entdeckten Mutationen eine biologische Funktion zu zuordnen. Diese funktionelle 

Annotierung stellt eine der größten Herausforderungen der modernen Krebsforschung dar. 

Gleichzeitig ebnet der damit verbundene Informationsgewinn den Weg für eine 

nachfolgende, “pharmakologische Revolution”. Konzeptionell können mithilfe von 

innovativen chemischen Ansätzen Therapien gefunden werden, deren Wirkungsweisen auf 

spezifische Krebs-Anomalien abzielen. Diese Theorie bildet die Basis der personalisierten 

Medizin, in der maßgeschneiderte Medikamente oder Medikamentenkombinationen auf den 

jeweiligen Patienten abgestimmt werden. 

Chemische Biologie, der Wissenschaftszweig der traditionell an der Schnittfläche von 

Chemie und Biologie angesiedelt wird, kann einen Beitrag zum verbesserten Verständnis 

von krebsrelevanten Vorgängen liefern. Verschiedene Ansätze der Chemischen Biologie 

werden angewendet um bisher unbekannte therapeutische Angriffspunkte in diversen 

Krebsarten zu identifizieren oder um die molekulare Wirkungsweise von erfolgreich 

verabreichten Therapeutika besser zu verstehen. Experimentelle Strategien der Chemischen 

Biologie wurden außerdem erfolgreich angewendet um Resistenzmechanismen gegen 

Krebstherapeutika auf molekularer Ebene zu verstehen beziehungsweise um Kombinationen 

von Medikamenten zu identifizieren, die derartigen spontanen Resistenzmechanismen 

entgegenwirken können.  

Zu den wichtigsten Subkategorien der Chemischen Biologie gehören die Chemische Genetik 

und die Chemische Proteomik die, in integrative Form, das Grundgerüst meiner Arbeit bilden. 

Im Verlauf dieser Arbeit wurden Studien mit einem chemisch-biologischen Fokus 

durchgeführt, mit deren Hilfe ein neuer molekularer Angriffspunkt in einem pädiatrischen 

Knochenkrebs, eine synergistische Medikamentenkombination in einer therapieresistenten 

Form der Chronisch Myeloischen Leukämie und ein neuer Resistenzmechanismus gegen 

ein Krebstherapeutikum in klinischen Studien identifiziert wurden. 

Wir testeten hunderte Kinase-blocker in verschiedenen zellulären Modellsystemen des 

Ewings Sarkoms (ES), eines pädiatrischen Knochentumors. Das charakteristische 

molekulare Erkennungsmerkmal dieser Krebsart ist die Expression des natürlicherweise 

nicht vorkommenden onkogenen Fusionstranskriptionsfaktors EWS-FLI1. Es wurde gezeigt, 

dass der unspezifische Kinasen-blocker tozasertib hocheffektiv und hochselektiv das 

Wachstum von Ewings Sarkom- im Vergleich zu anderen pädiatrischen Krebsmodellen 

hemmt. Mittels einer chemisch-proteomischen Studie wurden alle Proteinkinasen identifiziert, 
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die durch tozasertib in ES Zellen inhibiert werden. Daraus wurde via RNA-Interferenz 

abgeleitet, dass die parallele Hemmung der beiden Aurora Kinasen A und B kooperativ die 

Viabilität von ES Zellmodellen beeinträchtigt. Schlussendlich wurde im Tierversuch gezeigt, 

dass tozasertib auch das Wachstum von ES Xenograft Modellen blockiert.  

Im zweiten Kapitel meiner Arbeit führten wir fokussierte Kombinationsexperimente durch, um 

neue Behandlungsstrategien gegen eine therapieresistenten Form der Chronisch 

Myeloischen Leukämie (CML)  zu finden. Es konnte gezeigt werden, dass die beiden 

Kinase-blocker danusertib und bosutinib stark synergistisch das Wachstum dieses 

therapieresistenten CML Modells hemmen. Dieser Effekt wurde weiters auch in primären 

Maus- und Patientenzellen gezeigt. Um ein molekulares Verständnis für diese Synergie zu 

entwickeln, wurde auf einen systembiologischen Ansatz zurückgegriffen. Dahingehend 

wurden Ansätze der Chemischen Proteomik, der Phosphoproteomik und der Transkriptomik 

integrativ mit einander vernetzt. Dadurch konnte gezeigt werden, dass die 

Medikamentenkombination einen systemweiten negativen Effekt auf das vom 

Transkriptionsfaktor Myc kontrollierte Genexpressionsmuster hat.  Interessanterweise 

basiert dieser Effekt auf vorher nicht bekannten Nebenwirkungen („Off Target“ Effekten) von 

danusertib und bosutinib. In diesem ganzheitlichen Ansatz wurden erstmals drei orthogonale 

systembiologische Ansätze mit einander kombiniert um ein komplexes Verständnis für eine 

vielversprechende Medikamentenkombination zu entwickeln. 

Das letzte Projekt, das Teil meiner Arbeit ist, basiert auf einer kürzlich veröffentlichten 

genetischen Technologie, welche auf einer annähernd haploiden CML Zelllinie namens 

KBM7 basiert. Durch retroviraler Insertionsmutagenese kann so in einem Pool an KBM7 

Zellen jedes Gen deletiert werden. Mithilfe dieses Ansatzes konnte ein neuer 

Resistenzmechanismus gegen das klinische  Krebstherapeutikum YM155 gefunden werden. 

Es wurde gezeigt, dass eine Deletion des „Solute Carrier“ Gens SLC35F2 in KBM7 Zellen 

aber auch in Lungenkrebszellen eine Resistenz gegenüber YM155 hervorruft. Weiters wurde 

gezeigt, dass auch in nicht retroviral transduzierten Zellen die verminderte Expression von 

SLC35F2 den hauptsächlichen Resistenzmechanismus gegen YM155 darstellt und dass die 

Deletion von SLC35F2 einer intrazellulären Akkumulation von YM155 entgegenwirkt. 

Zusammenfassend wurde eine neue genetische Technologie verwendet um die 

Abhängigkeit der Krebstherapeutikums YM155 von einem bis dato nicht charakterisierten 

Transporter zu beschreiben. 

Die vorliegende Arbeit liefert neue Erkenntnisse hinsichtlich unbekannter molekularer 

Schwachstellen und neuer Resistenzmechanismen im Ewings Sarkom, in der Chronisch 

Myeloischen Leukämie und im Lungenkrebs. Diese Erkenntnisse wurden mit innovativen 

und integrativen Methoden der Chemischen Biologie gewonnen und können zu einem 

verbesserten Verständnis dieser Krebsarten beitragen. 
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1 Introduction 

1.1 Biological Systems, Networks and Signal Transduction 

 

“It has been said: The whole is more than the sum of its parts. It is more correct to say that 

the whole is something else than the sum of its parts, because summing up is a meaningless 

procedure, whereas the whole-part relationship is meaningful.” (Koffka, 1935)  

 

The modern view of cells and organisms is that of complex biological systems formed by 

molecular networks that shift in their wiring depending on perturbations linked to normal 

physiological challenges or pathology. (Ideker et al., 2001) Conceptually, molecular networks 

can be distinguished by the type of interactions that they depict. Among others, one can 

distinguish networks that describe large-scale interactions of proteins, signaling events, 

gene-regulatory mechanisms, genetic interactions or metabolic processes. The integration, 

transmission and interpretation of environmental signals are key features of biological 

systems which are fulfilled by signaling networks. Signaling networks consist of 

interconnections and links between signaling pathways that are caused by molecular 

junctions that receive information from multiple inputs. (Walhout et al., 2012) As opposed to 

individual (signaling) pathways that often delineate a rather linear conversion and 

transmission of a signal, networks aim at describing the global response of a system under 

investigation in response to an altered environmental condition or to any kind of perturbation. 

Due to complex interconnections and various forms of feedback loops, the behavior and 

properties of entire networks as multi-component units can often not be attributed to the 

behavior and wiring of individual components and subnetworks thereof. (Walhout et al., 2012)  

Post-genomic technologies like next generation sequencing and quantitative mass 

spectrometry allow the investigation of biological questions in a holistic manner which is of 

absolute necessity to understand complex systems behavior. This also relates to cancer as 

a paradigmatic pathophysiologic system in which particular molecular programs, such as 

cell-cycle, apoptosis and energetic homeostasis, are perturbed. (Hanahan and Weinberg, 

2000; Hanahan and Weinberg, 2011) 
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Figure 1 (taken and adapted from Lemmon, M. A. & Schlessinger J. 2010. Cell signaling by receptor 
tyrosine kinases. Cell, 141(7): 1117-1134). A schematic depiction of the EGF-receptor signaling 
network outlining the complex cellular responses after binding of EGF. 
 
 

1.2 Cancer 

Recent insights into the genomic complexity of a variety of cancers through large-scale 

sequencing efforts have shifted the perception of cancer. (Berger et al., 2012; Berger et al., 

2011; Beroukhim et al., 2009; Campbell et al., 2010; Chapman et al., 2010; Hammerman et 

al., 2012; Stephens et al., 2012) Resulting from the ever increasing knowledge about 

genomic aberrations, the classification- and characterization strategies of cancers, which 

were primarily based on the affected organ or tissue, are now reconsidered in the light of the 

molecular and genetic lesions underlying and governing the malignancies. Today, cancer is 

regarded as a highly variable collection of diseases that are unified by a necessity to fulfill a 

common set of biological traits. These capabilities are thought to be essential for cancer 

initiation and progression. They are represented by sustaining proliferative- while 

downregulating growth suppressive signaling networks, inherent resistance to cell death 

mechanisms,  inducing tumor vascularization by angiogenesis, activating an immortal 

replication potential and enabling invasive growth and metastasis. (Hanahan and Weinberg, 

2000) More recently, reprogramming of energy metabolism, evading immune destruction, 

inflammation and genome instability have been added to the conceptional framework of the 

“hallmarks of cancer”. (Hanahan and Weinberg, 2011)  Moreover, different “stress 

phenotypes” have been proposed. (Luo et al., 2009b) Those are not necessarily thought to 
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be causative for tumorigenesis but are common features shared by most human cancers. 

These phenotypes are, for instance, metabolic stress, proteotoxic stress, mitotic stress, 

oxidative stress and stress caused by DNA-damage. (Luo et al., 2009b)  

Collectively, these hallmarks also serve as conceptional intervention points for cancer 

therapy. As the underlying genomic alterations are a tumor- and even patient specific 

combination, a broad variety of therapeutics will be needed to effectively improve therapeutic 

options in a patient-specific manner. 

 

 

Figure 2:(taken from Luo J and Elledge SJ, Principles of cancer therapy: oncogene and non-
oncogene addiction. Cell, 136(5): 823-837) depicts the first generation hallmarks of cancer as 
proposed by Hanahan and Weinberg supplemented with the cancer-specific intrinsic stress 
phenotypes. 

 

1.3 Targeting cancer with small molecule drugs  

Surgery followed by radiotherapy is for a variety of solid tumors still the chosen therapeutic 

intervention but, due to the focus of this work, will not be discussed in further detail here. 

(Delaney et al., 2005)  

In terms of small molecule cancer drugs, one commonly distinguishes so called “targeted 

therapeutics” from classic chemotherapeutics and cytotoxic agents. Both classes take in 

principle advantage of the phenotypic traits of cancer cells mentioned above. While classic 

treatment regimens target hallmarks and stress phenotypes in an unselective way, targeted 

therapeutics are customized to cancer-specific alterations and are thus thought to have a 

greater window of opportunity and fewer side effects. (Martini et al., 2011) Vinblastine or 

Cisplatine may serve as examples of compounds commonly referred to as “classical 
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chemotherapeutics”. (Siddik, 2003; Weaver and Cleveland, 2005) While the inhibition of 

microtubule-assembly (Vinblastine) or the cross linking of DNA (Cisplatine) is in principle 

toxic to every cell in the body, the selectivity that makes up the therapeutic window is gained 

by the fact that these compounds exploit the phenotypes of mitotic stress and DNA damage 

stress inherent to cancer cells. (Luo et al., 2009b) In contrast, most targeted therapeutics are 

designed to inhibit cancer cell vulnerabilities specifically caused by oncogenes and are thus 

thought to exploit the concept of “oncogene addiction” which describes a physiologic 

dependence of cancer cells on a malfunction of a specific gene or set of genes. (Weinstein, 

2002) These dependencies are unique to the cancer phenotype and thus usually provide a 

good window of opportunity for therapeutic intervention. Imatinib (STI-571, Gleevec®) is a 

paradigmatic example of a targeted therapeutic intervention that exploits oncogene addiction 

directly by inhibiting the driving oncogene. (Druker, 2008) It is an ATP-competitive small 

molecule kinase inhibitor targeting the fusion kinase BCR-ABL, the driving oncogene of 

chronic myeloid leukemia (CML). However, not every targeted agent is designed to directly 

inhibit an oncogene product. For instance, small molecule agents targeting proteostasis 

show promising results in preclinical development as well as in the clinics. (Islam and 

Ambrus, 2008; Soucy et al., 2009) Although these agents are customized to target specific 

molecular machines like the 26s proteasome, they do not exploit the concept of oncogene 

addiction but benefit from elevated levels of proteotoxic stress observed in cancers. (Luo et 

al., 2009b) Other agents that are customized to target cancer-relevant phenotypes but rather 

exploit non-oncogene addiction are for instance heat shock protein 90 (HSP90) inhibitors like 

17-AAG or histone-deacetylases (HDAC) inhibitors like Vorinostat. (Minucci and Pelicci, 

2006; Trepel et al., 2010)  

Of note, the initial promises and hopes into targeted therapies raised by the success of 

imatinib in the treatment of CML could only be fulfilled in a subset of cancers. (Druker et al., 

2006; Joensuu, 2012) In other malignancies like lung cancer, efforts towards 

pharmacological inhibition of major oncogenes like the Endothelial Growth Factor Receptor 

(EGFR) with targeted small molecule kinase inhibitors erlotinib (Tarceva®) or gefitinib 

(Iressa®) have proven rather disappointing overall. (Cataldo et al., 2011) Targeted inhibitors 

against mutant B-RAF V600E (vemurafenib, Zelboraf®) or ALK (Crizotinib, Xalkori®) show 

promising results in patients suffering from melanoma and EML4-ALK-mutant non small cell 

lung carcinoma (NSCLC) respectively and resulted in market approval for both agents. 

(Chapman et al., 2011; Kwak et al., 2010) The long-term effects of either of these agents on 

the respective malignancies will be visible when data on long-term studies with large patient 

cohorts will become accessible in future. 
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1.4 Resistances to Targeted Cancer Drugs 

The emergence of spontaneous drug resistance is a commonality that is shared by classical 

chemotherapeutic as well as targeted agents. This is often linked, as illustrated above for 

efforts targeting mutant EGFR in NSCLC, to moderate effects when new compounds are 

transferred from preclinical testing to clinical phase studies. (Maemondo et al., 2010) The 

benefits for patients are usually prolonged progression-free survival but not necessarily 

improved overall survival rates. 

Thus, understanding the repertoire of possible adaptations that a cancerous cell harbors in 

order to acquire resistances to small molecule therapy is of utter importance for patient 

stratification, prediction of clinical efficacy of a drug and the development of proper 

biomarkers to monitor treatment success. Ultimately, the therapeutic goal would be to 

prevent emergence of drug resistance a priori by custom-designing combination treatments 

(conceptually, the importance of drug combinations is discussed in more detail in 1.5). In 

recent years, more and more effort has been put into uncovering resistance mechanisms to 

cancer drugs and the research field of chemical biology, especially its subcategory chemical 

genetics had a strong influence on many important discoveries that have been made. 

(Brummelkamp et al., 2006; Gregory et al., 2010; Muellner et al., 2011; Wacker et al., 2012) 

Today, our understanding of the emergence of resistance mechanisms allows a first 

distinction between intrinsic and extrinsic resistance mechanisms. (Lamontanara et al., 2012) 

Intrinsic mechanisms describe mutations that occur at the level of the protein target of a 

small molecule. They have been widely observed in the field of targeted drugs, especially 

with kinase inhibitors where point mutations affecting the ATP binding pocket are among the 

most common resistance mechanisms for ATP-competitive inhibitors. Most commonly, the 

“gatekeeper” residue represents a prominent hotspot for resistance conferring mutations 

where an initially small amino acid residue like threonine is changed to a bulkier residue like 

isoleucine or methionine. Mutations in the gatekeeper residues have been observed, among 

others, in BCR-ABL (T315I), EGFR (T790M) and EML4-ALK (L1196M), thus conferring 

resistance to first-line inhibitors like imatinib, erlotinib and crizotinib. (Branford et al., 2002; 

Choi et al., 2010; Pao et al., 2005)   

Of note, although mutations in the kinase domain are a very prominent resistance 

mechanism, they only represent a subset of potential point mutations that can affect the 

efficacy of kinase inhibitors. Detailed studies have been conducted in CML patients on 

imatinib treatment and have uncovered a broad variety of mutations also in regulatory 

domains of BCR-ABL. (Sherbenou et al., 2010) Similar observations have also been made 

with allosteric inhibitors that target the myristate pocket of BCR-ABL. (Zhang et al., 2010) 
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However, lead optimization and extensive small molecule screening on drug-resistant 

mutants have led to the discovery of small molecules capable of also inhibiting e.g. 

gatekeeper-mutant kinases for BCR-ABL, EGFR and ALK and first available clinical data are 

encouraging. (Cortes et al., 2012; O'Hare et al., 2009; Sakamoto et al., 2011; Zhou et al., 

2009) Another intrinsic resistance mechanism is the upregulation of the protein levels of the 

drugged target itself; a mechanism that has also been seen as a response to 

pharmacological inhibition of BCR-ABL with imatinib and EGFR with erlotinib. (Gorre et al., 

2001; Jimeno et al., 2005) Therapeutically, this resistance mechanism could partially be 

addressed by simple dose escalations, as it has for instance been shown  in CML patients. 

(Marin et al., 2003) 

Extrinsic resistance mechanisms usually describe alterations that cause the activation of 

downstream- or alternative signaling networks. These inductions of altered signaling events 

render the cancer cell insensitive to pharmacological inhibition of otherwise essential nodes, 

usually by turning on additional pro-survival and anti-apoptotic signaling events. Exciting 

research pursued in recent years has shed light on the mechanisms of extrinsic resistance 

mechanisms. In line with the focus of this thesis, the primary attention will again be put on 

extrinsic resistance mechanisms to kinase inhibitors. 

Already for several years it has been known that overexpression of the tyrosine kinase LYN, 

a member of the family of SRC kinases, can lead to resistance to the BCR-ABL inhibitor 

imatinib. (Donato et al., 2003; Gamas et al., 2009) Therapeutically, LYN overexpression can 

be managed relatively easily by the use of later generation BCR-ABL inhibitors like dasatinib 

or bosutinib, both of which are highly potent inhibitors of LYN. (Bantscheff et al., 2007; 

Remsing Rix et al., 2009; Rix et al., 2007) 

Recently, as already mentioned above, chemical genetics centered approaches have 

successfully been applied to explain a variety of mechanisms of acquired resistance to 

kinase inhibitors and to explain unexpectedly low efficacies in certain genetic backgrounds. 

Genetic screens using libraries of cDNA overexpression vectors representing the entire 

human kinome have been applied in order to dissect a resistance mechanism to 

pharmacologic inhibition of oncogenic B-RAF harboring the activating V600E mutation. 

Johannessen et al could show that overexpression of the MAPKK kinase COT1 can reverse 

the induction of cell death elicited by inhibition of B-RAF V600E. (Johannessen et al., 2010) 

Similar to melanoma, the B-RAF V600E mutation is also found in colon cancer, although at a 

significantly lower frequency with 70% of all primary melanomas versus only 10% of colon 

cancers presenting B-RAF V600E. (Davies et al., 2002; Di Nicolantonio et al., 2008) 

Nevertheless, already initial treatment success is severely attenuated in colon cancer as 

compared to melanoma. In a comprehensive study, Prahallad and colleagues used a 
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kinome-wide RNA interference (RNAi) strategy in order to unravel the resistance to- and the 

generally low efficacy of the B-RAF V600E inhibitor vemurafenib in colon cancer. They found 

that genetically silencing of EGFR synergized with vemurafenib inhibition and could 

furthermore show that this is due to upregulation of the activity of EGFR in response to 

vemurafenib treatment through a negative feedback loop. This resistance mechanism is 

specific for colon cancer and thus explains the disappointing results observed clinically. 

(Prahallad et al., 2012) Importantly, this finding also allowed assessing a follow-up 

therapeutic strategy of combining vemurafenib with EGFR kinase inhibitors to increase 

clinical efficacy. The fact that observations made in resistance screens and synergy-studies 

can be highly complementary is discussed in more detail in chapter 1.5 and 1.6. Another 

chemical genetics study addressed a resistance mechanism of lung cancers driven by 

EML4-ALK or mutant EGFR to crizotinib and erlotinib that involves upregulation of TGF  

signaling and consequently MAP kinase pathway activation via the MEDIATOR complex 

member MED12.(Huang et al., 2012)(Huang et al., 2012) 

Conceptually similar observations of acquired resistance to kinase inhibitor treatment have 

been made with proteomics centered approaches. Important studies published in parallel by 

three labs have uncovered another resistance mechanism to inhibition of B-RAFV600E in an 

N-RAS mutant background. It was shown that in that specific genetic environment, 

vemurafenib treatment caused a dimerisation of C-RAF and (drug-inhibited) B-RAF V600E. 

This led to “paradoxical” MAP kinase pathway activation thus bypassing the inhibition of B-

RAF V600E. (Hatzivassiliou et al., 2010; Heidorn et al., 2010; Poulikakos et al., 2010) In a 

similar scope, a recent study conducted by Britschgi et al. has shown the involvement of 

JAK2-STAT5 signaling in resistance to PI3K/mTOR blockade in breast cancer. (Britschgi et 

al., 2012) Finally, recent studies also suggest a close involvement of the tumor 

microenvironment in the resistance to anticancer kinase inhibitors via the secretion of growth 

factors. Signaling caused by the hepatocyte growth factor (HGF) has for instance been 

shown to cause resistance to RAF inhibitors. (Straussman et al., 2012; Wilson et al., 2012)

Importantly, not all extrinsic resistance mechanisms are signaling-mediated. Other extrinsic 

mechanisms can impinge on the pharmacokinetic properties of a compound. Usually, those 

mechanisms collaborate in downregulating the intracellular concentration of a drug in the 

tumor cell, thus leading to attenuated efficacy. Predominantly, these resistance mechanisms 

have been linked to an increased expression or elevated activity of the protein class of ATP 

binding cassette (ABC-) transporters. ABC transporters mediate an active, ATP dependent, 

efflux of a wide variety of xenobiotics including drugs across biological membranes. 

(Szakacs et al., 2006) However, out of the 48 known ABC transporters encoded in the 

human genome, only a smaller subset, represented predominantly by ABCB1 (P-GP, MDR1), 
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ABCG2 (BCRP1) and ABCC1 (MRP1), mediate the resistance mechanism called “multi-drug 

resistance” (MDR). (Allikmets et al., 1998; Dean et al., 2001; Doyle et al., 1998; Miyake et al., 

1999) Multi-drug resistance is, as already indicated by the name, a relatively promiscuous 

resistance phenotype dependent on the chemical properties of a given compound. (Szakacs 

et al., 2006) ABC-transporter linked drug resistance has been observed for a multitude of 

different anti-cancer drugs of both the “classical” chemotherapeutics (irinotecan) as well as 

targeted agents like imatinib. (Ozvegy-Laczka et al., 2005; Sarkadi et al., 2006) However, 

initial hopes that were put on including MDR inhibitors in combinations of anti-cancer 

treatments were not confirmed by further clinical data that often showed unpredictable side 

effects caused by elevated compound plasma levels resulting from ABC transporter 

inhibition. (Daenen et al., 2004; Kolitz et al., 2004; Wattel et al., 1999)  

Pharmacological resistance has also been linked to a decrease in drug uptake achieved by 

downregulation and inactivating mutations of drug transporters of the SLC (solute carrier 

family) members. (Dobson and Kell, 2008) SLC22A1 (OCT1) has for instance been shown to 

be necessary for uptake of a variety of anti-cancer agents, including imatinib. (Minematsu 

and Giacomini, 2011; White et al., 2006) Another recent study has been published by the 

laboratory of David Sabatini, identifying SLC16A1 (MCT1) as the major determinant of 

resistance to 3-bromopyruvate (3-BrPA). (Birsoy et al., 2012) 

Finally, my thesis could contribute to this field as we performed a haploid genetic screen in 

order to find genes essential for the cytotoxicity of the clinical anti-cancer agent YM155. We 

could show the absolute necessity of the solute carrier family member 35 F2 (SLC35F2) for 

YM155 induced cell death by mediating its uptake. The study is presented in detail by the 

manuscript to be submitted in the chapter 3.3. 

 

1.5 Drug combinations – a way to improve efficacy in cancer treatment? 

In a systems-biology based perspective, cancer is, just like any other biological system, 

characterized by redundancy and multi-functionality that cooperatively make up the buffering 

capacity of a cancer cell and ultimately allow for adaption to therapeutic intervention over 

time. (Lehar et al., 2008a; Lehar et al., 2008b) These characteristics have been shown to 

limit single drug use in cancer therapy even for compounds that target cancer specific 

alterations and thus adhere to the concept of oncogene addiction. (Weinstein, 2002) In 

comparison to other biological systems, the potential of cancer to adapt to environmental 

factors like drug treatment is, as discussed in the previous chapter, accelerated by a high 

mutational rate and genetic flexibility. In some aspects this is comparable to features 

observed in HIV biology and related anti-viral therapeutic options. (Bock and Lengauer, 2012) 

Thus, in light of the fact that multi-component therapeutic approaches have revolutionized 
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the treatment of HIV infection, drug combinations appear a highly attractive option in the 

treatment of cancer. 

However, the notion that higher selective pressure elicited by drug combinations can be 

beneficial for treatment is not new. As early as in 1939, C.I. Bliss proposed in his manuscript 

“the toxicity of poisons applied jointly” a conceptional framework for the calculation of 

expected drug additivity. (Bliss, 1939)  Today, this method is still among the most frequently 

used models and is known as the “Bliss independency model”. (Lehar et al., 2008a) 

Combination treatment also has a long-standing history in clinical cancer therapy and has 

significantly improved survival rates especially in different form of leukemias. (Dancey and 

Chen, 2006; Fullmer et al., 2010; Tam and Keating, 2010) Conceptually, the advantages of 

drug combinations over single drug treatments are many. First, a combination of two or more 

agents usually allows for reduced dosing of each individual drug and thus most often also 

leads to reduced adverse effects. (Dancey and Chen, 2006)  Secondly, it has been shown 

that the efficacy of drug combinations is highly context-dependent and therefore usually 

yields better therapeutically relevant selectivity profiles. (Lehar et al., 2009) Finally, in the 

perspective of avoiding the acquisition of cancer drug resistance, the evolution of a drug 

resistant subclone should be hindered when two or more selective agents are applied 

simultaneously. (Bock and Lengauer, 2012)  

Historically, the implementation of combination treatment was based on empirical testing of 

two agents with known individual activity that differed in their respective mode-of action. 

Given the ever increasing number of possible anti-cancer agents in preclinical or clinical 

trials and, connected to that, the rising number of possible combinations thereof, the 

throughput of empirical testing appears too low as an initial deconvolution step. To 

circumvent that problem, Borisy et al set out to develop a high throughput approach to test 

thousands of drug combinations for a given readout in preclinical cell culture models. (Borisy 

et al., 2003) This approach is based on the generation of two-dimensional dilution matrices 

for each compound pair which allows a first estimation of drug-cooperativity over a broader 

dose range (Figure 3). Different mathematical and statistical models as the already 

mentioned Bliss independence or the also frequently used Loewe additivity and Chou-

Talalay method provide means to distinguish basically three different possible outcomes for 

a drug-drug interaction. (Loewe, 1953) (Chou and Talalay, 1984) The most unwanted 

interaction in a therapeutic perspective is an antagonistic interaction which is characterized 

by smaller effect of the drug combination as opposed to both single drug agents at the 

identical concentrations. An additive effect describes a drug-drug interaction where the net 

effect of the combination is in the range of the prediction based on Bliss or Lowe or other 

models like Chou-Talalay. This represents the most frequent interaction, especially when 
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both drugs do not show pronounced efficacy on their own. (Lehar et al., 2008a) Finally, the 

most desired outcome of a drug interaction study would be a synergistic interaction which is 

defined as yielding an effect that exceeds the expectations predicted based on the single 

drug efficacy. (Lehar et al., 2008a) Whereas for a purely additive interaction, the underlying 

mechanisms of action of the two single agents are most likely not interconnected, 

antagonistic as well as synergistic interactions reflect a functional connection of the targeted 

nodes or pathways. 

 

Figure 3: (taken and adapted from Lehar et al, Chemical combination effects predict connectivity in 
biological systems. Mol Syst Biol 2007, 3, 80.) 
(A) Schematic representation of a 9x9 two-dimensional dilution matrix of two drugs (A and B 
respectively). Notably, the matrix is delimited by the two single drug dose response curves on the x-
axis (drug A) and the y-axis (drug B). These values are used for computing the predicted additive 
value that is then compared to the experimentally derived value to assess for deviations thereof and 
thus a potentially synergistic drug interaction. (B) The matrix can be displayed also in a three-
dimensional manner, resulting in a dose-response surface that features the measured values on its z-
axis. 
 

 

1.6 Approaches for the identification of synergistic drug combinations 

The strategies to uncover synergistic interactions between anti-cancer drugs are diverse, 

ranging from experimental to theoretical approaches, but are certainly still biased to 

hypothesis-driven empirical testing. (Borisy et al., 2003; Cokol et al., 2011; Kalac et al., 2011; 

Nelander et al., 2008; Yang et al., 2008; Yeh et al., 2006) As already mentioned above, this 

empirical approach is based on the assessment of the combinatorial potential of two small 

molecules that are of sufficient single-drug toxicity but feature a diverse mechanism of action. 

Conceptionally, the likelihood to identify a synergistic drug interaction is comparable with the 

likelihood of identifying a synergistic interaction of two genetic perturbing agents, a so-called 
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“epistatic” interaction or “synthetic lethality”. Initial considerations regarding the frequency of 

those epistatic interactions have been derived primarily from studies in yeast that suggest in 

general a relatively low frequency, thus potentially illustrating the bottleneck of empirical-

based studies. (Costanzo et al., 2010; Roguev et al., 2008) Therefore, unbiased screens are 

a promising alternative as they provide means to interrogate hundreds or even thousands of 

drug-drug interactions for their synergistic potential in regard to a desired outcome (as for 

instance induction of apoptosis or, in more general terms, cell death as an initial step in 

therapeutic cancer applications). Important insights have been gained using drug-drug 

interaction screens for different cancer indications like imatinib-resistant CML, prostate 

cancer or multiple myeloma using the previously mentioned approach of Borisy et al. (Borisy 

et al., 2003; Ketola et al., 2012; Rickles et al., 2010; Winter et al., 2012) These approaches 

are all based exclusively on the use of small molecule compounds. This comes with certain 

possibilities but also challenges. For instance, it is not self-understood that the relevant 

protein target, inhibition of which underlies the observed phenotype, is a known. This is 

linked to the polypharmacologic features of many small molecules, that have been studied in 

detail for kinase inhibitors but also other agents like HDAC inhibitors. (Bradner et al., 2011; 

Knight et al., 2010) These issues are shared by virtually all phenotypic small molecule 

screens and are therefore, along with the resulting necessity of state-of the art drug target 

deconvolution approaches, discussed later in more detail (chapter 1.7). The second branch 

of unbiased screens for the identification of therapeutic combination strategies are chemical 

genetic approaches. This also illustrates the conceptually close interconnection to functional 

resistance screens that are discussed in 1.4. The major advantage of chemical genetic 

screens is the fact that they can be performed in pooled formats due to DNA-barcoding 

technologies. (Brummelkamp et al., 2006) The experimental setup of genetic drug-sensitivity 

studies and functional resistance studies usually only differs in the effector concentrations of 

the small molecule under investigation. Whereas resistance screens are predominantly 

performed as positive selection screens, synthetic lethal drug screens need to be assayed 

as negative selection  or “drop out” screens which is technically more challenging. Important 

recent discoveries in the field of genetic drug sensitivity screens have for instance uncovered 

synthetic-lethal interactions of combined BCL-XL and MEK inhibition in Ras-mutant cancer 

models or a synthetic lethal interaction between BCR-ABL and the Wnt/Ca2+/NFAT signaling 

pathway. (Corcoran et al., 2012; Gregory et al., 2010) Although chemical genetic screens 

have uncovered multiple therapeutic combination strategies that could be valuable in future, 

their direct applicability to cancer therapy is not always straightforward. To begin with, as the 

implementation of targeting techniques for therapeutic RNAi purposes into clinical practice is 

highly challenging, the process of genetic silencing via RNAi has to be transposed most 

often to pharmacological inhibition via a small molecule. (Pecot et al., 2011) This is 
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connected to two major problems. First, the inhibition of an enzymatic function of a protein or 

its interaction with other proteins or protein complexes is mechanistically not necessarily 

comparable with genetic silencing that leads to a general reduction of the concentration of a 

protein. For example, an inhibited enzyme can still fulfill scaffolding functions that are 

independent of its catalytic activity. A second, related issue is the notion that, in general, the 

chemically traceable space is limited to a subset of proteins encoded by those genes that 

make up the consequently called “druggable genome”. (Makley and Gestwicki, 2012; Russ 

and Lampel, 2005)  

In general, drug-drug as well as drug-gene interaction screens feature technical advantages 

and disadvantages and harbor experimentally the largest benefit when used in an integrated 

manner. 

 

1.6.1  Mechanistic subtypes of synergistic drug combinations 

The molecular logic of identified synergistic drug-drug interactions can cover a very broad 

spectrum leading from altering pharmacokinetic properties to the exploitation of essential 

signaling functions e.g. by co-inhibition of two parallel and redundant pathways. Again, this 

illustrates the close connectivity to types of drug resistances discussed before. Examples 

that are representative for various types of synergies that have been observed are discussed 

briefly below. 

First, synergies of two small molecules can converge on a single protein target that is 

affected by the compounds via an alternating mode of action. This has for instance been 

shown for combined treatment of CML cell line models with ATP-competitive- and allosteric 

inhibitors of BCR-ABL. (Zhang et al., 2010) Comparable synergies that converge 

(functionally) on one protein target have also been observed with combined inhibition of heat 

shock protein 90 (HSP90) and oncogenic kinases like c-kit in GIST or JAK2 in 

myeloproliferative neoplasms (MPNs). (Fiskus et al., 2011; George et al., 2004) There, the 

oncogenic kinase is pharmacologically impaired on two different levels. While the kinase 

inhibitor of the respective synergy inhibits the enzymatic function, the HSP90 inhibitor 

attenuates protein maturation and folding and thereby effectively reduces the protein 

abundance of the oncogenic client protein. 

A combination strategy that exploits the cellular dependency on parallel signaling cascades 

has for instance been addressed for multiple myeloma (MM). MM patients treated with the 

proteasome inhibitor bortezomib showed promising response rates that resulted in the 

market approval for MM cases resistant to standard therapy in 2004. (Richardson et al., 
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2003) Since 2008, bortezomib is part of the first line treatment of MM in combination with 

melphalan (a nitrogen mustard alkylating agent) and prednisone (a corticosteroid). (San 

Miguel et al., 2008) However, there is still a fraction of patients that do not benefit from 

bortezomib treatment. This has, at least partially, been attributed to an alternative 

degradation system of unfolded and ubiquitinated proteins termed the aggresome. (Bennett 

et al., 2005; Hideshima et al., 2005) This alternative degradation system depends on the 

function of HDAC6 in transporting aggregated proteins to the lysosome. Therefore, 

pharmacological inhibition of HDAC6 appeared an interesting therapeutic option to 

counteract alternative protein degradation. In that line, Hideshima and colleagues could 

show that the HDAC6 inhibitor tubacin synergizes with bortezomib in mediating antitumor 

activity in MM, leading to efforts in designing more potent and specific HDAC6 inhibitors for 

improving the treatment of MM. (Hideshima et al., 2005; Santo et al., 2012)  

Another strategy of co-targeting redundancies is represented by efforts towards 

pharmacologic inhibition of members of the anti-apoptotic machinery in order to increase the 

efficacy of apoptosis-inducing small molecule therapeutic agents. In that regard, members of 

the BCL-2 family of anti-apoptotic proteins have successfully been targeted with small 

molecule agents like navitoclax (ABT-263) or obatoclax (GX15-070). (Perez-Galan et al., 

2007; Tse et al., 2008) As expected, co-treatment with BCL-2 inhibitors and apoptosis 

inducing drugs like paclitaxel, bortezomib or a range of HDAC inhibitors resulted in 

pronounced synergistic induction of cell death. (Perez-Galan et al., 2007; Tan et al., 2011; 

Wei et al., 2010) 

Finally, mechanisms of drug-synergies have also been associated with altered 

pharmacokinetics. For instance, it has been reported that the combination of imatinib and 

nilotinib acts beneficially in preclinical models of BCR-ABL positive leukemias. (Weisberg et 

al., 2007) This was relatively surprising as both agents have a highly similar target profile as 

assessed by chemical proteomics studies, although nilotinib is known to feature a higher 

potency for inhibition of BCR-ABL kinase activity. (Rix et al., 2007) However, it could be 

shown that the observed mechanism was not due to altered signaling properties of BCR-

ABL or off-target effects of imatinib and nilotinib but rather due to the fact that imatinib 

treatment increases the intracellular concentration of nilotinib by inhibiting ABCB1 which 

mediates cellular efflux of nilotinib. (White et al., 2007) Similar observations have also been 

made with other kinase inhibitors. For instance, it has been reported that the synergistic 

potential of the dual EGFR/HER2 inhibitor lapatinib with chemotherapeutic agents is also 

due to the inhibitory effect of lapatinib on ABCG2 (BCRP) which limited the efflux of the 

chemotherapeutics. (Brozik et al., 2011; Perry et al., 2010) 

Finally, another layer of complexity becomes evident when regarding the timing of the 

combination treatment. In some instances, “priming” of a cellular system by pre-treatment 
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with one small molecule of interest prior to the second compound might be beneficial 

compared to co-incubation of both agents simultaneously. In a recent study, Lee and 

colleagues observed a striking sensitization of triple negative breast cancer cell systems to 

drugs inducing genotoxic stress when the cancer cells are pretreated with EGFR inhibitors. 

Importantly, co-incubation with EGFR inhibitors and genotoxic stress did not result in a 

detectable drug synergy. Integrative network analysis led to the conclusion that pre-

incubation with EGFR-inhibitors rewire the oncogenic state, thus rendering the cells more 

vulnerable to the induction of DNA damage. (Lee et al., 2012)  

In summary, the efficacy of a small molecule drug can be influenced on a variety of different 

levels of its respective mode of action by another compound. The complexity inherent to the 

field of drug combinations renders it a highly challenging field of research with the potential 

to significantly impact therapeutic approaches in cancer in future. Systematic screens to 

uncover potential entry points for drug combinations in a pre-clinical setting are especially 

promising but require, like any other phenotypic screen, state-of the art tools for drug-target 

deconvolution. A review of currently used drug target deconvolution approaches is presented 

in 1.7.

 

1.7 Experimental Approaches to identify the cellular targets of small 
molecule agents 

The identification of a protein target of a given small molecule with unknown molecular 

mechanism of action is a longstanding challenge in the field of chemical biology. The strong 

interest in a broad spectrum of target-deconvolution approaches stems from essentially two 

factors. First, high-content- or phenotypic screens became increasingly available and 

popular in recent years in industry as well as academia. (Young et al., 2008) High content 

screens allow inferring complex systems for a desired composite response elicited by 

exposure to small-molecules. The complexity of the readout as well as of the system is 

highly variable and multifaceted. While more facile readouts measure for instance the impact 

of small molecule agents on cellular viability and the induction of cell death, more complex 

readouts can for instance assess protein localization, viral replication or the impact of small 

molecules on changes in expression levels of a predefined set of genes (“gene expression 

high throughput screening”, GE-HTS). (Cohen et al., 2008; Huang et al., 2009; Minucci and 

Pelicci, 2006; Stegmaier et al., 2004) The complexity of the interrogated system is 

comparable variable. While in the majority of all phenotypic screens, cell line-models are 

inferred for a desired phenotype, recent advances allow even performing whole-organism 

screening in a high-throughput fashion, for instance using zebrafish as model organism. (Gut 
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et al., 2012) However, despite their heterogeneity, all high-content screening approaches 

share the necessity for a subsequent target deconvolution as the protein target(s) of most 

small molecule probes of high-throughput libraries are unknown. 

The second related reason behind the interest and necessity of target-deconvolution 

approaches is due to the fact that a considerable proportion of all drugs that are used in the 

clinics today have been devised without a priori knowledge of their target or are basically 

used in patients based on an initially non-desired side effect. (Rotella, 2002) Also, serious 

adverse drug reactions (SADRs) were recently ranked as the fourth leading cause of death 

in the US. (Giacomini et al., 2007) 

Some pharmaceutical agents are also used for multiple indications that are not necessarily 

functionally related to each other and are thus expected to have multiple underlying protein 

targets, inhibition of which contributes in a context-specific manner to the observed and 

desired clinical phenotype. One of the most prominent examples is methotrexate which is a 

compound featuring clinical efficacy in different human cancers as well as rheumatoid 

arthritis (RA). While the protein target that is responsible for the anti-cancer clinical efficacy 

of methotrexate is well established (dihydrofolate reductase, DHFR), a mechanistic 

understanding of its mode of action in RA remains elusive. (Chan and Cronstein, 2010) The 

complexity of the molecular logic of phenotypes elicited by small molecules can finally also 

result from parallel inhibition of two or more proteins simultaneously. These 

polypharmacologic features are inherent to various small molecule classes like for instance 

kinase inhibitors and represent an exquisite challenge in terms of deconvoluting their 

individual contribution. (Knight et al., 2010; Sourbier et al., 2013) 

Currently available drug-target deconvolution strategies are predominantly employing either 

genetic or proteomic methodologies and are presumably most efficiently used when 

integrated with each other orthogonally. A recent example of integrative deconvolution of a 

phenotype caused by a combination of two polypharmacologic kinase inhibitors is part of this 

work and is presented in 3.2.

 

 

1.7.1 Genetic/Genomics approaches for target deconvolution of small 
molecules

Drug-Induced Haplo-Insufficiency Profiling (HIP) / Homozygous Profiling (HOP) 
HIP profiling exploits the availability of genome-wide, barcoded deletion strains of S.

cerevisiae. The assumption underlying HIP profiling in order to unravel the protein target of a 

small molecule of interest is that gene-dosage reduction of the respective target renders a 

yeast-cell more vulnerable to subsequent pharmacologic inhibition. In detail, genome-wide 
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deletion strains allow for assessing growth advantages or –disadvantages of a certain strain 

in response to an environmental pressure elicited by the compound of interest over time 

(Figure 4). If heterozygous deletion of a given yeast gene confers a disadvantage in 

surviving exposure to that drug, the respective strain will be depleted from the initial complex 

pool of heterozygous deletion clones over time. Given the fact that every yeast strain is 

“earmarked” by a DNA barcode in its genome, its relative abundance can be assayed using 

either hybridization based approaches like microarrays or next generation-sequencing based 

strategies. (Giaever et al., 1999; Smith et al., 2012)  

 

Notably, this approach also features important disadvantages and limitations. First, the 

measured growth defect of a heterozygous gene deletion in response to drug treatment does 

not necessarily imply a physical interaction of the underyling 

geneproduct and the small molecule of interest. Thus, the protein 

encoded by the identified gene is not necessary the direct drug 

binding partner. This is a drawback of most if not all drug-target 

deconvolution approaches stemming from genetic methodologies. 

Secondly, given the evolutionary distance between yeast and 

humans, Haplo-Insufficiency Profiling is additionally limited to highly 

conserved genes and finally also to compounds that impact on 

cellular fitness. (Smith et al., 2010) An extension to HIP profiling has 

been established and termed Homozygous Profiling (HOP). The main 

difference is that HOP profiling relies on complete deletion strains of 

(non essential) genes in yeast. Thus, more complex chemical-

genetics interaction profiles are established that are then compared 

to and intersected with genetic interaction profiles. (Lee et al., 2005; 

Parsons et al., 2006) Due to the high similarity to HIP profiling, HOP 

profiling suffers from the same disadvantages as discussed before. 

 

Figure 4 (taken from Smith AM et al, A survey of yeast genomic assays for drug and target discovery, 
Pharmacol Ther 2010, 127, (2), 156-64) displays schematically the workflow of an Haplo-Insufficiency 
Profiling experiment.  
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Comparative Gene Expression Profiling 

Comparative gene expression profiling stems, like many systems-biology centered 

approaches, from initial systematic studies performed in yeast. Hughes and colleagues 

showed that a reference database of expression profiles representing the transcriptional 

response to 300 different genetic and chemical perturbations is capable of proposing a 

biological function to bioactive small molecule agents with unknown protein targets and to 

put largely uncharacterized genes into a novel biological context. (Hughes et al., 2000) Lamb 

and colleagues have subsequently expanded the logic that robust expression patterns 

elicited by perturbing agents of known mode of action can guide the classification of 

unknown agents to human cells. (Lamb et al., 2006) They established a publically available 

compendium of transcriptional responses of cultured human cell lines to a broad selection of 

bioactive small molecules. This approach called the “Connectivity Map” or “C-Map” is thus 

also based on the notion that small molecules impinging on the same cellular signaling 

network should elicit comparable changes in gene expression. In proof of concept studies, 

the C-Map has been used to validate two well known chemical agents (celastrol and gedunin) 

as inhibitors of heat shock protein 90 (HSP90). (Hieronymus et al., 2006) Since then, the 

Connectivity Map is a widely used tool in order to interpret and compare in an unbiased way 

the effect that genetic or small molecule- perturbing agents have on the transcriptional 

output of mammalian cells. Of note, comparative gene expression profiling rather assigns 

affected pathways and processes to a compound of interest. This is based on the “molecular 

footprints” it leaves on the transcriptome of a treated cell line. Not necessarily it elucidates 

the affected member of that pathway. 

RNA-interference based Approaches 
As already discussed previously, chemical genetics screens have been employed with great 

success in order to find modulator genes that, either upon stable or transient knockdown or 

overexpression, can alter the efficacy of a bioactive small molecule of interest in a given 

cellular system. However, these screens can not only be devised in order to identify novel 

synthetic lethalities or resistances but can conceptually also aid in target identification 

approaches. For instance, Jiang and colleagues could generate a shRNA signature that has 

proven successful in order to functionally classify chemotherapeutic agents of various 

different classes. (Jiang et al., 2011) In analogy to the previously mentioned HOP profiling, 

this functional-genetics based approach measures the impact of a collection of stable 

shRNA-based knockdowns on the cytotoxicity of a query-molecule of interest. It was shown 

that similar chemotherapeutics cluster together when they are grouped based on the 

composite impact of eight shRNAs on their respective efficacy. Based on that, this approach 
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could be used to assign a functional role to chemotherapeutic agents with unknown 

mechanism of action. However, to which degree this predictive signature can also be 

extended to non-chemotherapeutic agents has to be seen in future. Moreover, a 

standardization of that method in order to make it publically available has not yet been 

achieved. As all genetics-based target-deconvolution approaches, also RNA-interference 

based methods are not suited to provide evidence for a physical interaction or binding event 

between the small molecule of interest and the putative target protein. Again, also these 

assays are in general limited to cytotoxic compounds. 

 

1.7.2 Proteomics approaches for target deconvolution of small molecules 

Compound-Centered Chemical Proteomics and Activity Based Protein Profiling 
Chemical proteomics is often referred to as a “post-genomic” version of drug-affinity 

chromatography which is enabled by high resolution mass spectrometry and sophisticated 

bioinformatics analysis. (Rix and Superti-Furga, 2009) In principle, chemical proteomics can 

be subdivided into activity based protein profiling (ABPP) and compound-centered chemical 

proteomics (CCCP). ABPP not necessarily has a focus on drug target deconvolution but is 

rather used to identify the enzymatically active subset of protein classes in a given cellular 

state. Among others, ABPP has for instance provided important insights into regulatory 

mechanisms and activity profiles of serine hydrolases and metalloproteases. (Bachovchin 

and Cravatt, 2012; Sieber et al., 2006) In brief, this approach is centered around a probe that 

usually consists of three parts: a reactive group that binds to and labels enzymatically active 

proteins of interest, a spacer providing flexibility and a reporter tag that is used for detection, 

enrichment and visualization. (Nomura et al., 2010) Given the focus of my thesis, concepts 

of ABPP will not be illustrated in further detail. 

Compound-centered chemical proteomics (CCCP) is, in terms of target deconvolution, the 

better suited approach that harbors multiple advantages but also faces certain challenges. 

The first crucial step in a chemical proteomics experiment is to design and synthesize a 

version of the given small molecule compound under investigation that allows for 

immobilization. This is especially tricky for cases where no structure-activity data is available. 

Adding an otherwise not occurring chemical group which allows for the addition of a linker for 

immobilization can potentially interfere with the binding affinity to the one or more target(s). 

Thus, in an optimal scenario, the compound of interest should be immobilized using different 

chemical strategies. To ensure a retained activity, the coupleable analogue is usually 

assayed in recombinant (if a cognate target is known) and/or cellular or phenotypic assays (if 

the cognate target is unknown). Subsequently, after the analogue has been immobilized, the 

drug-affinity matrix can be incubated with a protein lysate of any desired source. This 



  Introduction 

23 
 

illustrates one of the major advantages of chemical proteomics as it allows to probe, in an 

unbiased and proteome-wide fashion, for proteins in their naturally occurring, post-

translationally modified version.(Rix and Superti-Furga, 2009) Dependent on the lysis 

conditions, chemical proteomics usually retrieves entire target complexes and pre-existing 

knowledge on protein-protein interaction data can add additional value. In fact, this feature 

has actively been exploited using HSP90-inhibitor centered chemoproteomic studies to 

derive novel insights into cancer-specific HSP-client networks. (Moulick et al., 2011) Studies 

focusing on this “direct” version of CCCP (“direct” as the query compound itself has to be 

modified) have, among others, elucidated the promiscuous nature of BCR-ABL inhibitors 

currently used in the clinics for the treatment of CML and GIST, have established 

Bromodomain containing proteins as a pharmacologically traceable protein class and have 

identified an axin-stabilizing small molecule (XAV939) as a novel way to pharmacologically 

antagonize Wnt signaling. (Huang et al., 2009; Nicodeme et al., 2010; Rix et al., 2007) As 

already mentioned above, the most labor-intensive part of a direct CCCP experiment is the 

derivatisation of the small molecule compound of interest in order to render it compatible for 

immobilization. Resulting from that, this direct approach is also not applicable to high- or 

even medium-throughput approaches. In order to circumvent that problem, Bantscheff and 

colleagues have immobilized a collection of highly unspecific kinase inhibitors, thus creating 

a diverse affinity matrix (“kinobeads”) that allows for capturing a substantial part of the 

expressed kinome of the cell line or cell state of interest. (Bantscheff et al., 2007) 

Subsequently, any kinase inhibitor of interest can be profiled for competitive binding to this 

expressed and captured proteome in a dose-dependent way. In simple terms, proteins that 

are captured by the “kinobeads” are eluted using different concentrations of the kinase 

inhibitor of interest and the eluted fractions are subsequently investigated via quantitative 

proteomics. Thus, targets are expected to be competed away from the non-specific affinity 

matrix in a dose-dependent fashion. This methodology features the big advantage that the 

query compound does not have to be modified and this conceptual approach has been 

extended to other protein classes like HDACs and is compatible with medium-throughput 

application. (Bantscheff et al., 2011) Of note, these advantages also come at the price that 

the compound of interest is only exposed to a pre-selected subpart of the proteome. Thus, 

indirect CCCP introduces a bias relatively early on and might therefore rather be suited in 

order to unravel the promiscuity of a compound of interest with an already known target 

relative to other members of that target class. However, the concept of competing for binding 

to a given affinity matrix by spiking in non-modified, free compound has also been applied to 

direct CCCP experiments. (Ong et al., 2009) In fact, this experimental setup has facilitated 

the identification of “real” targets as opposed to “sticky” proteins that bind to the affinity 

matrix in a non-selective way which has been and still is one of the main problems 
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associated with chemical proteomics. Hence, a protein is only considered as a target of a 

small molecule of interest if it is not only enriched by an affinity matrix consisting of an 

immobilized but yet active form of that molecule but also if that binding event can be 

prevented by co- or pre-incubating the protein lysate with the original, non-modified version 

of the small molecule. Importantly, these properties would also be fulfilled by a protein that is 

strongly interacting and thus piggybacking on a protein actually physically binding to the 

small molecule. Therefore, even if competed away successfully, a protein cannot 

automatically be assigned as physically interacting with the query compound which has to be 

confirmed in validation experiments using for instance recombinant assays. As already 

briefly mentioned above, CCCP has been – in its direct as well as indirect form- further 

empowered using downstream quantitative proteomics. This has been performed with 

isobaric labeling (iTRAQ) as well as stable isotope labeling by amino acids (SILAC) and 

allows estimations of binding constants of the small molecule of interest to the collection of 

enriched and competed proteins. (Bantscheff et al., 2007; Daub et al., 2008) Both 

quantitation methods feature inherent advantages and drawbacks but will not be discussed 

here in further detail. Figure 5 depicts an overview of the approaches and methodologies of 

that chapter (taken from Target/s Identification Approaches – Experimental Biological 

Approaches by Giulio Superti-Furga, Kilian Huber and Georg Winter).  

Importantly, proteomics-focused approaches for drug target deconvolution have also been 

extended to measuring the impact of drug treatments on the abundance of relevant post 

translational modifications. For instance, phosphoproteomics-centered approaches have 

revealed global alterations in signaling networks after transient exposure to kinase inhibitors. 

(Pan et al., 2009) Given both, the complexity of signaling networks, understanding of which 

is far from being complete, as well as the promiscuous nature of most if not all kinase 

inhibitors, it appears highly challenging to deduce the relevant affected kinase based on the 

alterations in the phospho-proteome. This holds true especially for cases without a-priori 

knowledge of target kinases. Conceptually, this approach has been not only applied for 

assessing the impact of kinase inhibitors on phosphorylation events but also to profile 

alterations of global acetylation in response to treatment with the HDAC inhibitors Vorinostat 

and MS-275. (Choudhary et al., 2009) 
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Figure 5 (taken from Superti-Furga, G., K. Huber, and G. Winter, Designing Multi-Target Drugs. RSC 
Drug Discovery, ed. R. Morphy and J. Harris. 2012, Cambridge: Royal Society of Chemistry. 256.) 
displays the various forms of proteomics approaches outlined in chapter 1.7.2 in a schematic workflow. 

1.7.3 Other approaches for target deconvolution 

Yeast-Three-Hybrid 

The Yeast-three-Hybrid (Y3H) approach stems from the Yeast-two-Hybrid (Y2H) approach 

that is widely used in order to charter protein-protein interactions. (Chien et al., 1991) 
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Compared to the traditional Y2H approach, Y3H was modified in order to allow identification 

of protein binding partners of small molecules. In the Y2H setting, a known protein of interest 

is expressed as fusion to a DNA binding domain whereas the potentially interacting protein, 

usually part of a large cDNA expression vector collection, is fused to a transcriptional 

activator domain. Upon successful interaction of the candidate gene-product with the protein 

of interest, the DNA binding domain and the transcriptional activator domain are in close 

proximity, thus resulting in the expression of a marker gene of interest. (Chien et al., 1991) In 

order to map the interaction of a known small molecule to a candidate binding-protein, a third 

feature had to be added to the traditional Y2H methodology. Licitra and colleagues extended 

the approach by introducing well-defined and tight drug-protein interactions like 

methotrexate/DHFR that can be exploited as chemical anchors for investigating novel 

interactions. (Licitra and Liu, 1996) In detail, the small molecule under investigation has to be 

derivatized as a methotrexate fusion, thus linking it to DHFR that itself is, in analogy to the 

Y2H system, expressed as a DNA binding domain-fusion. Potential binding partners are 

again expressed as fusions to transcriptional activators. A binding event between the query 

(fusion-) molecule and a potential binding protein would thus again reconstitute the proximity 

between the DNA binding and the transcriptional activator domain and result in reporter-

gene expression. Importantly, just as for the previously described chemical proteomics setup, 

the drug derivatization harbors the potential to interfere with the natural binding and activity 

of the non-modified compound. Therefore, the Y3H approach is also not compatible with 

higher throughput approaches and might explain the fact that, especially as compared to 

Y2H, Yeast-Three-Hybrid is a less frequently used approach for target deconvolution. Y3H 

has for instance been used to identify novel binding partners for cyclin dependent kinases or, 

more recently to identify that sulfasalazine inhibits tetrahydrobiopterin biosynthesis. (Becker 

et al., 2004; Chidley et al., 2011) 

 

Small Molecule- and Protein Microarrays 

Small Molecule Microarrays (SMM) have been established as a platform to probe, in a non-

biased fashion, for binding events between small molecules that are immobilized on 

chemically reactive glass microscope slides and proteins of interest. (Falsey et al., 2001) 

One array consists of up to approximately ten thousand different features where each 

feature is represented by a spotted small molecule. The SMM would then subsequently be 

incubated with recombinant protein or a cell lysate of interest and a successful interaction 

between a protein of interest and one of the ten thousand features can be probed via a 

fluorescence signal stemming either from a labeled protein or from detecting the non-

modified protein with a fluorescence-labeled antibody. Of note, this approach is rather suited 
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to screen for novel small molecule binders to a protein of interest rather than the previous 

approaches designed to deconvolute unknown binders to drugs of interest.. In that light, 

SMM have successfully been employed in ligand discovery for proteins like transcription 

factors that lack an obvious hydrophobic pocket that can be exploited for fashioning a small 

molecule. (Koehler, 2010) Moreover, SMM have also been used to identify an inhibitor of the 

challenging target class of extracellular proteins, namely the hedgehog protein ligand. 

(Stanton et al., 2009) Conceptually, SMM have also been “reversed” by devising Protein 

Microarrays that feature a library of proteins spotted on an array that are then probed for 

binding events with fluorescent or radioisotope-labeled derivatives of the small molecules 

under investigation. (MacBeath and Schreiber, 2000) Conceptually, this is closer to actual 

drug-deconvolution approaches. However, the approach has not yet been used widely in the 

scientific community, also due to the difficulty in obtaining purified full-length recombinant 

proteins for some target classes. 
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2 Aim of this study 

The aim of this thesis was to explore the feasibility of the integration of several innovative 

post-genomic chemical biology approaches and systems-level evaluations to tackle 

fundamental problems of pharmacology. The focus has been on combinatorial drug action 

and on drug resistance. In short, I tried to uncover and explain novel therapeutic entry points 

for molecularly defined cancers like Ewings sarcoma and chronic myeloid leukemia (CML) 

using phenotypic drug and drug-combination screens. We also aimed to establish global 

gene-disruption screens in the haploid cell line KBM7 in order to unravel the genomic 

requirements of anti-cancer compounds like the clinical survivin inhibitor YM155.  

The expected output of employing these single-drug, drug-drug or gene-drug perturbations 

was an improved understanding of the molecular wiring of Ewings sarcoma (ES). We aimed 

to discover putative synthetic dependencies on certain kinases created by the presence of 

the oncogenic transcription factor EWS-FLI11, the molecular lesion characteristic of ES. 

Moreover, we wanted to derive a systems-level perspective on synergistic drug interactions. 

Hence, we specifically screened for drug synergies in a CML cell line model that features a 

molecularly defined resistance mechanism against the CML frontline therapy Imatinib. We 

wanted to capture a holistic perspective of mechanisms elicited in these drug-resistant cells 

upon exposure to a novel synergistic drug interaction that we could identify. To do so, we 

employed a multi-level chemical biology approach focused on chemical proteomics as initial 

target deconvolution step.  

Finally, we wanted to investigate the mode of action of the clinical anti-cancer compound 

YM155 that is in several phase II clinical trials and has, although being developed as an 

inhibitor of the anti-apoptotic protein survivin, a rather unclear mechanism of action. We 

employed a haploid global gene-disruption approach with the intention of elucidating genes 

that are required for the cytotoxicity of YM155 and might thus also play a role in resistance 

mechanisms or may functionally explain the clinically observed low response rate. 
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3 Results and Discussion 

3.1 An Integrated Chemical Biology Approach Identifies specific 
vulnerability of Ewing’s sarcoma to Combined Inhibition of Aurora 
kinases A and B 

Winter GE, Rix U, Andrej Lissat, Alexey Stukalov, Markus K. Müllner, Keiryn L. 

Bennett, Jacques Colinge, Sebastian M. Nijman, Stefan Kubicek, Heinrich Kovar, Udo 
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An Integrated Chemical Biology Approach Identifies Specific
Vulnerability of Ewing's Sarcoma to Combined Inhibition of
Aurora Kinases A and B
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Abstract
Ewing’s sarcoma is a pediatric cancer of the bone that is characterized by the expression of the chimeric

transcription factor EWS-FLI1 that confers a highly malignant phenotype and results from the chromosomal

translocation t(11;22)(q24;q12). Poor overall survival and pronounced long-term side effects associated with

traditional chemotherapy necessitate the development of novel, targeted, therapeutic strategies. We therefore

conducted a focused viability screen with 200 small molecule kinase inhibitors in 2 different Ewing’s sarcoma

cell lines. This resulted in the identification of several potential molecular intervention points. Most notably,

tozasertib (VX-680, MK-0457) displayed unique nanomolar efficacy, which extended to other cell lines, but

was specific for Ewing’s sarcoma. Furthermore, tozasertib showed strong synergies with the chemother-

apeutic drugs etoposide and doxorubicin, the current standard agents for Ewing’s sarcoma. To identify the

relevant targets underlying the specific vulnerability toward tozasertib, we determined its cellular target

profile by chemical proteomics. We identified 20 known and unknown serine/threonine and tyrosine protein

kinase targets. Additional target deconvolution and functional validation by RNAi showed simultaneous

inhibition of Aurora kinases A and B to be responsible for the observed tozasertib sensitivity, thereby

revealing a newmechanism for targeting Ewing’s sarcoma.We further corroborated our cellular observations

with xenograft mouse models. In summary, the multilayered chemical biology approach presented here

identified a specific vulnerability of Ewing’s sarcoma to concomitant inhibition of Aurora kinases A and B

by tozasertib and danusertib, which has the potential to become a new therapeutic option. Mol Cancer Ther;

10(10); 1846–56. �2011 AACR.

Introduction

Ewing’s sarcoma is the second most frequent bone
cancer occurring in children and young adults (1). Even
though many patients initially respond well to che-
motherapy, 40% of these usually develop lethal recurrent
disease, and 75% to 80% of patients with metastatic
Ewing’s sarcoma die within 5 years despite aggressive

combinations of chemotherapy, radiation, and surgery (2,
3). In fact, metastasis is one of the most critical problems
associated with Ewing’s sarcoma, as approximately 15%
to 20% of patients have overt metastasis upon diagnosis,
and a yet undefined percentage of patients is believed to
carry micrometastasis (4).

Thus, there is a profound need for novel therapies.
Particularly desirable would be targeted therapies, which
lack many of the acute and long-term side effects asso-
ciated with classical chemotherapy, such as developmen-
tal impairment and elevated risk of cancer. At the
molecular level, Ewing’s sarcoma is defined by a chro-
mosomal translocation, such as t(11;22)(q24;q12), which
accounts for approximately 85% of all cases and which
results in the translation of the aberrant gene product
EWS-FLI1 (5). The causal role of EWS-FLI1 in the patho-
genesis of Ewing’s sarcoma results from the cooperativity
of both fusion partners. Whereas EWS contributes a
strong transcriptional activation domain, FLI1 features
an ETS-type DNA-binding domain (5–7). Functionally,
EWS-FLI1 acts as an aberrant transcription factor capable
of deregulating more than 1,000 direct and indirect target
genes (8). EWS-FLI1 has been also described to act as a
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transcriptional repressor (9). This specific oncogenic
lesion is responsible for the highly malignant phenotype
and poor prognosis typical of Ewing’s sarcoma. Despite
the molecular understanding of the underlying pathol-
ogy of the disease, development of targeted therapies has
proven difficult. Promising steps have been made either
by targeting the protein–protein interaction interface of
EWS-FLI1 with its complex partner RNA helicase A or by
inhibition of IGFR, CD99, or MGST1 (10–13). However,
so far none of these approaches has received clinical
approval.
Protein kinases have received significant attention over

the past decade because many of these play important
roles, for example, in cancer and can be readily engaged
by small molecules. Being safe and effective against many
molecularly defined malignancies, such as chronic mye-
logenous leukemia (CML; ref. 14), ErbB2-driven breast
(15), or epidermal growth factor receptor–dependent
lung cancer (16), kinase inhibitors are currently the most
successful class of targeted drugs. Notably, some kinase
inhibitors have also been combined with traditional che-
motherapeutic agents for the treatment of particularly
aggressive cancers such as Philadelphia chromosome–
positive acute lymphoblastic leukemia (17). Therefore,
combination of targeted therapy and chemotherapy
could be a viable therapeutic option in Ewing’s sarcoma.
Because Ewing’s sarcoma features the defined mole-

cular lesion EWS-FLI1, an attractive option is the inves-
tigation of possible synthetic lethal relationships (18).
Globally, this concept has been exploited through genetic
screens in yeast and RNAi screens in human cells (19, 20).
Considering proven druggability, particularly kinome-
wide RNAi screens are widely pursued (21). Alterna-
tively, the kinome can be perturbedwith small molecules.
Both approaches display distinct advantages and a cer-
tain level of complementarity. However, there is a general
difference in removing a protein by RNAi or inhibiting it
by a small molecule. Although genomic approaches are
not limited by the druggable chemical space, dose depen-
dencies are easier to investigate using small molecules.
Furthermore, kinase inhibitors are notoriously promis-
cuous (22), which offers the advantage of modulating
multiple nodes at the same time and therefore provides a
higher chance of uncovering complex mechanistic rela-
tionships. However, dissecting these relationships
requires suitable downstream target identification and
deconvolution approaches, such as chemical proteomics
(23). Chemical proteomics is a postgenomic version of
classical drug affinity chromatography enabled by high-
resolution tandem mass spectrometry and downstream
bioinformatics analysis, which can identify the cellular
target spectra of screening hits (24–26).
Here, we apply such a multilayered approach that

combines a chemical biology viability screen with a
focused kinase inhibitor library and chemical proteo-
mics–based target identification. Subsequent targetdecon-
volution by RNAi identified parallel inhibition of Aurora
kinases as a specific vulnerability of Ewing’s sarcoma.

Materials and Methods

Cell culture and reagents
SK-ES-1, SK-N-MC, TC-71, A673, STA-7.2, RD, Rh30,

U2OS,K562, andKU812wereobtained fromtheAmerican
TypeCultureCollection;ASP14was a gift of JavierAlonso
(Instituto de Investigaciones Biom�edicas). Nilotinib, dasa-
tinib, bosutinib, and tozasertib were purchased from LC
Laboratories; lapatinib, etoposide, doxorubicin, erlotinib,
sorafenib, and sunitinib were purchased from Selleck
Chemicals, and bafetinib was synthesized by WuXi App-
Tec. Furthermore, the customized kinase inhibitor library
consistedof sublibrariesderived fromTocris,Calbiochem,
and Merck. All compounds were dissolved in dimethyl
sulfoxide (DMSO) as 10 mmol/L stock solutions.

Western blotting
Western blotting was carried out as described in the

manufacturer’s manual for antibodies against Aurora
kinases A (#3092; Cell Signaling) and B (611038; BD
Transduction Laboratories) and actin (#AAN01; Cytos-
keleton). Aurora A p-T288 (#3079; Cell Signaling) and
pH3S10 (#05-806; Millipore) were detected after 12 hours
nocodazole arrest. Drug treatment was carried out for 2
hours in the presence of 20 mmol/L MG-132.

Viability screen
Cells were plated at 40,000 cells/mL (RPMI 1640; 10%

fetal calf serum). Drugs were added after 24 hours and
incubated for 72 hours. Viability was measured by using
the CellTiter-Glo Assay (Promega). Half-maximal effec-
tive concentration (EC50) values were calculated by using
Spotfire (TIBCO; duplicate analysis). All other viability
measurements have been conducted with CellTiter-Glo
in triplicate.

Chemical proteomics
Chemical proteomics experiments have been carried

out as described previously (27).

Apoptosis and cell-cycle measurements
Cleaved caspase-3 was quantified by intracellular pro-

tein analysis, using flow cytometry. A total of 1� 106 cells
were fixed by using paraformaldehyde, washed with
PBS, and stored overnight at �20�C in methanol. Anti-
bodies against cleaved caspase-3 (Cell Signaling; #9661)
and PE-conjugated goat anti-mouse (Southern Biotech;
#4030_09) have been used. Cell-cycle analysis was carried
out by staining DNA with propidium iodide after 36
hours exposure to tozasertib.

Synergy determination
Thirty-six–point dose–response matrices have been

established as described elsewhere (28).

Knockdown assays
Knockdowns of Aurora kinases have been carried

out by ON-TARGETplus Dharmacon SMARTpools in
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triplicates (10 nmol/L, 24-well plate). Sequences of EWS-
FLI1 RT primers were used for evaluation of knockdown
efficiency in inducible ASP14 cell line upon request.

In vivo studies
A total of 2 � 106 TC-71 cells were injected into the

gastrocnemius muscle of 5- to 7-week-old SCID/bg mice
(Charles River). Single primary tumors developed in
more than 90% of mice over 2 weeks. Mice were rando-
mized into 3 groups with 11 animals each and intraper-
itoneally injected with tozasertib (50 or 100 mg/kg) or
vehicle twice daily for 6 days. Tozasertib was first dis-
solved in DMSO at 100 mg/mL and then further diluted
in 50% PEG 400 in 50 mmol/L phosphate buffer. Two
diameters of the tumor sphere were measured every 2
days. Tumor volumes were approximated by using the
formula: V¼ (D� d 2/6)� p, whereD is the longer and d
is the shorter diameter. When tumors reached 2,000 mm3,
experiments were terminated. Mice studies were
approved by the state regulatory board.

Statistical considerations
Two-way ANOVA test for the log of tumor growth

ratio was used for statistical analysis of the pairwise
differences between in vivo treatment groups. Tumor
growth ratio was the volume of the tumor observed at
a given day versus day 1. P values less than 0.05 were
regarded as significant. For synergy determination,
Bliss additivity was used to predict the combined
response C for 2 single agents with their effects A and B
(C ¼ A þ B � A � B), where each effect is expressed as
fractional inhibition between 0 and 1.

Results

Chemical biology screen reveals sensitivity of
Ewing’s sarcoma cell lines to several small molecule
protein kinase inhibitors

To elucidate vulnerabilities of Ewing’s sarcoma, we
carried out a focused screen by probing 2 different
Ewing’s sarcoma cell lines (SK-ES-1 and SK-N-MC) with
a library of 200 small molecule protein kinase inhibitors.
Each compound was tested at 5 different concentrations
ranging from 16 nmol/L to 10 mmol/L. Although the
majority of compounds showed no or at best moderate
effects, a subset of 16 (SK-ES-1) and 20 compounds (SK-
N-MC), respectively, showed significant impairment of
cellular viability, as indicated by EC50 values less than 1
mmol/L (Fig. 1; Supplementary Table S1). Among these
were staurosporine and several of its derivates such as
midostaurin (N-benzoyl-staurosporine) or UCN-01 (7-
hydroxystaurosporine). Cumulatively, the known cog-
nate targets of the identified screening hits, such as
cyclin-dependent kinases (CDK), casein kinases (CK),
and Aurora kinases, are predominantly implicated in cell
cycle control. Tozasertib (VX-680, MK-0457) was promi-
nently represented in both cell lines, as it was the most
efficacious compound with an EC50 of 20 nmol/L in SK-

N-MC and the second most efficacious compound with
an EC50 of 30 nmol/L in SK-ES-1. Tozasertib and also
danusertib (PHA-739358), another potent screening hit
with EC50 values of 47.6 nmol/L (SK-M-MC) and 25.5
nmol/L (SK-ES-1), have initially been developed as Aur-
ora kinase inhibitors but are known to target many other
serine/threonine and tyrosine kinases as well (22, 29, 30).
For instance, both compounds have been shown to
potently inhibit ABL, its CML-relevant counterpart
BCR-ABL, and some of the clinically relevant mutants,
such as the gatekeeper mutant T315I, and are or have
been in clinical trials for this indication (31, 32).

Effects of tozasertib and danusertib are specific for
Ewing’s sarcoma cells

To extend the initial observation made in SK-ES-1
and SK-N-MC, we determined individual drug effects
of tozasertib and danusertib on cellular viability across
a broader range of concentrations and Ewing’s sar-
coma cell lines (A673, TC-71, STA-ET-7.2). The derived
EC50 values for these cell lines are consistent with
previous observations, displaying a window of activity
between 8.8 and 55 nmol/L for tozasertib and 22 and
37 nmol/L for danusertib (Fig. 2A; Supplementary
Table S2). To further investigate the specificity and
relative potency of these drugs for Ewing’s sarcoma,
we determined their effects on cell lines derived from
the pediatric tumors rhabdomyosarcoma (RD, Rh30)
and osteosarcoma (U2OS), as well as CML (K562,
KU812). This comparison revealed specificity for
Ewing’s sarcoma cells, as they displayed EC50 values
that are considerably lower than those in the other cell
lines (Fig. 2A).

Finally, we compared the efficacy of tozasertib and
danusertib in killing Ewing’s sarcoma cell lines with a
panel of kinase inhibitors (nilotinib, dasatinib, bosuti-
nib, bafetinib, danusertib, tozasertib, lapatinib, erloti-
nib, sorafenib, and sunitinib) that are for the largest
part already approved by the Food and Drug Admin-
istration or in later stages of clinical trials, but, most
importantly, have well characterized target spectra
across near kinome-wide kinase panels that were
established previously (22, 24, 25, 33, 34). In fact, these
studies show that collectively these drugs affect
approximately 300 kinases, more than 200 of which
are significantly inhibited at concentrations that are
achievable in patients. We hypothesized that a com-
bined comparison of the target spectra and the cellular
efficacy of tozasertib with those well-characterized
agents would facilitate subsequent target deconvolu-
tion. Tozasertib and danusertib were 60-fold more
potent than the next best drug (bosutinib; SKI-606)
and more than 100-fold more potent than the remain-
ing drug panel (Fig. 2B). Therefore, we conjectured that
the target spectrum of tozasertib must show significant
differences to the less effective compounds and that
differentially inhibited kinases would be prioritized
for validation experiments.
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Tozasertib interacts with 20 protein kinases in
Ewing’s sarcoma cells
To elucidate the mechanism of action of tozasertib in

Ewing’s sarcoma and furthermore compare its target ID
with the drug panel mentioned earlier, we pursued a
chemical proteomics approach as an initial step of target
deconvolution (26). On the basis of the available cocrystal
structure information, we designed an analogue of toza-
sertib (c-tozasertib) which features an N-aminobutyl
linker (Fig. 3A). This modification allowed for immobi-
lization on NHS-activated sepharose beads and subse-
quent affinity purification of interacting proteins without
affecting kinase binding properties as confirmed by com-
parison of tozasertib and c-tozasertib for inhibition of
ABL kinase activity (Fig. 3B). We identified a total of 20
and 16 kinases binding to c-tozasertib in lysates of the
Ewing’s sarcoma cell line SK-ES-1 andA673, respectively.
Besides already known tozasertib targets such as Aurora

kinase A, ABL, SRC, and FGFR1 (22), we also identified
new potential targets, such as FAK, MAP2K5, MAP3K2,
and TBK1 (Fig. 3C; Supplementary Table S3).

Comparison of the tozasertib target spectrum with the
deconvolution panel drugs highlighted Aurora kinases A
and B as unique targets, because theywere approximately
50-fold more potently inhibited by tozasertib (and danu-
sertib) than by any other drug (Supplementary Table S4).
Any remaining targetwas at least as strongly affected by 1
or more other drugs within the panel and therefore was
unlikely to account for the observed selectivity. To further
validate the interaction between c-tozasertib and the
endogenous Aurora kinases expressed in Ewing’s sar-
coma cells, we carried out competitive pull-down experi-
ments with SK-ES-1 cell lysates by cotreatment with
original tozasertib or DMSO. Interaction of Aurora
kinases A and B with c-tozasertib was successfully com-
peted for with tozasertib (Fig. 3D). Taken together, we

Figure 1. Focused kinase Inhibitor screen reveals sensitivity of Ewing's sarcoma cell lines to small molecule protein kinase inhibitors. A, EC50 values for
inhibition of cell viability of all 200 protein kinase inhibitors in SK-N-MC cells. Compounds with EC50 values less than 1 mmol/L are displayed in the
corresponding bar graph. Viability measurements were conducted by the CellTiter-Glo Viability Assay as described in Materials and Methods. B, same as for
A, but using SK-ES-1 cells. For full data set see Supplementary Table S1. TOZA, tozasertib; DANU, danusertib; STAU, staurosporine.
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therefore focused on the effects of Aurora kinase inhibi-
tion in Ewing’s sarcoma cells.

Combined inhibition of Aurora kinases A and B
underlies tozasertib effect on Ewing’s sarcoma cells

We asked the question, whether inhibition of Aurora
kinases A and/or B represents the relevant mechanism of
action of tozasertib in the killing of Ewing’s sarcoma cells.
First, we confirmed expression of Aurora kinases A and B
for all Ewing’s sarcoma cell lines used in this study via
immunoblotting (Supplementary Fig. S1). RNAi knock-
down experiments were carried out in SK-ES-1 (and
SK-N-MC; Supplementary Fig. S2), as well as in the
tozasertib-insensitive rhabdomyosarcoma control cell
line RD, using siRNAs against Aurora kinases A and
B. We observed similar impairment of viability for both
cell lines when knocking down Aurora kinase A, but
significantly reduced viability of SK-ES-1 compared with
RD upon knockdown of Aurora kinase B (Fig. 4A).
Whereas the effect of Aurora kinase B knockdown on
viability of SK-ES-1 seems stronger than for Aurora
kinase A, simultaneous knockdown of both Aurora
kinases resulted in a dramatic reduction of viability in
the Ewing’s sarcoma cells, but only a mild effect in the
control cell line, which cannot be attributed to knock-
down of either kinase alone. This suggests a combined
mode of action that may underlie the potent effect of the
pan-Aurora kinase inhibitors tozasertib and danusertib.

Furthermore, in SK-ES-1 cells, tozasertib completely
abrogated phosphorylation of T288 on Aurora kinase A,

which is known to correlate with kinase activity, as well
as phosphorylation of the validated Aurora kinase B
downstream target histone 3 S10 in the mid-nanomolar
range. These results validate Aurora kinases A and B as
functional targets of tozasertib in Ewing’s sarcoma cells
and corroborate our results from the chemical proteomics
binding assay (Fig. 4B).

Tozasertib treatment induces apoptosis and
cell-cycle arrest

We carried out apoptosis measurements via intracel-
lular fluorescence-activated cell sorting analysis of clea-
vage of caspase-3 as well as flow cytometric analysis of
cell cycle with increasing concentrations of tozasertib. In
both cell lines, SK-ES-1 and TC-71, tozasertib induced
apoptosis as indicated by increasing levels of cells posi-
tive for cleaved caspase-3 (Fig. 4C). SK-ES-1 displays
higher sensitivity toward tozasertib treatment than TC-
71, thus recapitulating our findings of the viability assay.
Moreover, flow cytometric cell-cycle analysis revealed
tozasertib-induced arrest in G2–M phase (Supplementary
Fig. S3).

Induced knockdown of EWS-FLI1 causes
downregulation of Aurora kinases A and B and
confers resistance to tozasertib

It has been shown that EWS-FLI1 directly upregulates
both Aurora kinases (35) and that transient transfection of
EWS-FLI1 results in mislocalization of Aurora kinase B
followed bymitotic defects (36).We investigatedwhether

Figure 2. Tozasertib and danusertib selectively and potently impair viability of Ewing's sarcoma cell lines. A, tozasertib and danusertib show selectivity toward
Ewing's sarcoma cell lines over other pediatric sarcoma (RD, Rh30, U20S) and leukemic (K562 and KU812) cell lines. B, EC50 values of danusertib and
tozasertib compared with the drug deconvolution panel in the different Ewing's sarcoma cell lines. EC50 determination, based on measurements using the
viability assay as described in Materials andMethods. Only tozasertib and danusertib treatments result in EC50 values in the low nanomolar range. EC50 values
that exceeded 5 mmol/L are displayed as 5 mmol/L.
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the specific vulnerability of Ewing’s sarcoma for tozaser-
tib and danusertib is a consequence of the functional
relationship between EWS-FLI1 and the Aurora kinases.
Therefore, we used the A673-derived cell line ASP14 that
allows for a doxycycline-inducible knockdown of EWS-
FLI1 (37). As expected, we observed downregulation of
Aurora kinases A and B at 24 and 48 hours after dox-
ycycline-induced depletion of EWS-FLI1.
Knockdown of EWS-FLI1 has been shown to reduce

viability of Ewing’s sarcoma cells. Therefore, we exam-
ined whether the time window from doxycycline induc-
tion to reduction of both Aurora kinases on the protein
level (48 hours) would allow for a subsequent 72-hour
drug treatment. We observed a reduction of viability of
56% after 5 days of EWS-FLI1 knockdown, which was
sufficient to discern differences elicited by tozasertib. We
next tested whether the absence of EWS-FLI1 can confer
resistance to pan-Aurora kinase inhibitors within this

time window in contrast to an uninduced state. Forty-
eight hours after induced EWS-FLI1 knockdown, cells
were treated either with tozasertib or with etoposide, a
topoisomerase II inhibitor, as a control drug. Doxycycline
induction severely reduced the relative sensitivity
toward tozasertib as comparedwith the noninduced state
(Fig. 4B). This shift was seen only to a much lesser extent
with etoposide showing that tozasertib sensitivity of
Ewing’s sarcoma cells is dependent on EWS-FLI1 expres-
sion (Supplementary Fig. S4).

Tozasertib synergizes with current
chemotherapeutic options

To further investigate the therapeutic potential of
pan-Aurora kinase inhibition in Ewing’s sarcoma, we
compared tozasertib with the chemotherapeutic agents,
etoposide and doxorubicin, both of which are among the
standard treatment options for Ewing’s sarcoma. In both

Figure 3. Characterization of the tozasertib target spectrum in Ewing's sarcoma cells (SK-ES-1, A673) by chemical proteomics. A, chemical structures of
tozasertib and the coupleable analogue c-tozasertib. B, c-tozasertib (triangles, dashed line) retains c-ABL inhibitory potential compared with tozasertib
(squares, solid line) as shown by in vitro kinase inhibition assays, which have been carried out as described previously (31). C, target profile of tozasertib
in SK-ES-1 and A673 cells. Kinase targets identified in both cell lines are displayed in blue, and those only identified in SK-ES-1 in brown. Color
intensities correlate with the observed amino acid sequence coverage of the respective targets thereby providing a semiquantitative surrogate parameter
for interaction strength. All kinases that bound to c-tozasertib in A673 cells were also found in SK-ES-1 cells. Aurora kinase B is marked with an
asterisk as it is being masked by Aurora kinase A peptides. Complete data are provided in the Supplementary Table S3. D, competitive binding of tozasertib
at 10 mmol/L with immobilized c-tozasertib for Aurora kinases A and B in SK-ES-1 cell lysates as indicated by immunoblots.
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cell lines, SK-ES-1 and A673, tozasertib proved to be the
most effective of the 3 agents (Fig. 5A). We were also
interested in investigating possible synergistic or antag-
onistic effects resulting from the combination of pan-
Aurora kinase inhibitors with these agents. Therefore,
we carried out pairwise drug combination viability
assays and constructed 3-dimensional dose–response
surfaces delimited by the respective single dose–response
curves. These experimentally derived dose–response sur-
faces were subsequently correlated to predicted values,
based on the course of the single dose–response curves,
that were generated using the Bliss additivity model (38).
Calculating the differential volumes between predicted
and measured inhibition allowed estimation of synergy
over a broad concentration range and different ratios.
This analysis revealed strong synergistic interactions
between tozasertib and the 2 chemotherapeutic agents

in both cell lines, particularly between tozasertib and
etoposide in A673 cells. The largest positive deviation
from predicted values and therefore the highest synergy
was detected at low nanomolar concentrations of
tozasertib and mid-nanomolar concentrations of etopo-
side, both of which are readily achievable in cancer
patients (Fig. 5B; Supplementary Fig. S5; Supplementary
Table S5).

Tozasertib causes reduction of tumor growth in a
xenograft mouse model

To assess the potential of tozasertib to reduce Ewing’s
sarcoma tumor growth in vivo, mouse xenograft experi-
ments were conducted. A total of 2 � 106 TC-71 Ewing’s
sarcoma cells were orthotopically injected in the gastro-
cnemius muscle of 5- to 7-week-old SCID/bg mice. Mice
were examined on a daily basis for tumor formation.
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Figure 4. Combined inhibition of
Aurora kinases A and B underlies
tozasertib effect on Ewing's
sarcoma cells. A, comparable
knockdown levels in SK-ES-1 and
RD result in similar impairment of
viability regarding Aurora kinase A
(AURKA), but substantially
reduced viability regarding Aurora
kinase B (AURKB) that is even
more pronounced about the
parallel knockdown of Aurora
kinases A and B. B, phosphor-
ylation events indicative of activity
of Aurora kinase A (pAurkA
Thr288) and B (pH3S10) are
reduced in nocodazole-arrested
cells upon increasing
concentrations of tozasertib. C,
induction of apoptosis of Ewing's
sarcoma cells increases with
escalating concentrations of
tozasertib as specified by elevated
levels of cleaved caspase-3–
positive cells. D, doxycycline-
inducible knockdown of
EWS-FLI1 in ASP14 cells results in
downregulation of Aurora kinases
and causes resistance to
tozasertib.
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After tumors were palpable, mice were treated twice
daily intraperitoneally with vehicle (n ¼ 11), 50 mg/kg
(n ¼ 11), or 100 mg/kg (n ¼ 11) tozasertib for 6 days.
Subsequently, further tumor growth was monitored until
day 11 when first tumors in the vehicle-treated group
reached a volume exceeding 2,000 mm3 initially set as
termination criterion. Although treatment was stopped
after day 6, a dose-dependent reduction in tumor growth
was observed comparing the 100 mg/kg group with the
vehicle-treated control group or the 50 mg/kg group that

did not show an effect compared with vehicle control
(Fig. 6). No toxic deaths occurred.

Discussion

We describe an integrated chemical biology approach
based on small molecule screening combined with pro-
teomics-assisted drug target identification and validation
(23). This strategy allows for the discovery of novel agents
with disease-relevant activity and the dissection of their

Figure 5. Tozasertib is more effective in comparison with etoposide and doxorubicin and shows synergistic potential with them. A, dose–response curves of
tozasertib, doxorubicin, and etoposide in SK-ES-1 and A673. B, combined effect of tozasertib with etoposide or doxorubicin exceeded Bliss prediction,
indicating synergy. Needle graphs indicate deviation from Bliss-predicted additivity. Dose–response surfaces are centered on the EC50 of each compound in
the respective cell lines. Analysis was carried out in triplicates. Values depicted represent absolute deviations. Observed values were divided through SDs plus
15th percentile (Supplementary Table S5).
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molecular mechanism of action. In turn, this provides for
a better understanding of the underlying disease biology.
We have applied this approach to Ewing’s sarcoma, a
pediatric bone cancer with high metastatic potential and
unfavorable long-term prognosis in need for novel ther-
apeutic options. Considering the significant side effects of
high-dose chemotherapy it would be advantageous to
implement not just improved but furthermore targeted
therapies. Therefore, we have screened a library of 200
kinase inhibitors. Because of the promiscuous nature of
drugs in general and kinase inhibitors in particular, this
panel covers a wide range of the druggable kinome.

Our screen identified a number of kinase inhibitors
potently killing Ewing’s sarcoma cell lines. In light of the
fact that many EWS-FLI1–upregulated target genes have
been linked to cell cycle control and that knockdown of
EWS-FLI1 results in growth arrest (8), it is notable that the
cognate targets, such as CDKs, CKs, and Aurora kinases,
of the majority of our screening hits were implicated in
cell cycle regulation. Consistently, the CDK inhibitor
roscovitine has been previously described as an effective
inducer of apoptosis in Ewing’s sarcoma cell lines (39).
However, for CDKs and also for CKs we found a number
of validated small molecule inhibitors among the ineffec-
tive compounds as well. A similar observation was made

with inhibitors targeting phosphatidylinositol-3 kinases
and AKT signaling, suggesting the possibility of off-
target effects.

Kinase inhibitors are enriched for polypharmacologic
features. Potentially, this can translate into initially unex-
pected side effects as predicted previously (40). However,
targeting multiple gene products simultaneously can also
be of significant benefit if several of these targets show
disease relevance (41). In fact, as redundancy and buffer-
ing capacities are inherent features of many biological
systems, several phenotypes of interest will only be
revealed by such higher-order perturbations (42). These
aspects are an advantage of multilayered chemical biol-
ogy approaches and allowed the discovery that both
Aurora kinases A and B contribute to the effect of toza-
sertib cooperatively. Moreover, additional tozasertib
targets such as FAK and SRC were revealed by chemical
proteomics and might indicate, due to their established
role in promoting metastasis, a potential impact of toza-
sertib that extends beyond the scope of our initial screen
(43).

Tozasertib and danusertib were, apart from stauros-
porine, the most potent screening hits with low- to mid-
nanomolar activity in Ewing’s sarcoma cell lines. Both
compounds have been developed as pan-Aurora kinase
inhibitors (29, 30). Of the approximately 20 tozasertib
targets identified in these cells, Aurora kinases were
highlighted by our deconvolution approach as poten-
tially relevant targets. Aurora kinases A and B are ser-
ine/threonine kinases that play critical roles in mitosis
(44). Among other functions, they are implicated in spin-
dle assembly (Aurora kinase A), regulation of the mitotic
checkpoint, and cytokinesis (Aurora kinase B; ref. 45).
Aurora kinase A is located at the genomic locus 20q13.2,
often found to be amplified in several tumors and is a
known oncogene capable of transforming fibroblasts. The
genomic locus of Aurora kinase B (17p13.1) is not com-
monly amplified in human cancers. Nevertheless,
increased mRNA and protein levels of Aurora kinase B
have been reported in colorectal cancers (46). Conse-
quently, Aurora kinases have gained significant attention
as candidate targets in drug discovery, resulting in the
development of various smallmolecule inhibitors that are
currently in different stages of clinical trials, such as
danusertib (29, 30, 44, 47). In the context of pediatric
cancers, Aurora kinase A has been implicated in chemo-
sensitivity of medulloblastoma cells (48). Furthermore,
the Aurora kinase A–specific inhibitor MLN8237 has
recently been shown to have efficacy in pediatric acute
lymphoblastic leukemia and neuroblastoma, but interest-
ingly to somewhat lesser extent also in Ewing’s sarcoma
(49). This report is consistent with our observations
described here. Thus, knockdown of Aurora kinase A
by RNAi reduces viability of SK-ES-1 cells to a minor
extent, which is more pronounced over a longer period
of time (Supplementary Fig. S2). Furthermore, tozasertib
is approximately twice as potent as MLN8237 on a
cellular level, which could be attributed to the additional

Figure 6. Tozasertib causes reduction of tumor growth in vivo. After
orthotopical injection of 2 � 106 Ewing's sarcoma cells (TC-71) in the
gastrocnemius muscle, mice were treated with vehicle control (n ¼ 11), 50
mg/kg (n ¼ 11), or 100 mg/kg (n ¼ 11) tozasertib for 6 days. Furthermore,
tumor growth wasmonitored until day 11. Two-way ANOVA test for the log
of tumor growth ratio revealed significant differences between the
100 mg/kg treated group versus the vehicle-treated control group
(P ¼ 9.876e-06) and versus the 50 mg/kg treated group (P ¼ 3.591e-07),
whereas no significant difference was found between the control group
and the 50 mg/kg treated group.
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inhibitory effect on Aurora kinase B (Fig. 4A and B).
However, reducing the levels of a protein by RNAi might
not always be comparable with its pharmacologic inhibi-
tion. Therefore, an entirely unambiguous evaluation of
individual contributions of Aurora kinases A and B to the
observed phenotype is not possible.
It is noteworthy that Aurora kinases A and B have been

described to be upregulated in Ewing’s sarcoma by EWS-
FLI1 (35). Our results furthermore show concomitant
knockdown of Aurora kinases A and B in Ewing’s sar-
coma cells displays a potentiating effect as compared
with single knockdown of either kinase. This effect seems
to be specific for Ewing’s sarcoma, as it is not observed in
rhabdomyosarcoma cells. As tozasertib and danusertib
are inhibiting Aurora kinases A and B with similar
potencies (29, 30), this suggests a compound-intrinsic
synergy, which might explain the specific vulnerability
of Ewing’s sarcoma cells toward these drugs. This is in
line with our observation that downregulation of Aurora
kinases A and B as a consequence of conditional EWS-
FLI1 knockdown confers relative resistance toward toza-
sertib treatment as compared with an uninduced state or
an unrelated control drug. Considering that EWS-FLI1 is
the molecular lesion defining Ewing’s sarcoma and
would be, if not for lack of chemical tractability, a very
attractive drug target, constitutes an interesting higher-
order synthetic lethal relationship.
The mouse xenograft studies showed that this specific

vulnerability of Ewing’s sarcoma cells translates also into
reduced tumor growth rates in vivo. Furthermore, it has
been suggested that Aurora kinase inhibitionmight coop-
erate with chemotherapeutic drugs that induce DNA

damage and cause cell-cycle arrest (44). Consistently,
we observed strong synergy of tozasertib with the current
standard chemotherapeutic drugs in Ewing’s sarcoma,
doxorubicin and etoposide, at low and therapeutically
achievable dosages. Several Aurora kinase inhibitors,
among them danusertib, are already in clinical trials
for various cancers including some pediatric tumors,
but not yet Ewing’s sarcoma. Therefore, we believe that
the specific vulnerability of Ewing’s sarcoma cells toward
pan-Aurora kinase inhibitors described here may repre-
sent an attractive and novel therapeutic option, the clin-
ical evaluation of which could profit from ongoing
similar trials.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Javier Alonso (Madrid) for providingASP14 cells and Patrick
Eyers (Sheffield) for advice on Aurora kinases. We also thank Manuela
Gridling, Angelina Meier, Nora Fernbach, and Gunhild Jug.

Grant Support

This work was supported by the Austrian Federal Ministry for Science and
Research (BMWF) under the GEN-AU program (GZ 200.142/1-VI/I/2006 and GZ
BMWF-70.081/0018-II/1a/2008), the Austrian Academy of Sciences (ÖAW), and
the European Commission (ASSET, HEALTH-F4-2010-259348).

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received February 7, 2011; revised June 10, 2011; accepted July 6, 2011;
published OnlineFirst July 18, 2011.

References
1. Bernstein M, Kovar H, Paulussen M, Randall RL, Schuck A, Teot LA,

et al. Ewing's sarcoma family of tumors: current management. Oncol-
ogist 2006;11:503–19.

2. Grier HE, Krailo MD, Tarbell NJ, Link MP, Fryer CJ, Pritchard DJ, et al.
Addition of ifosfamide and etoposide to standard chemotherapy for
Ewing's sarcoma and primitive neuroectodermal tumor of bone. N
Engl J Med 2003;348:694–701.

3. Linabery AM, Ross JA. Childhood and adolescent cancer survival in
the US by race and ethnicity for the diagnostic period 1975–1999.
Cancer 2008;113:2575–96.

4. Terrier P, Llombart-Bosch A, Contesso G. Small round blue cell
tumors in bone: prognostic factors correlated to Ewing's sarcoma
and neuroectodermal tumors. Semin Diagn Pathol 1996;13:250–7.

5. Delattre O, Zucman J, Plougastel B, Desmaze C, Melot T, Peter M,
et al. Gene fusion with an ETS DNA-binding domain caused by
chromosome translocation in human tumours. Nature 1992;359:
162–5.

6. May WA, Lessnick SL, Braun BS, Klemsz M, Lewis BC, Lunsford LB,
et al. The Ewing's sarcoma EWS/FLI-1 fusion gene encodes a more
potent transcriptional activator and is a more powerful transforming
gene than FLI-1. Mol Cell Biol 1993;13:7393–98.

7. Lessnick SL, Braun BS, Denny CT, May WA. Multiple domains
mediate transformation by the Ewing's sarcoma EWS/FLI-1 fusion
gene. Oncogene 1995;10:423–31.

8. Prieur A, Tirode F, Cohen P, Delattre OEWS/FLI-1 silencing and gene
profiling of Ewing cells reveal downstream oncogenic pathways and a
crucial role for repression of insulin-like growth factor binding protein
3. Mol Cell Biol 2004;24:7275–83.

9. Hahm KB. Repression of the gene encoding the TGF-beta type II
receptor is a major target of the EWS-FLI1 oncoprotein. Nat Genet
1999;23:481.

10. Erkizan HV, Kong Y, Merchant M, Schlottmann S, Barber-Rotenberg
JS, Yuan L, et al. A small molecule blocking oncogenic protein EWS-
FLI1 interaction with RNA helicase A inhibits growth of Ewing's
sarcoma. Nat Med 2009;15:750–6.

11. Scotlandi K, Benini S, Nanni P, Lollini PL, Nicoletti G, Landuzzi L,
et al. Blockage of insulin-like growth factor-I receptor inhibits the
growth of Ewing's sarcoma in athymic mice. Cancer Res 1998;58:
4127–31.

12. Scotlandi K, Baldini N, Cerisano V, Manara MC, Benini S, Serra M,
et al. CD99 engagement: an effective therapeutic strategy for Ewing
tumors. Cancer Res 2000;60:5134–42.

13. Scotlandi K, Remondini D, Castellani G, Manara MC, Nardi F, Cantiani
L, et al. Overcoming resistance to conventional drugs in Ewing
sarcoma and identification of molecular predictors of outcome. J Clin
Oncol 2009;27:2209–16.

14. Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fan-
ning S, et al. Effects of a selective inhibitor of the Abl tyrosine
kinase on the growth of Bcr-Abl–positive cells. Nat Med 1996;2:
561–6.

15. Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T,
et al. Lapatinib plus capecitabine for HER2-positive advanced breast
cancer. N Engl J Med 2006;355:2733–43.

16. Shepherd FA, Rodrigues Pereira J, Ciuleanu T, Tan EH, Hirsh V,
Thongprasert S, et al. Erlotinib in previously treated non-small-cell
lung cancer. N Engl J Med 2005;353:123–32.

Vulnerability of Ewing's Sarcoma to Aurora Kinase Inhibition

www.aacrjournals.org Mol Cancer Ther; 10(10) October 2011 1855

American Association for Cancer Research Copyright © 2011 
 on November 26, 2012mct.aacrjournals.orgDownloaded from 

Published OnlineFirst July 18, 2011; DOI:10.1158/1535-7163.MCT-11-0100



17. Piccaluga PP, Paolini S, Martinelli G. Tyrosine kinase inhibitors for the
treatment of Philadelphia chromosome-positive adult acute lympho-
blastic leukemia. Cancer 2007;110:1178–86.

18. Hartwell LH, Szankasi P, Roberts CJ, Murray AW, Friend SH. Inte-
grating genetic approaches into the discovery of anticancer drugs.
Science 1997;278:1064–8.

19. Costanzo M, Baryshnikova A, Bellay J, Kim Y, Spear ED, Sevier CS,
et al. The genetic landscape of a cell. Science 2010;327:425–31.

20. Barbie DA, Tamayo P, Boehm JS, Kim SY, Moody SE, Dunn IF, et al.
Systematic RNA interference reveals that oncogenic KRAS-driven
cancers require TBK1. Nature 2009;462:108–12.

21. Potratz JC, Saunders DN, Wai DH, Ng TL, McKinney SE, Carboni JM,
et al. Synthetic lethality screens reveal RPS6 and MST1R as modifiers
of insulin-like growth factor-1 receptor inhibitor activity in childhood
sarcomas. Cancer Res 2010;70:8770–81.

22. Karaman MW, Herrgard S, Treiber DK, Gallant P, Atteridge CE,
Campbell BT, et al. A quantitative analysis of kinase inhibitor selec-
tivity. Nat Biotechnol 2008;26:127–32.

23. Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier F, Michaud GA,
et al. Tankyrase inhibition stabilizes axin and antagonizes Wnt signal-
ling. Nature 2009;461:614–20.

24. Godl K, Gruss OJ, Eickhoff J, Wissing J, Blencke S, Weber M, et al.
Proteomic characterization of the angiogenesis inhibitor SU6668
reveals multiple impacts on cellular kinase signaling. Cancer Res
2005;65:6919–26.

25. Bantscheff M, Eberhard D, Abraham Y, Bastuck S, Boesche M,
Hobson S, et al. Quantitative chemical proteomics reveals mechan-
isms of action of clinical ABL kinase inhibitors. Nat Biotechnol 2007;
25:1035–44.

26. Rix U, Superti-Furga G. Target profiling of small molecules by che-
mical proteomics. Nat Chem Biol 2009;5:616–24.

27. Fernbach NV, Planyavsky M, M€uller A, Breitwieser FP, Colinge J, Rix
U, et al. Acid elution and one-dimensional shotgun analysis on an
Orbitrap mass spectrometer: an application to drug affinity chroma-
tography. J Proteome Res 2009;8:4753–65.

28. Borisy AA, Elliott PJ, Hurst NW, Lee MS, Lehar J, Price ER, et al.
Systematic discovery of multicomponent therapeutics. Proc Natl
Acad Sci U S A 2003;100:7977–82.

29. Harrington EA, Bebbington D, Moore J, Rasmussen RK, Ajose-Adeo-
gun AO, Nakayama T, et al. VX-680, a potent and selective small-
molecule inhibitor of the Aurora kinases, suppresses tumor growth in
vivo. Nat Med 2004;10:262–7.

30. Carpinelli P, Ceruti R, Giorgini ML, Cappella P, Gianellini L, Croci V,
et al. PHA-739358, a potent inhibitor of Aurora kinases with a selective
target inhibition profile relevant to cancer. Mol Cancer Ther 2007;6:
3158–68.

31. Modugno M, Casale E, Soncini C, Rosettani P, Colombo R, Lupi R,
et al. Crystal structure of the T315I Abl mutant in complex with the
Aurora kinases inhibitor PHA-739358. Cancer Res 2007;67:7987–90.

32. Carter TA, Wodicka LM, Shah NP, Velasco AM, Fabian MA, Treiber
DK, et al. Inhibition of drug-resistant mutants of ABL, KIT, and EGF
receptor kinases. Proc Natl Acad Sci U S A 2005;102:11011–6.

33. Rix U, Hantschel O, D€urnberger G, Remsing Rix LL, Planyavsky M,
Fernbach NV, et al. Chemical proteomic profiles of the BCR-ABL
inhibitors imatinib, nilotinib, and dasatinib reveal novel kinase and
nonkinase targets. Blood 2007;110:4055–63.

34. Remsing Rix LL, Rix U, Colinge J, Hantschel O, Bennett KL, Stranzl T,
et al. Global target profile of the kinase inhibitor bosutinib in primary
chronic myeloid leukemia cells. Leukemia 2009;23:477–85.

35. Wakahara K, Ohno T, Kimura M, Masuda T, Nozawa S, Dohjima T,
et al. EWS-Fli1 upregulates expression of the Aurora A and Aurora B
kinases. Mol Cancer Res 2008;6:1937–45.

36. Embree LJ, Azuma M, Hickstein DD. Ewing sarcoma fusion protein
EWSR1/FLI1 interacts with EWSR1 leading to mitotic defects in
zebrafish embryos and human cell lines. Cancer Res 2009;69:
4363–71.

37. Carrillo J, García-Aragoncillo E, Azorín D, Agra N, Sastre A, Gonz�alez-
Mediero I, et al. Cholecystokinin downregulation by RNA interference
impairs Ewing tumor growth. Clin Cancer Res 2007;13:2429–40.

38. Bliss CI. The toxicity of poisons applied jointly. Ann Appl Biol 1939;
26:585–615.

39. Tirado OM, Mateo-Lozano S, Notario V. Roscovitine is an effective
inducer of apoptosis of Ewing's sarcoma family tumor cells in vitro and
in vivo. Cancer Res 2005;65:9320–7.

40. Hantschel O, Rix U, Schmidt U, B€urckst€ummer T, Kneidinger M,
Sch€utze G, et al. The Btk tyrosine kinase is a major target of the
Bcr-Abl inhibitor dasatinib. Proc Natl Acad Sci U S A 2007;104:
13283–8.

41. Li J, Rix U, Fang B, Bai Y, Edwards A, Colinge J, et al. A chemical and
phosphoproteomic characterization of dasatinib action in lung cancer.
Nat Chem Biol 2010;6:291–9.

42. Lehar J, Krueger A, ZimmermannG, Borisy A. High-order combination
effects and biological robustness. Mol Syst Biol 2008;4:215.

43. Shor AC, Keschman EA, Lee FY, Muro-Cacho C, LetsonGD, Trent JC,
et al. Dasatinib inhibits migration and invasion in diverse human
sarcoma cell lines and induces apoptosis in bone sarcoma cells
dependent on SRC kinase for survival. Cancer Res 2007;67:2800–8.

44. Lens SM, Voest EE, Medema RH. Shared and separate functions of
polo-like kinases and aurora kinases in cancer. Nat Rev Cancer
2010;10:825–41.

45. Lapenna S, Giordano A. Cell cycle kinases as therapeutic targets for
cancer. Nat Rev Drug Discov 2009;8:547–66.

46. Marumoto T, Zhang D, Saya H. Aurora-A - a guardian of poles. Nat
Rev Cancer 2005;5:42–50.

47. Dar AA, Goff LW, Majid S, Berlin J, El-Rifai WAurora kinase inhibi-
tors–rising stars in cancer therapeutics? Mol Cancer Ther 2010;9:
268–78.

48. El-Sheikh A, Fan R, Birks D, Donson A, Foreman NK, Vibhakar R, et al.
Inhibition of Aurora Kinase A enhances chemosensitivity of medullo-
blastoma cell lines. Pediatr Blood Cancer 2010;55:35–41.

49. Maris JM, Morton CL, Gorlick R, Kolb EA, Lock R, Carol H, et al. Initial
testing of the Aurora kinase A inhibitor MLN8237 by the Pediatric
Preclinical Testing Program (PPTP). Pediatr Blood Cancer 2010;55:
26–34.

Winter et al.

Mol Cancer Ther; 10(10) October 2011 Molecular Cancer Therapeutics1856

American Association for Cancer Research Copyright © 2011 
 on November 26, 2012mct.aacrjournals.orgDownloaded from 

Published OnlineFirst July 18, 2011; DOI:10.1158/1535-7163.MCT-11-0100



  Results and Discussion 

41

3.2 Systems-pharmacology dissection of a drug synergy in imatinib-
resistant CML 

Georg E Winter, Uwe Rix, Scott M Carlson, Karoline V Gleixner, Florian Grebien, 

Manuela Gridling, André C Müller, Florian P Breitwieser, Martin Bilban, Jacques 

Colinge, Peter Valent, Keiryn L Bennett, Forest M White  & Giulio Superti-Furga 



©
20

12
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

NATURE CHEMICAL BIOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemicalbiology 1

ARTICLE
PUBLISHED ONLINE: 30 SEPTEMBER 2012 | DOI: 10.1038/NCHEMBIO.1085

Redundancy and multifunctionality are inherent characteris-
tics of biological systems that limit the therapeutic opportu-
nity of single-agent applications1. Combinations of drugs that 

yield a synergistic effect are thought to be the most effective way 
of counter ing biological buffering and also allow reduced dosing 
of each agent while increasing therapeutically relevant  selectivity2. 
Recent advances in assaying the impact of small molecules on 
the transcriptome or the proteome in terms of drug binding or 
alterations in post-transcriptional modifications led to a complex 
picture of drug action that goes against the ‘one drug, one target’ 
paradigm3–5. Although each of the above-mentioned approaches 
generates a wealth of useful data, together they only allow for par-
tial insight into the composite effects of small-molecule agents on 
complex cellular systems. These effects are a consequence of all 
on- and off-target drug effects and impairment of the related cellu-
lar processes, including changes in gene expression6,7. As a result of 
crosstalk at various levels, this complexity is markedly increased if 
two drugs are applied simultaneously. Deconvolution of the relevant  
cellular mechanism underlying a combined treatment with two 
drugs that yields a synergistic and therefore unpredictable effect is 
a particular challenge.

CML is a clonal hematopoietic disease hallmarked by the expres-
sion of the BCR-ABL fusion oncoprotein that results from a recip-
rocal translocation between chromosomes 9 and 22. BCR-ABL 
features a deregulated tyrosine kinase activity that drives a number 
of downstream signaling pathways, confers growth advantage and 
counteracts apoptosis8. The most prominent downstream pathways 
upregulated by BCR-ABL include the PI3K, STAT5 and MAPK 
pathways. Treatment of CML rapidly improved after the introduc-
tion of the first BCR-ABL inhibitor, imatinib (Gleevec, STI-571), 
which serves as a paradigmatic example for targeted therapies9. 

Imatinib causes complete remission and prolonged lifespan in the 
majority of patients with CML9. Nevertheless, it soon became appar-
ent that a broad spectrum of possible resistance mechanisms toward  
imatinib treatment, for example, acquisition of point mutations in 
the ATP binding pocket or overexpression of LYN or BCR-ABL 
itself, necessitated the development of second- and third-generation  
BCR-ABL inhibitors such as nilotinib (Tasigna, AMN107) and 
dasatinib (Sprycel, BMS-354825)10–14. These later-generation agents 
have been successful in over-riding a broad variety of resistance 
mechanisms against imatinib. However, none of them is effective 
in patients with CML who harbor the so-called BCR-ABL ‘gate-
keeper mutations’ at Thr315. Thus, these patients are in need of new 
therapeutic approaches, although promising experimental targeting 
strategies have been reported recently15–18.

Here we describe a new synergistic interaction between the 
clinically tested multikinase inhibitors danusertib (PHA-739358) 
and bosutinib (SKI-606) that is specific for BCR-ABL gatekeeper  
mut ation–transformed cells. We deciphered the molecular logic 
underlying the synergistic effect using a multilevel experimental 
approach that included proteome-wide measurements of drug-
binding using chemical proteomics, global monitoring of altera-
tions in phosphorylation states in response to drug treatment and 
genome-wide transcriptomics. Correlating the affected signaling 
pathways with drug-dependent transcription-factor signatures 
revealed reduced c-Myc activity as the key point of convergence.

To the best of our knowledge, this is the first description of a 
comprehensive dissection of a synergistic drug interaction using 
three different large-scale ‘omics’ data sets. In this study, we show 
that the systems-level cooperative effect obtained by applying 
danusertib and bosutinib in combination results from previously 
 unappreciated features of both agents. We believe that this strategy 
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Systems-pharmacology dissection of a drug 
synergy in imatinib-resistant CML
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Occurrence of the BCR-ABLT315I gatekeeper mutation is among the most pressing challenges in the therapy of chronic myeloid  
leukemia (CML). Several BCR-ABL inhibitors have multiple targets and pleiotropic effects that could be exploited for their  
synergistic potential. Testing combinations of such kinase inhibitors identified a strong synergy between danusertib and  
bosutinib that exclusively affected CML cells harboring BCR-ABLT315I. To elucidate the underlying mechanisms, we applied a 
systems-level approach comprising phosphoproteomics, transcriptomics and chemical proteomics. Data integration revealed 
that both compounds targeted Mapk pathways downstream of BCR-ABL, resulting in impaired activity of c-Myc. Using  
pharmacological validation, we assessed that the relative contributions of danusertib and bosutinib could be mimicked indivi-
dually by Mapk inhibitors and collectively by downregulation of c-Myc through Brd4 inhibition. Thus, integration of genome- and 
proteome-wide technologies enabled the elucidation of the mechanism by which a new drug synergy targets the dependency of 
BCR-ABLT315I CML cells on c-Myc through nonobvious off targets. 
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of gaining a functional understanding of a drug synergy may serve 
as a model for further mode-of-action studies.

RESULTS
Identification of synergy specific for BCR-ABLT315I cells
The overall experimental strategy is outlined schematically in 
Figure 1a. It starts with point-wise synergy screens and their vali-
dation using three-dimensional dose-response surfaces, which is 
then followed by three parallel experimental lines of investigation: 
(i) determination of the cellular binding partners of the involved 
drugs, (ii) mapping the impact of the single agents as well as their 
combination on the transcriptome and (iii) charting the global 
changes in the phosphoproteome after drug exposure. Integration of 
the data sets generates hypotheses that are subsequently validated. 
We chose to investigate synergies that were specific for gatekeeper 
mutant–associated imatinib-resistant BCR-ABL. To identify such 
potential synergistic interactions, we used the Ba/F3 mouse pro-B 
cell line system that was retrovirally transduced with BCR-ABLT315I, 
which conferred interleukin-3–independent growth properties. 
First, we generated dose-response curves for eight clinical BCR-
ABL inhibitors known to be sufficiently safe in the relevant patient 
class (imatinib, nilotinib, dasatinib, bosutinib, bafetinib, tozaser-
tib, danusertib and sorafenib). Most of the tested compounds were  
per se not effective against Ba/F3 BCR-ABLT315I cells at clinically 
relevant concentrations (Supplementary Results, Supplementary 
Table 1). However, given that kinase inhibitors are generally known 
to share polypharmacologic features, we hypothesized that combin-
ing two agents that were initially not very efficacious could result 
in synergistic cell killing because of a cooperative effect of pre-
viously unappreciated off targets. Therefore, all possible pairwise 

 combinations were tested in an effector concentration for a 20% 
maximal response (EC20) by EC20 checkerboard design and evalu-
ated by comparison of the experimentally derived impairment of 
cellular viability with the predicted combinatorial effect determined 
using the Bliss-additivity model (Supplementary Table 2)19.

We observed a pronounced synergy between the pan–aurora 
kinase inhibitor danusertib and the dual ABL and SRC inhibitor 
bosutinib that we validated in detail by generating multifactorial dilu-
tions of both agents, resulting in three-dimensional dose-response 
surfaces20. These were again correlated to the Bliss-predicted  values. 
Calculating the differential volumes between the predicted and 
measured inhibitions allowed an estimation of synergy over a broad 
concentration range, where a positive interaction volume indicates 
synergy. We observed a strong synergism between danusertib and 
bosutinib in killing BCR-ABLT315I–transformed cells in the lower, 
clinically relevant dose range, reaching up to 40% more inhibition 
than predicted by Bliss additivity (Fig. 1b). To further investigate 
the specificity of the observed synergy, we tested the combination of 
danusertib and bosutinib in a BCR-ABL wild-type background as 
well as in parental Ba/F3 cells. Danusertib and bosutinib only syn-
ergized in the gatekeeper-mutant background. Furthermore, using a 
combination of dasatinib and tozasertib, compounds with overlap-
ping cognate targets, the detected synergy could be mimicked only 
to a much lesser extent, suggesting the possibility that off-target 
effects were responsible for the observed synergy (Fig. 1c).

Synergy is conserved in primary cells harboring BCR-ABLT315I

We next asked whether the observed synergistic drug interaction 
is also conserved in a setting that is closer to the in vivo situation. 
Thus, we retrovirally transduced primary mouse bone-marrow cells 
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Figure 1 | Danusertib and bosutinib synergize specifically in BCR-ABLT315I cells. (a) Schematic outline of the three-pronged approach for comprehensive 

capturing of the cellular response to the combined drug treatment. (b) The combined effect of danusertib and bosutinib in Ba/F3 BCR-ABLT315I cells 

exceeds the Bliss prediction, indicating a synergistic interaction. Needle graphs depict deviation from the Bliss-predicted additivity and represent the mean 

of triplicates. (c) Comparison of the differential volumes between experimentally derived and Bliss-predicted values. Data are the mean  s.d. of triplicates. 

WT, wild type. (d) Colony formation capability of primary cells retrovirally transduced with BCR-ABLT315I after drug treatment. Data represent the  

mean  s.d. of quadruplicates. (e) 3H-thymidine uptake in primary cells from the peripheral blood of a patient with BCR-ABLT315I–positive CML that were 

incubated with bosutinib (j-j) and danusertib (d-d) as single agents or in combination (at a 10:3 fixed ratio of drug concentrations; m-m). (f) Induction 

of apoptosis as measured by cleavage of caspase 3 and caspase 7 (caspase 3/7). Data depict fold increases and are the mean  s.d. of triplicates.
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with BCR-ABLT315I, thereby rendering them growth-factor inde-
pendent. A significant reduction (P < 0.0001) in colony-formation 
capability was observed in the presence of the drug combination 
as compared to the presence of either danusertib or bosutinib 
alone after 10 d of drug incubation (Fig. 1d and Supplementary 
Fig. 1). Moreover, the synergy between danusertib and bosutinib 
also translated into ex vivo proliferation assays using primary cells 
isolated from the peripheral blood of a patient suffering from 
advanced BCR-ABLT315I–positive CML (Fig. 1e). In line with the 
cell line–derived data, the cooperative drug interaction was not 
observed using primary cells from a BCR-ABLWT–positive patient 
(Supplementary Fig. 2). To rule out the possibility that the mea-
sured effect was caused solely by cooperative inhibitory effects on 
BCR-ABLT315I activity, in vitro kinase assays were performed. These 
studies showed a buffering effect of the drug combination that did 
not exceed the single-drug efficacy of danusertib, which was the 
more effective individual compound (Supplementary Fig. 3). By 
characterizing the impairment of cellular viability on Ba/F3 BCR-
ABLT315I cells in more detail, we observed an increase in apoptosis 
that was specific in its collaborative nature for Ba/F3 BCR-ABLT315I 
cells. In fact, we observed a 13-fold increase in cleaved caspase 3  
and caspase 7 in cells treated with the drug combination com-
pared to vehicle-treated cells (Fig. 1f and Supplementary Fig. 4). 
Assessing the impact on the cell cycle after treatment with a single 
drug and with the drug combination, we detected a G2 arrest that 

was observed specifically for the drug combination in the mutant 
BCR-ABL background (Supplementary Fig. 5).

Multiple off targets implicated in Mapk signaling
With the intention of uncovering the off-target effects of the two 
agents that may underlie the observed synergy, a chemical proteom-
ics approach was pursued as an initial step in deconvoluting poten-
tial targets. Chemical proteomics is a post-genomic version of drug 
affinity chromatography and is enabled by high-resolution tandem 
mass spectrometry and downstream bioinformatics  analysis4. Given 
that tozasertib and dasatinib, compounds that are related to danu-
sertib and bosutinib, did not show a pronounced synergistic inter-
action, we hypothesized that the proteins underlying the cellular 
effect of the combination of danusertib and bosutinib would be spe-
cific binders of these drugs, thereby necessitating the identification of 
their cell-specific, proteome-wide target profiles. Analogs of all eight 
screened compounds were either available or designed for this study 
(Supplementary Fig. 6). For each compound, a modification that 
allowed immobilization on sepharose beads was introduced for the 
subsequent affinity purification of interacting proteins from lysates 
of the BCR-ABLT315I–transformed Ba/F3 cells. Kinase-binding prop-
erties were not affected for any of the compounds, as confirmed by 
in vitro kinase assays for each analog compared to the parental small 
molecule (Supplementary Table 3). Using one-dimensional gel-free  
LC/MS chemical proteomics, a total of 68 protein kinase targets 
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Figure 2 | Quantitative chemical proteomics reveals target spectra of eight clinical BCR-ABL kinase inhibitors and indicates impairment of MAPK 
signaling resulting from off-target effects of danusertib and bosutinib. (a) Comprehensive kinase target profiles of danusertib and bosutinib as 

determined by gel-free one-dimensional LC/MS analysis mapped onto the human protein kinome. The human kinome is reproduced courtesy of  

Cell Signaling Technology (http://www.cellsignal.com/). (b) Kinome-wide target spectra of the remaining six kinase inhibitors used in this study as 

determined by one-dimensional LC/MS. (c) Bar graph depiction of eight-plex iTRAQ ratios for selected kinases (for the full panel of identified kinases,  

see Supplementary Fig. 7). Intensities were quantified using the average reporter tag intensity as a reference.
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were identified for all 8 kinase inhibitors and, more specifically,  
40 kinases bound to bosutinib and 37 kinases bound to danusertib in 
Ba/F3 BCR-ABLT315I cell lysates (Fig. 2a,b). To quantify the relative 
affinities of the identified kinase binders to the eight small mole-
cules, the chemical proteomics experiments were extended using 
the iTRAQ methodology (isobaric tag for relative and absolute  
quantitation)21,22. These experiments were subsequently analyzed by 
two-dimensional gel-free LC/MS.

Intensity ratios were obtained for 43 kinases (Fig. 2c, 
Supplementary Fig. 7 and Supplementary Data Set 2). In addition 
to reproducing known target-ligand interactions, such as identifying 
Tec kinase as a specific interactor of dasatinib and confirming the 
higher affinity of both bosutinib and dasatinib for Src or Csk, we also 
identified kinase targets that would almost exclusively bind to only 
one of the agents tested. In particular, we found various kinases that 
are implicated in Mapk signaling, such as Mapk1 (Erk2), Map2k1 
(Mek1), Map2k2 (Mek2), Map3k3 and Pyk2 (Ptk2b), that have a 
strong propensity for binding to either danusertib or bosutinib 
but not to the other inhibitors tested (Fig. 2c and Supplementary 
Fig. 7). To further support the chemical proteomics–derived data, 
we performed additional in vitro enzymatic assays and competitive 
binding experiments (Supplementary Figs. 8 and 9). A subsequent 
pathway analysis using all the identified targets of either danusertib 
or bosutinib alone as well as their collective target spectrum as que-
ries suggested that both agents had a substantial impact on the Mapk 
signaling cascade, both individually and cooperatively23. Using the 
DAVID bioinformatics interface, we observed a significant enrich-
ment for the drug combination in the KEGG (P = 8.98 × 10−9, false 
discovery rate (FDR) = 9.2 × 10−6) and BIOCARTA (P = 2.49 × 10−9, 
FDR = 2.8 × 10−6) Mapk pathways that was not achieved to the same 
extent by querying the single target spectra of either danusertib or 
bosutinib and therefore indicated that the impact of both drugs on 
this pathway was not of a redundant nature but, rather, was of a 
cooperative nature (Supplementary Table 4)23.

c-Myc targets are downregulated on a genome-wide scale
Post-translational modification of transcription factors, which 
causes transcriptional activation through nuclear translocation, 
homodimerization or heterodimerization, is a common mechanism 
by which signaling cascades can integrate environmental stimuli 
into altered transcriptional responses and, in turn, is an immediate 
answer by the cellular system to any given kind of intervention24.

To determine the functional consequences of the simultaneous 
application of danusertib and bosutinib, we analyzed global tran-
scriptional changes by generating differential gene expression pro-
files. Using the concentrations that resulted in the highest synergy, 
the impact of either of the drugs alone and their combination at an 
equal dose was compared to that of the vehicle control 6 h after drug 
exposure (Supplementary Fig. 10). At this time point, no signs of 
cell death or impaired cellular viability were detected (data not 
shown). Taking an FDR of 0.05 into consideration, there were no 
significantly regulated genes when Ba/F3 BCR-ABLT315I cells were 
treated with 300 nM danusertib. Also, the number of significantly 
regulated genes resulting from treatment with 1 M bosutinib was 
relatively low, with 26 upregulated and 12 downregulated genes. 
However, when both compounds were combined, severe alterations 
in the transcriptome were observed, with 645 genes significantly 
upregulated and 584 genes significantly downregulated (Fig. 3a,  
Supplementary Fig. 11 and Supplementary Data Set 1). This 
observation supported the previous notion that the combined effect 
of both drugs is not explainable solely by the summation of the indi-
vidual effects of the two agents alone and suggested that cooperative 
inactivation of a transcription factor might be linked to the observed 
cellular synergy. Therefore, we performed a database query with all 
significantly regulated genes in each measured condition using the 
Molecular Signature Database (MSigDB). Thus, the group of genes 
downregulated by the combined drug treatment was found to be 
specifically enriched for genes containing c-Myc regulatory motifs 
in their promoters (Fig. 3b).
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To extend our findings, which were limited to the subset of sig-
nificantly regulated genes, to the entire genome, we next conducted 
an unbiased gene set enrichment analysis25 comparing all the  
conditions measured. This independent approach reproduced the 

finding that genes containing a c-Myc motif were strongly corre-
lated with downregulation by combination drug treatment (Fig. 3c). 
Moreover, we evaluated the impact of the drug combination on an 
experimentally derived c-Myc transcriptional signature, which 
also revealed global downregulation of c-Myc–dependent target 
genes in the drug combination treatment as compared to DMSO  
treatment (Fig. 3d)26.

Mapk signaling affected by drug action
We initially set out to investigate the consequence of single and 
combined drug treatment on the consensus BCR-ABL signaling 
network using immunoblotting (Fig. 4a). A gradual decrease in 
total phosphotyrosine levels, including BCR-ABL phosphorylation 
itself, was observed with both agents individually and in combina-
tion. Conversely, other well-known readouts for canonical BCR-
ABL signaling, such as phosphorylation of Stat5 or Crkl, were not 
markedly impaired at the concentrations used and only decreased 
detectably when the concentrations of both compounds were 
increased fourfold (data not shown). As in a BCR-ABL wild-type 
signaling background, phosphorylated Stat5 (pStat5) and pCrkl 
are very sensitive readouts for BCR-ABL activity; this observation 
was unexpected and therefore necessitated a more unbiased, global 
phosphoproteomics approach (Supplementary Fig. 12). Using 
eight-plex iTRAQ, we assayed the four different treatment condi-
tions (DMSO, danusertib, bosutinib and the combination of danu-
sertib and bosutinib) at an early, 15-min time point and a late, 6-h 
time point. Approximately 700 phosphopeptides could be quanti-
fied at both time points, including 110 phosphotyrosine peptides 
and 563 phosphoserine or phosphothreonine peptides. Because of 
the dynamic nature of phosphorylation, the early time point was 
more informative. Further analysis was therefore conducted using 
the 15-min treatment time as a reference. To identify common  
patterns of response of each site to treatment with a single drug 
or the drug combination, an unsupervised, self-organizing phylo-
genetic clustering algorithm (SOTA) was applied that allocated each 
phosphopeptide to one unique cluster27. Thus, 11 distinct clusters 
of response patterns were identified that ranged from a completely 
unchanged phosphorylation status to cooperative downregulation 
of given phosphorylation sites and signaling cascades (Fig. 4b, 
Supplementary Fig. 13 and Supplementary Data Set 3).

Subsequent pathway analysis of each separate cluster revealed 
enrichments for various pathways (Supplementary Table 5). Most 
notably, however, MAPK and CML pathways were speci fically 
enriched (P < 0.05) in active response patterns, as represented in 
clusters 3, 4, 5 and 6. Notably, cluster 4 also contained phosphopep-
tides for Mek (Ser222) and Erk (Tyr185) (Fig. 4c and Supplementary 
Methods). This is in line with the results from the proteome-wide 
target survey using chemical proteomics that suggested Mek and 
Erk as specific binders of bosutinib and danusertib, respectively. 
Phosphorylation of these sites correlates with the active states of the 
respective kinases. In addition to Mek and Erk, the quantitative phos-
phoproteomics analysis also revealed differentially altered phosphor-
ylation events on other proteins implicated in the BCR-ABL–MAPK 
signaling network (Supplementary Fig. 14). To gain more confidence 
in the functional relevance of the inhibition of Map kinases in the con-
text of the observed synergy, we assessed whether Ba/F3 BCR-ABLT315I 
cells would be more sensitive toward their inhibition as compared to 
Ba/F3 BCR-ABLWT cells. Using various small-molecule inhibitors, we 
observed a trend toward a higher sensitivity for Mapk pathway inhibi-
tion in BCR-ABLT315I cells (Supplementary Figs. 15 and 16).

Moreover, factorial dilutions were prepared in which either 
danusertib or bosutinib was replaced with a tool compound for 
the respective targets of interest. Replacing bosutinib with U0126, 
a widely used Mek inhibitor, and replacing danusertib with Erk  
inhibitor II or the Pyk2 kinase inhibitor PF431396 preserved the 
initially obtained synergy in the higher dose ranges of the tool  
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compounds. Pharmacological inhibition of Pyk2 resulted in reduced 
Erk phosphorylation (Fig. 4d and Supplementary Figs. 17 and 18).

Combined drug treatment impairs c-Myc activity
Following up on the transcriptome analysis, we investigated the 
molecular logic of the global downregulation of c-Myc target genes 
and the possible consequences of this downregulation on cellular 
fitness. c-Myc itself was among the most significantly downregu-
lated genes, which was validated by quantitative RT-PCR. (Fig. 5a 
and Supplementary Fig. 19). Notably, this did not translate to 
downregulation of c-Myc protein until 48 h of drug treatment 
(Supplementary Fig. 20a). Thus, the downregulation at the mRNA 
level and the functional consequence of overall downregulation 
of c-Myc–dependent transcriptional networks seem to be inde-
pendent events. To examine the possibility that the reduction in 
target gene expression was a result of altered cellular localization 
of c-Myc, nuclear extracts were generated after 48 h of combined 
drug treatment and were compared with vehicle-treated controls 
(Supplementary Fig. 20b). No obvious differences in nuclear 
 localization were apparent, which is indicative of another mecha-
nism of action. Intersecting the quantitative phosphoproteomics 
profiles with the transcriptomics data highlighted the Mapk signal-
ing cascade, which was one of the most substantially affected path-
ways, as one of the most prominent upstream pathways of c-Myc. 
Erk is known to phosphorylate c-Myc at Ser62, which correlates 
with the transcriptional activity of c-Myc28–31. Hence, an immuno-
blot ana lysis of pErk (phosphorylated at Thr202 and Tyr204) was 
performed to validate the impact of the combined drug treatment 
on Mapk signaling (Fig. 5b). Both compounds showed relatively 
similar effects on their own and cooperativity when combined, 
thus validating the findings of the large-scale phosphoproteomics 
data set. In comparison, the dynamics of the phosphorylation of 
Ser62 were affected in a way that only the combined application 
of both kinase inhibitors had a measurable effect (Fig. 5b and 
Supplementary Fig. 21). To test whether this observation also 

translates into functional impairment of c-Myc activity, ELISA-
based binding assays were performed using nuclear extracts from 
Ba/F3 BCR-ABLT315I cells that were treated for 2 h with vehicle, 
single compounds or their combination to assess Myc binding 
to spotted double-stranded oligos that contain c-Myc consensus 
binding sites. Whereas danusertib and bosutinib alone had only 
a relatively mild impact on the binding of endogenous c-Myc to 
its consensus sequence, the combination treatment significantly  
(P < 0.005) reduced binding affinity at equal c-Myc loading (Fig. 5c 
and Supplementary Fig. 22). To further study the impact of target-
ing c-Myc in BCR-ABLT315I–dependent cells, we used JQ1, a recently 
described BRD4 inhibitor that downregulates c-Myc on both the 
mRNA and protein levels32,33. Notably, only the active enantiomer 
JQ1S reduced c-Myc mRNA levels in Ba/F3 BCR-ABLT315I cells, 
whereas treatment with the inactive enantiomer JQ1R did not 
(Supplementary Fig. 23). Consistently, only JQ1S reduced cellular 
viability, thus independently validating the dependence of Ba/F3 
BCR-ABLT315I cells on c-Myc (Fig. 5d).

DISCUSSION
We describe a systems-wide approach aimed at capturing and 
exploring the molecular mechanisms behind the synergistic drug-
drug interaction of the clinical kinase inhibitors danusertib and 
bosutinib. This synergy was specific for CML cells featuring the 
BCR-ABLT315I gatekeeper mutation and thus addresses an unmet 
medical need, as this mutation confers resistance to all currently 
approved kinase inhibitors for CML. The approach of integrating 
mass spectrometry–based target profiles with phosphoproteomic 
and transcriptional data sets should have broad applicability to 
other disease settings and biological questions.

The specificity of the observed synergistic drug interaction for 
the BCR-ABLT315I gatekeeper-transformed cells over BCR-ABL 
wild-type cells was perhaps surprising. At least two explanations for 
this relationship seem feasible. One possible explanation might be 
that each drug is already highly potent against BCR-ABL wild-type– 
transformed cells, which may mask any other effect and make the 
detection of cooperative effects on downstream pathways techni-
cally difficult. Another explanation may be qualitative changes in 
the signaling properties of BCR-ABLT315I as compared to wild-type 
BCR-ABL. Monitoring the cellular markers of wild-type BCR-ABL 
activity through careful titration of drug inhibition or stepwise 
induction of BCR-ABL expression has shown that phosphorylation 
of Stat5 is the most sensitive cellular readout for BCR-ABL kinase 
activity, followed by total phosphotyrosine levels and, finally, phos-
phorylation of Crkl (ref. 34). In BCR-ABLT315I mutant cells, however, 
we found pStat5 and pCrkl levels to be relatively insensitive to BCR-
ABLT315I inhibition. Instead, BCR-ABLT315I seemed to depend more 
strongly on Mapk signaling, as combined targeting of this pathway 
by bosutinib and danusertib conferred increased sensitivity. This 
seems consistent with qualitative changes in the signaling properties 
of BCR-ABL with mutations in the gatekeeper residue in addition 
to quantitative effects that may be cell-type and assay dependent35,36. 
Though we found a heightened dependence on, but not enhanced 
activity of, Map kinases in BCR-ABLT315I cells, these may be related 
phenomena, and they highlight the particular synergy between the 
BCR-ABL and the Mapk pathways18.

Both chemical proteomics and phosphoproteomics analyses 
suggested bosutinib as an inhibitor of the BCR-ABL gatekeeper 
kinase activity, which was subsequently confirmed by immuno-
blotting and in vitro kinase assays. It is, however, important to note 
that this enzymatic inhibition did not translate into substantial cel-
lular efficacy of bosutinib in the context of BCR-ABLT315I–positive 
CML, which is consistent with clinical reports37. This might indi-
cate activation of an unknown downstream roadblock by bosu-
tinib through one of its multiple off targets. It is also noteworthy 
that, although danusertib and bosutinib both inhibit BCR-ABLT315I 
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kinase activity, combination in vitro kinase assays suggested that 
the observed synergy was not based on cooperativity in regard to 
the inhibition of BCR-ABLT315I itself. Therefore, this effect must be 
predominantly attributed to inhibition of other targets.

Our observations converge on the Mapk signaling cascade as 
the predominantly affected pathway of the synergistic drug com-
bination. Chemical proteomics identified several Map3ks, Map4ks 
and, particularly, Mek1 and Mek2 as specific targets of bosutinib, 
whereas Erk1 and Erk2 interacted exclusively with danusertib. In 
addition, Pyk2 (Ptk2b), one of the most prominent targets of danu-
sertib (half-maximal inhibitory concentration (IC50) = 79.9 nM; 
Supplementary Fig. 8), is known to also feed into Mapk signaling 
through Erk phosphorylation (Supplementary Fig. 18). Although 
BCR-ABLT315I was bound by both drugs, the global phosphopro-
teome survey showed little combinatorial drug effects on canoni-
cal BCR-ABL downstream signals other than those culminating in 
the Mapk pathway, especially Gab2 Ser604, Mek1 Ser222 and Erk2 
Tyr185. Querying the drug-dependent transcriptomic signature for 
significantly (P < 0.01) regulated transcription factor motifs high-
lighted c-Myc as a crucial factor in transmitting the cellular response 
to combined treatment with danusertib and bosutinib.

Myc has a well-established, but still not completely understood, 
role in a broad spectrum of human cancers because of its highly 
promiscuous features38. In the context of CML, c-Myc is required 
for BCR-ABL–mediated transformation39. It has also been reported 
as an essential gene in CML cell lines and has been linked to the 
clinical response to imatinib40,41. Because of the lack of a chemi-
cally tractable enzymatic function, pharmacological targeting of 
c-Myc is a formidable challenge for which promising steps have only 
recently been made32,33. The BRD4-targeting compound JQ1 seems 
to suppress mainly transcriptional expression of c-Myc. We have not 
been able to obtain reliable results in our attempts to downregulate 
c-Myc by alternative methods, such as inducible RNA expression, 
probably because c-Myc is essential for cellular survival. We found 
that combined drug treatment with bosutinib and danusertib led to 
reduced engagement of c-Myc DNA binding sites and downregula-
tion of c-Myc target genes. Our results indicate regulation of c-Myc 
activity at the post-translational level. C-Myc is known to be phos-
phorylated on several N-terminal residues that are linked to protein 
stability and transcriptional activity42. Ser62 phosphorylation, which 
is known to be mediated by MAP kinase signaling43, is among the 
most prominent post-translational modifications, and although it 
has been mainly described as a stabilizing event, there is evidence 
that it has a direct role in modulating transcriptional activity30,43.

The ability to effectively integrate large omics data sets to elucidate 
the molecular effects of genetic or chemical perturbation of biological 
systems remains a challenge. This is particularly true for the application 
of multiple pharmacological agents44. The approach described here is 
empowered by the use of quantitative mass spectrometry–derived 
chemical proteomics profiling of the cellular targets of compounds. 
The obtained ‘physical’ link between the perturbing agent and the cel-
lular repertoire of molecules is sufficiently direct and reliable to repre-
sent a strong vantage point for subsequent integration with other data 
sets through the use of network and pathway analysis. We have thus 
been able to elucidate the impact of a new synergistic drug interaction 
in a clinically relevant, highly drug-resistant disease setting. The study 
revealed a nonobvious synergistic mechanism of action that is elicited 
by several off targets of the two small molecules. Thus, the polyphar-
macology of kinase inhibitors with good safety profiles represents, in 
this case, an advantage that allows for their versatile and combinato-
rial use in the quest for stratified cancer therapy6,7.

METHODS
Cell lines and reagents. The parental Ba/F3 cell line was obtained from the 
American Type Culture Collection and was cultured in RPMI and 10% fetal  
calf serum (FCS). Imatinib, nilotinib, dasatinib, bosutinib and tozasertib were  

purchased from LC Laboratories. Danusertib, CI-1040, AZD6244 and sorafenib 
were purchased from Selleck Chemicals. Bafetinib, c-bafetinib, c-dasatinib,  
c-nilotinib and c-tozasertib were synthesized by WuXi AppTec. C-imatinib,  
c-sorafenib, c-bosutinib and c-danusertib were synthesized by Siokem, Gateway 
Pharma, Vichem Chemie and AMRI, respectively. C-imatinib, c-nilotinib,  
c-bafetinib and c-sorafenib were esterified with N-Boc-glycine and deprotected 
with trifluoroacetic acid as part of the coupling procedure. U0126 and Erk inhibitor 
II were purchased from Sigma-Aldrich and Calbiochem, respectively. PF431396 
was purchased from Tocris. JQ1S and JQ1R were kindly provided by J. Bradner 
(Dana-Farber Cancer Institute, Boston, Massachusetts, USA). The purity (>94%) of 
all compounds was confirmed using HPLC and MS analysis. All compounds were 
dissolved in DMSO as 10 mM stock solutions. Further chemical characterization 
data for c-imatinib, c-nilotinib, c-bafetinib, c-sorafenib and c-danusertib can be 
found in the Supplementary Methods.

Immunoblot analysis. Immunoblotting was performed according to the  
manufacturer’s recommendations for antibodies to pStat5A and pStatB (1:1,000, 
Tyr694 and Tyr699 for pStat5A and pStat5B, respectively; 94-10C-9-10C-2, 
Millipore); pSrc family (1:1,000, Tyr416, 2101, Cell Signaling Technology); pCrkl 
(1:1,000, Tyr207, 3181, Cell Signaling Technology); actin (1:2,000, AAN01, 
Cytoskeleton); Abl (1:1,000, Ab-3, Calbiochem); total phosphotyrosine 4G10 
(1:2,000, Upstate Biotechnology); total Myc (1:7,000, IR-Dye800 conjugated 
a-Myc epitope tag (Rb), 600-432-381, Rockland); pMyc (1:1,000, Ser62, ab51156, 
Abcam); Erk1 and Erk2 (1:2,500, M5670, Sigma-Aldrich); pErk1 and pErk2 
(1:1,000, Thr202 and Tyr204 for isoforms 1 and 2, respectively, 9106, Cell Signaling 
Technology); and Rcc-1 (1:1,000, sc-55559, Santa Cruz).

Viability assays and synergy determination. Viability assays were performed in  
triplicates using the Cell Titer Glo assay (Promega) after 72 h of drug exposure to cells 
initially seeded at a density of 105 cells per ml. Point-wise synergy screening was  
performed by deriving EC20 values for each compound and combining them in every 
possible pairwise combination. Experimentally derived values were compared with  
values predicted by the Bliss additivity model19. Thirty-six–point dose-response  
matrices have been established and evaluated as described elsewhere20.

Proteomics analysis and MS strategies. More detailed information on the immobi-
lization of small molecules, affinity purification, tryptic digestion, peptide purifica-
tion, iTRAQ labeling and liquid chromatography, as well as data extraction, database 
searching and relative quantification, is outlined in the Supplementary Methods.

Apoptosis and cell-cycle measurements. Induction of apoptosis was measured  
16 h after drug exposure using the Caspase Glo assay (Promega) measuring the  
cleavage of caspase 3 and caspase 7. Experiments were performed in triplicate.  
The cell-cycle analysis was performed by staining DNA with propidium iodide 
after 36 h of exposure to the respective drugs.

Colony formation assay. After retroviral transduction of primary mouse bone 
marrow cells with BCR-ABLT315I internal ribosomal entry site GFP, GFP-positive 
cells were isolated using fluorescence-activated cell sorting and seeded in  
cytokine-free methylcellulose. Colonies were scored after 10 d.

Ex vivo proliferation assays using primary patient material. Primary cells were 
obtained from the bone marrow of two patients with advanced BCR-ABLT315I 
CML and one patient with advanced CML and no detectable BCR-ABL mutation. 
Mononuclear cells were isolated using Ficoll. They were then incubated in  
triplicate in RPMI 1640 medium with FCS in the presence or absence of various  
concentrations of bosutinib or danusertib, either as single agents or in combination  
at a fixed ratio of drug concentrations at 37 °C for 48 h. After incubation,  
3H-thymidine (PerkinElmer; 0.5 Ci per well) was added for another 16 h.  
Cells were then harvested on filter membranes (Packard Bioscience) in a Filtermate 
196 harvester (Packard Bioscience). Filters were then air dried, and the bound  
radioactivity was measured in a -counter (Top-Count NXT, Packard Bioscience).

Kinase assays. Kinase assays for BCR-ABLT315I, AURKA (c-danusertib) and  
PDGFRA (c-sorafenib) were performed using the KinaseProfiler (Millipore).  
PYK2 inhibition by danusertib was assessed using the SelectScreen ZLYTE  
platform (Life Technologies). MAP2K5 and MAP3K3 kinase assays were con-
ducted with the STK-ELISA platform (Carna Biociences). CDK7 and NEK9 
kinase assays were conducted using the off-chip Mobility Shift Assay (Carna 
Biosciences). C-imatinib and c-nilotinib were assayed in vitro for inhibition of 
recombinant full-length c-ABL (Upstate Biotechnology), as described  
previously45. All kinase assays were performed using ATP concentrations that 
approximately equaled the Km of the respective kinase.

Microarray analysis. Information on treatment conditions and data handling can 
be found in the Supplementary Methods.

MYC binding assays. Binding of endogenous c-MYC to its consensus sites was 
assessed by TransAM DNA binding ELISA assays (Active Motif, 43396) according 
to the manufacturer’s recommendations.
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Statistics. Two-tailed t tests were used for statistical analyses, and a difference was 
considered significant when P < 0.05. Further statistical considerations of the  
data-analysis tools used in the manuscript are provided either in the 
Supplementary Methods (for the microarray analysis and SAM analysis tool) or  
in the respective original publications23,25. 
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Abstract
Understanding resistance mechanisms is important for improving therapeutic options 

in cancer. To determine the genomic requirements of the survivin-inhibitor YM155 being 

assessed in various cancer trials, we performed a global gene-disruption approach in 

haploid human cells and identified SLC35F2, an uncharacterised member of the solute 

carrier family, as the central mediator for cytotoxicity. Deletion of SLC35F2 induced a drug-

tolerant cellular state by preventing intracellular drug accumulation. Our results establish

SLC35F2 expression levels as a fundamental biomarker for an effort evaluating the clinical 

efficacy of YM155.

Introduction&Results
Genomic heterogeneity and a high mutational rate are inherent to human cancers 

and facilitate the adaption to environmental stimuli and selective pressures, thus conveying

the acquisition of resistances against therapeutic intervention. Adoption of drug resistances 

is one of the most pressing challenges in treating cancer and is an issue shared by 

conventional chemotherapy as well as by targeted approaches exploiting cancer specific 

dependencies. Consequently, clinical benefits are often disappointing and short-lived.1,2

Classical models of drug resistances include secondary point mutations in the protein target 

of a drug, amplification of the target itself, hyperactivation of downstream- and parallel 

signalling networks or alterations in the tumor microenvironment.3-6 However, drug 

resistances can also occur by alteration of pharmacokinetic parameters. This has been 

predominantly linked to increased activation or expression of efflux pumps of the ABC 

protein group.7 Vice-versa, attenuating the efficacy of a small molecule drug via decreased 

intracellular concentrations can also happen due to a lower uptake levels if a compound 

depends on active or facilitated transport.8,9 To what degree drug-like small molecules are 

subject to transporter dependencies is a very actively debated field of pharmacology.10-13

While systematic assessments in yeast have shown that drug-carrier interactions are 

frequent, these dependencies are less well understood in humans which is attributable,

among others, to increased genomic complexity and thus potential redundancies.14

YM155 (sepantronium bromide, Figure 1A) is a small molecule agent with in vitro

and in vivo anti-tumor activity that is currently in several clinical trials for Non-Small Cell 

Lung Cancer (NSCLC), metastatic breast cancer and Non-Hodgkin’s Lymphoma. Although 

used in patients, the precise mode of action of YM155 remains elusive. Downregulation of 

the anti-apoptotic protein survivin through binding to Interleukin Enhancer-binding Factor 

3/NF110 transcription factor has been suggested as the primary mode of action of YM155 

although recent studies propose induction of DNA damage as an alternative or additional



mode of action.15-17 However, despite a remarkably potency in vitro, the first results of clinical 

trials with YM155 as single agent have proven rather disappointing.18

With the intention of elucidating the molecular logic of YM155-induced cytotoxicity as 

well as uncovering potential genetic roadblocks for its clinical efficacy, we devised a large 

scale insertional mutagenesis approach in the near-haploid human cell line KBM7.19 This 

global gene-disruption approach provides means to create loss of function phenotypes and 

can thus be enabled to uncover the genomic requirements for the action of YM155.

In detail, we heavily mutagenized 1x108 KBM7 cells with a retroviral gene-trap vector that 

inserts randomly into the genome. Insertions occur genome-wide, preferentially at actively 

transcribed genes, disrupt the genomic locus and confer truncations of the underlying 

transcript via a strong spice acceptor site coupled to a stop codon.20 Subsequently, the 

complex mutagenized cell population was selected with 100 nM YM155 which resulted in the 

clonal outgrowth of approximately 1000 resistant colonies. To identify mutations in genes 

causally linked to drug resistance, genomic DNA was isolated from the entire KBM7GT

(genetrapped) pool and sequenced using an inverse-PCR based protocol that was described 

previously.20 We found a striking enrichment for retroviral insertions in a gene coding for the 

Solute Carrier Family Member 35 F2 (SLC35F2) with 122 independent insertion sites 

mapping to that locus (Figure 1B, 1C). In comparison to a large dataset of gene-trap 

insertions of a non selected KBM7 pool, this enrichment was highly significant (p-value =

7.58x10-299). Interestingly, there was no other locus in the genome that showed enrichment 

for retroviral insertions thus suggesting that SLC35F2 is, at the given drug concentrations, 

the dominant genetic determinant of drug sensitivity.

To validate the drug-gene interaction between YM155 and SLC35F2, two 

independent cell lines carrying gene-trap insertions in sense-orientation directly after the first 

exon of SLC35F2 were subcloned (henceforce referred to as KBM7GT1 and KBM7GT2). 

Successful disruption of the underlying genomic locus was shown via a nested PCR strategy 

using two primer pairs flanking the insertion site. A shift correlating with the size of the gene-

trap cassette was specifically observed in both KBM7GT clones but was absent in KBM7WT

cells (Figure 1D). We then assessed the impact of the disruption of the locus on SLC35F2 

transcript levels. We used a RT PCR primer pair binding downstream of the gene-trap 

insertion site to measure SLC35F2 mRNA levels. In line with the successful disruption of the 

genomic locus, transcript levels of SLC35F2 were below the limit of detection for both 

KBM7GT1 and KBM7GT2 compared to KBM7WT cells (Figure 1E). Thus, the retroviral gene-

trap approach generated two isogenic, c loss-of-function clones for SLC35F2. 

This allowed for testing the influence of SLC35F2 gene deletion on YM155 efficacy in 

a dose-dependent manner. To do so, we assayed the impact of YM155 on KBM7WT or 

KBM7GT cells at various concentrations. After three days of drug incubation, we observed an 



approximately 100-fold shift in the half-maximal effector concentration (EC50) of YM155 in 

clones deficient of SLC35F2 as compared to wildtype cells. This shift was not observed 

when using the structurally unrelated control drug nilotinib (Supplementary Figure 1). To 

ultimately prove that the loss of SLC35F2 is causal for the observed resistance to YM155 

treatment, we re-introduced C-terminal Flag-tagged SLC35F2 cDNA for stable expression in 

the KBM7GT1 clone (Figure 2A). We observed a significant shift towards higher sensitivity to 

YM155 in the reconstituted clone (KBM7recon) in three day drug-treatment assays, whereas 

sensitivity to nilotinib remained unaltered (Supplementary Figure 1). As YM155 is affecting

the anti-apoptotic machinery, we went on to assay the potential of YM155 to induce 

apoptosis in this isogenic setup. We treated KBM7WT, KBM7GT1 and KBM7recon cells with 

increasing concentrations of YM155 for sixteen hours. Induction of apoptosis was assessed 

by AnnexinV/PI staining. We monitored a dose-dependent increase of apoptotic cells in 

KBM7WT that was, with the exception of the highest concentration of YM155, completely 

abrogated when compared to KBM7GT1 although the basal level of apoptosis was marginally 

increased in KBM7GT1 cells (Figure 2B). In contrast, re-introduction of SLC35F2 completely 

reverted the phenotype and restored apoptosis-induction to even elevated levels as 

compared in KBM7WT cells. (Figure 2B, Supplementary Figure 2).

We went on to study the effect of SLC35F2 deletion on the YM155 induced 

downregulation of survivin protein levels. Similar to the above described setting, we treated 

all three cell types with increasing concentrations of YM155 for 24 hours. Whereas in 

KBM7WT cells, survivin protein levels were severely reduced post drug treatment, we did not 

observe altered levels in KBM7GT1 cells using the same assay conditions (Figure 2C). Again, 

the reconstituted clone showed a reversed phenotype with an extent of survivin 

downregulation comparable to wildtype cells (Figure 2C). In summary, these results indicate 

that YM155 is entirely dependent on SLC35F2 in its capability to cause apoptotic cell death

and downregulation of the anti-apoptotic factor survivin. 

In order to exclude that this dependency is restricted to KBM7 cells, we aimed to 

transfer the findings to another cell system. Given the clinical settings YM155 has been 

tested in, we have chosen to validate our findings in Ras-mutant A549 NSCLC cells. After 

introducing different lentiviral shRNA hairpins targeting SLC35F2, we found that stable 

knockdown of SLC35F2 caused resistance to YM155 treatment also in these lung cancer 

cells. (Figure 2D, Supplementary Figure 3). In order to investigate if SLC35F2 levels are 

rate-limiting for YM155 induced cytotoxicity also in A549 cells, we retrovirally overexpressed 

C-Flag tagged SLC35F2. Stable overexpression of SLC35F2 in A549 cells resulted in a

hypersensitivity to YM155 treatment in stably overexpressing A549 cells in short- as well as 

long term treatment conditions (Figure 2E, 2F). Thus, the significance of SLC35F2 for the 

toxicity of YM155 is not restricted to KBM7 cells but can be extended also to a clinically 



relevant cell system. Also here, expression levels appear to be rate-limiting for the action of 

YM155.

To investigate whether the observed resistance to YM155 via loss of SLC35F2

protein function could also occur in a gene-trap independent situation, we treated non-

mutagenized KBM7WT cells over a period of three weeks with 200 nM YM155. Subsequently, 

we isolated 65 individual KBM7 cell clones (KBM7YM155R) that were resistant to continuous 

drug exposure. We observed a frequency of monoclonal outgrowth of about 1 in 1x105

initially seeded cells. Notably, 12 out of 12 clones tested remained completely resistant to 

200 nM YM155 also after drug withdrawal for additional 4 weeks (Supplementary Figure 4).

Thus, the resistance mechanism is heritable and is not caused by a dynamic and reversible 

small subpopulation of resistant clones, a phenomenon recently described for lung cancer 

cell line models.21 We sequenced the genomic locus and in parallel assessed the expression 

of SLC35F2 in all 65 isogenic subclones. SLC35F2 expression levels were below the limit of 

detection in the vast majority of the tested clones (Figure 2G). We performed Sanger 

Sequencing of the genomic locus of SLC35F2 in all 65 KBM7YM155R cell lines but failed to 

identify any mutations that could potentially impact mRNA stability. Given the fact that 

SLC35F2 harbours a CpG island in its promoter-region, we went on to study the extent of 

DNA hypermethylation in seven drug-resistant clones compared to sensitive KBM7WT cells. 

However, we did not observe augmented hypermethylation of the SLC35F2 CpG island in

any of the tested KBM7YM155R clones (data not shown). Therefore, the molecular mechanism 

behind the strong convergence on SLC35F2 downregulation in YM155-resistant and non-

mutagenized settings requires further investigation.

Given that the genetic deletion of SLC35F2 completely abrogated the downregulation 

of survivin protein levels and therefore the most immediate known phenotype of YM155

action, we hypothesized a mechanism of resistance that is relatively upstream. SLC35F2 is 

annotated as part of a protein-family that facilitates the transport of nucleotide-sugars 

through biological membranes. As opposed to the majority of SLC35 family members which 

are predominantly characterized via intracellular localisation to the Golgi or the endoplasmic 

reticulum, SLC35F2 and its feline homologue have been reported to localise at the outer cell 

membrane.22,23 In line with that, we assessed if SLC35F2 is facilitating the uptake of YM155 

and if deletion of SLC35F2 would result in altered intracellular concentrations of YM155. In 

order to do so we devised Multiple Reaction Monitoring, a mass spectrometry-based method 

to assay the drug concentrations in KBM7WT, KBM7GT1 and KBM7recon cells after 90 minutes

treatment with 2 μM YM155. We observed a ten-fold decrease in intracellular drug levels in 

KBM7GT1 cells as opposed to KBM7WT cells. Moreover, we found that in the reconstituted 

clone, intracellular drug levels were restored to even higher levels as compared to KBM7WT

cells (Figure 3A). In line with these results, transient overexpression of C-terminal V5 



tagged SLC35F2 in HEK293T cells yielded a fifteen-fold increase in intracellular drug levels 

compared to empty vector control (Figure 3B). Finally, we assessed the dependency of the 

SLC35F2 mediated transport on sodium gradient integrity by blocking the sodium/hydrogen 

exchanger 1 (SLC9A1) channel with amiloride in YM155 uptake experiments. We observed 

a dose-dependent reduction in YM155 uptake upon co-incubation with 0.1 and 0.5 mM 

amiloride, suggesting that SLC35F2 mediated transport through the plasmas-membrane 

depends on a functional Na/H+ gradient (Figure 3C).

Discussion
Forward genetic screens have successfully been used to elucidate mechanisms of 

acquired resistance to targeted anti-cancer therapies and to gain insights into their 

respective mode of action.5,24,25 Here, we have applied a recently developed global gene-

disruption approach in order to identify genes that are functionally required for the survivin 

inhibitor YM155 which is currently under clinical investigation. To our surprise there was only 

a single gene (SLC35F2) that conferred resistance to 100 nM YM155 in two independent 

genetic screens performed on two different mutagenized cell batches. It could be that a 

novel screen performed under conditions of high ectopic expression of SLC35F2 may 

bypass the dominance of this genetic bottleneck and identify other genes required for 

YM155 action. Alternatively, the proposed DNA-damage phenotype elicited by YM155 is a 

process too pleiotropic to be dependent on the action of single gene-products in a non-

redundant fashion and thus prevented the discovery of modulator genes downstream of 

compound-entry. Using isogenic knockout clones we provide evidence for an absolute 

dependency of YM155 on SLC35F2 in order to be able to accumulate in cells, downregulate 

survivin protein levels and induce apoptosis. Given the fact that YM155 is, as single agent as 

well as part of drug combinations, in clinical trials for various different malignancies like 

NSCLC and Non-Hodgkin’s lymphoma, we believe that monitoring intratumoral expression 

levels may serve as an important and mechanistically understood biomarker for clinical 

response and could guide patient and sub-tumour type stratification. Interestingly, SLC35F2 

has been found to be upregulated more than 20-fold (p-values:1.28x10-12 and 3.65x10-5) in 

cassic- as well as desmoplastic medulloblastoma as compared to normal brain tissue and 

upregulation was also reported in glioblastomas.26,27 Thus, using YM155 or derivatives 

thereof with a retained dependency on SLC35F2 could potentially serve as a novel 

therapeutic strategy for tumour specific targeting of these brain malignancies. Notably, a

better understanding of the biological role and specificity of this upregulation in the context of 

tumour initiation or maintenance would require further investigation with a particular focus on 

identifying the endogenous ligand(s) transported by SLC35F2.



Performing clinical evaluation of a candidate drug oblivious of what appears to be an 

absolutely limiting factor of drug accessibility raises important questions on our current 

knowledge prioritization for investigational new drug applications.



Materials and Methods

Cell lines and reagents

A549 and HEK 293T cell lines were obtained from the American Type Culture Collection and 

were cultured in DMEM +10% FCS. YM155 and nilotinib were purchased from Selleck 

Chemicals (Houston, TX, USA) and LC Laboratories (Woburn, MA, USA). Lentiviral shRNA 

vectors targeting SLC35F2 were purchased from Open Biosystems and are part of the TRC 

collection.

Haploid genetic screen and sequence analysis
Haploid genetic screening was essentially performed as described recently.20 In brief, virus 

was produced by transient transfection of the gene-trap plasmid along with packaging 

plasmids using Lipofectamine 2000 (invitrogen) in low-passage HEK 293T cells. Virus was 

concentrated via ultracentrifugation and used to mutagenize 1x108 KBM7 cells via 

spinfection. The mutagenized pool was expanded for another week. Subsequently 1x108

genetrapped cells were selected with 100 nM YM155 in 96 well plates (1x105 cells 

seeded/well). Drug resistant clones were pooled after 10 days of drug exposure, collected in 

a T175 flask and expanded to a total cell number of 3x107 cells. Genomic DNA was isolated 

and retroviral insertion sites were detected via an inverse PCR protocol adopted to next 

generation sequencing.20 The significance of the enrichment of insertions in a given gene 

was calculated by comparing the number of insertions of the YM155 selected population with 

an unselected, larger control dataset using the one-sided Fisher’s exact test. The resulting p-

values were false-discovery rate corrected.

Subcloning of SLC35F2 deficient KBM7 mutant cell line
Due to the high mutational burden of SLC35F2 in the YM155 selected pool (approximately 

16% of all mapped insertions clustered in the SLC35F2 gene), no serial subcloning strategy 

was required. Instead, KBM7GT cells were seeded at a density of 0.1 cells/well in 384 well 

plates. Monoclonal colonies were then propagated to 96 well plates and DNA was isolated 

when 96 wells were near confluent from 60 KBM7GT clones. A nested PCR strategy 

(sequence of primers upon request) was conducted in order to identify clones harbouring a 

retroviral insertion directly after the first exon of SLC35F2. For final confirmation of genetrap-

localization, the identity of the resulting PCR-product was confirmed by Sanger sequencing.

Determination of intracellular drug levels via multiple reaction monitoring
For YM155, 2x106 cells of each assessed genotype (KBM7WT, KBM7GT1 and KBM7recon) have 

been treated with 2μM YM155 for 2 hours at 37°C. Subsequently, cells have been washed 



three times with ice-cold PBS and directly lysed in 300 μl 80% ice-cold methanol. Lysates 

were then cleared by centrifugation for 20 minutes at 4°C at 16000 g, supernatants were 

used for subsequent quantifications by MS. MRM settings were automatically generated 

using the IntelliStart software (Waters) and quantification was conducted based on the 

intensity of three daughter ions.

Viability assays
Cellular Viability was assayed using the Cell titer glo assay (Promega) according the 

manufacturer’s recommendations. Standard assay setup consists of 72 hours drug exposure 

at various concentrations with 10000 or 3000 cells seeded initially (for 96 or 384 well plates).

EC50 determination and curve fitting was conducted using Graphpad-Prism software.

Apoptosis assays
Induction of apoptosis was determined sixteen hours post drug exposure using the PE 

Annexin V Apoptosis Detection Kit I (BD PharmingenTM) following the manufacturer’s 

recommendations.

Lentiviral knockdowns
Lentiviral shRNA constructs from the TRC library have been ordered at Open Biosystems. 

Virus-production has been conducted using HEK293T producer cells in 6 wells 

cotransfecting lentiviral packaging plasmids. Successfully transduced target cells have been 

selected with 5 ng Puromycin/ml culture medium continuously for five days.
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sequencing. S.K. gave experimental advice. T.R.B. codesigned study and gave experimental 

advice. G.S.F. codesigned and supervised the study and wrote the manuscript.



Figure Legends

Figure 1 (A) The chemical structure of YM155. (B) Circos Plot depiction of sequencing 

results. Every gene that has been mapped with at least one insertion is depicted as a circle,

the localization of which is based on its chromosomal position. The size of a circles 

correlates with the number of insertions that were mapped for that respective gene. P-values 

decrease from in-to outside and are depicted as log10(-log10) values. (C) All mapped 

insertions in the SLC35F2 locus. Red triangles mark insertions that are in sense orientation 

compared to SLC35F2, blue triangles mark antisense orientations. (D) SLC35F2 locus 

disruption PCR of KBM7-WT, SLC35F2GT1, SLC35F2GT2. (E) SLC35F2 mRNA levels in 

KBM7-WT, SLC35F2GT1, SLC35F2GT2.

Figure 2 (A) Flag immunoblot of total cell lysates of KBM7-WT, SLC35F2GT1 and

SLC35F2recon that is stably reconstituted with C-terminal Flag tagged SLC35F2. (B) Induction 

of apoptosis depicted by Annexin-V histograms after treatment of KBM7-WT, SLC35F2GT1

and SLC35F2recon with different concentrations of YM155. (C) Immonoblot for survivin levels 

of KBM7-WT, SLC35F2GT1 and SLC35F2recon cells exposed to various concentrations of 

YM155 (D) Colony formation assays of A549 cells stably transduced with a lentiviral shRNA 

hairpin targeting SLC35F2 or a non-targeting control hairpin in the presence of 40 nM and 80 

nM YM155. (E) Cellular viability of A549 cells stably overexpressing SLC35F2 and an empty 

vector control after 72 hours of exposure to various concentrations of YM155. Results 

represent the mean ± s.d. of triplicates (F) Colony formation assays of A549 cells stably 

overexpressing SLC35F2 and an empty vector control in the presence of 20 nM YM155. (G)
SLC35F2 mRNA expression levels in all 65 KBM7YM155R resistant cells normalized to the 

expression in non-selected KBM7-WT cells.

Figure 3 (A) Intracellular YM155 levels as determined with multiple reaction monitoring 

(MRM) in KBM7-WT, SLC35F2GT1 and SLC35F2recon cells exposed to 2μM YM155 for 90 

minutes. Results represent the mean ± s.d. of triplicates (B) Intracellular YM155 levels as 

determined with MRM in HEK293T cells stably overexpressiong C-V5 tagged SLC35F2 or 

empty vector control. Results represent the mean ± s.d. of triplicates (C) Intracellular YM155 

levels as determined with MRM in KBM7-WT cells upon co-incubation with 0.1 and 0.5 mM 

amiloride. Results represent the mean ± s.d. of triplicates 



Supplementary Figure Legends

Supplementary Figure 1
Cellular viability of KBM7WT, KBM7GT1 and KBM7recon cells after 72 hours of exposure to 

various concentrations of YM155 (A) and nilotinib (B). Results represent the mean ± s.d. of 

triplicates.

Supplementary Figure 2
FACS density plots of KBM7WT, KBM7GT1 and KBM7recon cells after 16 hours of exposure to 

various concentrations of YM155 depicting PI and annexin V signal intensities.

Supplementary Figure 3
(A) SLC35F2 mRNA levels of A549 cells stably transduced with shRNA hairpins targeting 

SLC35F2. Values are normalized to a non-targeting control sh-RNA and represent the mean

± s.d. of triplicates. (B) Colony formation assays of A549 cells stably transduced with a 

lentiviral shRNA hairpin targeting SLC35F2 or a non-targeting control hairpin in the presence 

of 20 nM, 40 nM and 80 nM YM155.

Supplementary Figure 4
Cellular viability of 12 different KBM7YM155R clones after 72 hours exposure to 200 nM YM155 

after being expanded over a period of four weeks in drug-free media. Results represent the 

mean ± s.d. of triplicates.
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4 Concluding Discussion 

4.1 Contribution to the field of Cancer Chemical Biology 

The highly complex and variable genetic make-up provides a cancer cell with a competitive 

advantage in growth and proliferation over other, non-malignant cells. These competitive 

advantages are conferred by a collection of phenotypic traits, collectively referred to as the 

“hallmarks of cancer”. (Hanahan and Weinberg, 2011) However, these properties might also 

come at a certain price of a cancer-specific disadvantage and dependencies in distinct 

environmental conditions. (Kaelin, 2005) The idea of molecularly designed and personalized 

medicine is to uncover these disadvantages in a genotype-specific manner using, among 

others, phenotypic screens based on small molecule- or genetic perturbing agents. 

Knowledge derived thereof can subsequently be transposed into new therapeutic 

approaches.  

Here, we employed experimentally different but conceptually unifying approaches to identify 

or further explore vulnerabilities of human malignancies of different origins like Ewings 

sarcoma or chronic myeloid leukemia. We used state-of the art target deconvolution 

approaches consisting of chemical proteomics, phosphoproteomics, transcriptomics and 

haploid genomics in order to explain efficacies of drugs or drug combinations. Collectively, 

we believe that the work presented here sheds light on the complex mechanisms that are 

caused by- or required for small molecule compounds in order to elicit a cellular response. 

Of note, we believe that our work highlights the even increased complexity if a cellular state 

is challenged with a combination of small molecule perturbing agents. As already mentioned 

in the introduction, there is a large conceptual overlap between performing chemical-

genetics focused screens to identify resistance mechanisms to a given drug of interest and 

to systematic survey for compounds that show a non-additive effect when being combined 

with that same compound. Therefore we hope that in follow up studies, such complementary 

gene-drug and drug-drug interaction profiles will be integrated more frequently in order 

improve the understanding of mechanism of action of existing cancer drugs and thus also of 

the cancer-specific rewiring of essential signaling networks.  

In the following subchapters 4.2 - 4.4, the projects that constitute the presented work are 

discussed in more detail. 
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4.2 A kinase inhibitor-focused small molecule screen to identify novel 
vulnerabilities in Ewings Sarcoma  

Ewings sarcoma is a pediatric bone-cancer with poor long-term survival rates that is 

molecularly characterized by the expression of the naturally non-occurring fusion-

transcription factor EWS-FLI11. (Delattre et al., 1992) Given the non-favorable side effects 

that are observed with the current chemotherapeutic treatment regimens, we aimed at 

finding novel therapeutic intervention points using a panel of two hundred kinase inhibitors, a 

large and well studied class of targeted small molecule agents. We identified, among others, 

a striking vulnerability of Ewings Sarcoma cell lines SK-N-ES and SK-N-MC to two small 

molecules danusertib and tozasertib that are known to be highly promiscuous and, among 

others, to target all three aurora kinases A, B and C. We extended our toxicity studies to 

other Ewings sarcoma cell line models as well as to cell lines model of other pediatric 

cancers like medulloblastoma or rhabdomyosarcoma and found out that the observed 

efficacy of danusertib and especially tozasertib is limited to Ewings sarcoma cell lines. In 

order to derive the specific target spectrum of tozasertib in these highly vulnerable cell lines, 

we employed a direct chemical proteomics approach. Thus, we devised a coupleable 

analogue of tozasertib that we used to generate a drug-affinity matrix suitable for enrichment 

of binding proteins. Our subsequent target deconvolution highlighted both aurora kinases A 

and B as relevant for the observed phenotypes as all other kinases that are bound by 

tozasertib were covered by other compounds of our initial screening library. Intriguingly, 

aurora kinases have been shown to be directly upregulated by EWS-FLI11. We thus 

assayed for a synthetic-lethal like interaction between EWS-FLI11 and aurora kinases. To do 

so, we made use of a cell line featuring an inducible knockdown of EWS-FLI11. As expected, 

both aurora kinases were downregulated on protein levels upon induction of EWS-FLI11 

knockdown which interestingly was accompanied by a reduced sensitivity to treatment with 

tozasertib. Hence, it appears that the high sensitivity of ES cell lines to tozasertib and 

danusertib is actually directly connected to the genotype that is molecularly characterizing 

Ewings sarcoma. A similar drug-genotype interaction has recently also been established for 

Ewings sarcoma and PARP-inhibitors. (Barretina et al., 2012) Importantly, we could show 

that the polypharmacologic features of tozasertib, that we have extended further via our 

chemical proteomics experiments, is favorable for the observed efficacy in Ewings sarcoma. 

Using RNAi mediated knockdown experiments we observed that knockdown of aurora 

kinase A or B alone only marginally impairs cellular viability while parallel genetic 

perturbation increases the observed cytotoxicity. In line with that, another study that 

assessed the efficacy of the aurora kinase A specific inhibitor MLN8237 in pediatric cancers 

did not reveal a preference in killing Ewings sarcoma cell lines but rather an increased 
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sensitivity of neuroblastoma- and acute lymphoblastic leukemia models to MLN8327. (Maris 

et al., 2010) Collectively this suggests that the polypharmacologic features of tozasertib 

allowed for modulating of (at least) two different disease-relevant nodes simultaneously and 

that the observed exquisite vulnerability of Ewings sarcoma cell lines to tozasertib results 

from an intrinsic synergy elicited by inhibiting aurora kinases A and B simultaneously. 

Interestingly, we could further boost the efficacy of tozasertib in ES cell lines by combining it 

with genotoxic drugs like etoposide and doxorubicin that both are part of the current 

chemotherapeutic standard treatment. Hence, additional targeting of the genotoxic stress 

phenotype further increased the vulnerability of ES to pharmacologic inhibition of aurora 

kinases A and B. Finally, we could also prove efficacy of tozasertib in an in-vivo setting by 

conducting mouse xenograft experiments. We observed a dose-dependent, significant (p-

value<0.05) impairment of tumor growth in vivo. However, as compared to the high efficacy 

that we observed in vitro, the effect observed in the xenograft experiments was rather 

disappointing. We believe that this is mostly attributable to the fact that we have chosen 

intraperitoneal injection of VX-680 as application method which might impair on the 

pharmacokinetic properties of VX-680 as compared to other application methods that have 

been used in the literature before. (Harrington et al., 2004) In light of more recent studies 

that were published after our approach and which suggested a significant impact of the 

timing when using kinase-inhibitors in combination with chemotherapeutic agents, it could be 

highly valuable to further extend our combination studies. (Lee et al., 2012) As already 

mentioned in the introduction, Lee and colleagues could show that priming of triple-negative 

breast cancer cells with inhibitors of EGFR renders them significantly more susceptible to 

pharmacological induction of DNA damage as compared to simultaneous application. As all 

of our combination studies have been conducted using a parallel treatment strategy, it 

appears tempting to check if switching to a sequential application strategy would alter the 

vulnerability of ES in either direction.  

We believe that this approach illustrates the potential advantages of using small molecule 

chemical perturbing agents in phenotypic screens as opposed to genetic approaches. If 

coupled to state of the art downstream target deconvolution, this experimental setup also 

allows identifying phenotypes that are caused by targeting entire relevant networks if the 

employed small molecules feature a sufficient polypharmacology. Polypharmacology is an 

inherent feature of most small molecules but has been studied extensively for kinase 

inhibitors. (Knight et al., 2010; Rix and Superti-Furga, 2009) The elicited higher-order 

perturbation would unlikely be reflected in a comparable manner in genetic experiments. 

Genetic screens usually try to eliminate off-target effects by only focusing on groups of e.g. 

shRNA hairpins targeting the same gene if all or at least most of the hairpins yield the 
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phenotype of interest. (Jackson et al., 2003) As it is unexpected that independent hairpins 

that are designed to target the same gene also feature comparable unifying off target effects 

on the same secondary target, the complex effects of perturbing a cellular state with small 

molecules or even combinations thereof is hard to be phenocopied with RNAi. Thus, 

interrogating biological systems like cancer with small molecules harbors unique values that 

justify the challenges that are most often encountered in target deconvolution approaches 

following the initial phenotypic screens. 

4.3 Deriving a systems-level understanding of a novel drug synergy in 
imatinib- resistant chronic myeloid leukemia  

As already mentioned above, the acquisition of resistances to drugs is a major problem in 

the treatment of cancer. Given its paradigmatic role as a targeted treatment regimen, 

mechanisms that confer resistance against imatinib are among the best studied ones. 

(Lamontanara et al., 2012) Imatinib has yielded clinical excitement for its ability to target the 

fusion kinase BCR-ABL. BCR-ABL results from a reciprocal translocation between 

chromosomes 9 and 22 and its expression hallmarks the clonal hematopoietic disease 

chronic myeloid leukemia. Inhibition of BCR-ABL via imatinib blocks the aberrantly induced 

downstream signaling pathways (STAT5, MAPK, PI3K) and consequently induces death of 

the leukemic cells. Thus, imatinib also serves as a classical example for a drug exploiting the 

concept of oncogene-addiction.(Luo et al., 2009b; Weinstein, 2002) Clinically, it induces a 

complete remission and prolonged lifespan in the majority of patients. (Druker, 2004) One of 

the genomic aberrations causing resistance to imatinib with the most dismal prognosis is the 

so called gatekeeper mutation that changes the amino acid at position 315 from a threonine 

to a bulkier isoleucine residue. This single amino acid change prevents not only binding of 

imatinib but also of all other clinically approved CML drugs. The physical interaction between 

BCR-ABLT315I and the respective drugs is sufficiently abrogated and neither of the 

compounds remains, at concentrations that are achievable in terms of plasma levels in 

patients, capable to inhibit BCR-ABL signaling. We thus set out in order to systematically 

probe for drug-drug interactions of BCR-ABL inhibitors that are either already approved for 

the treatment of CML or are in later stage clinical trials. Knowing that most kinase inhibitors 

are of promiscuous nature, we hypothesized that two compounds of an initially lower efficacy 

could nevertheless be exploited for their synergistic potential, given their polypharmacologic 

nature. As this drug-resistant form of CML also represents a high medical need we aimed to 

use compounds that have already been assessed and proven to be safe in humans, thus 

potentially shortening the distance between bench and bedside.  
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Using a combinatorial screening approach, we could identify as striking synergistic 

interaction between the two multi-kinase inhibitors danusertib and bosutinib. At the point of 

our initial discovery, both agents were in later stage clinical trials for potential second-line 

treatment option for patients that relapsed from imatinib treatment. Interestingly, bosutinib 

was meanwhile clinically approved for this indication. We validated our initial finding in 

primary mouse- and human patient cells. Surprisingly, the synergy was not observed in CML 

models harboring non-mutant BCR-ABLWT. Potential reasoning for that can be found in the 

discussion of the manuscript (chapter 3.2.) In analogy to our finding that Ewings sarcoma 

was highly vulnerable to treatment with tozasertib (chapter 3.1) we were again in need to 

device a deconvolution strategy to molecularly understand the observed phenotype. 

However, in this case the combined perturbation was of increased complexity, thus we 

devised a multi-level target deconvolution approach. In detail we again set out to charter 

binding partners of bosutinib and danusertib in a proteome-wide fashion using direct 

chemical proteomics. To be able to capture and additional dimension, we also monitored 

global alterations in the phosphoproteome and the transcriptome upon single- or combined 

treatment with either of the two agents. Each of these holistic approaches alone provided 

valuable insights into the “molecular footprints” left by danusertib and/or bosutinib. However, 

we found that the, to some extend orthogonal approaches, significantly increase their value 

when being intersected with each other. Regarding the quality of the derived data, it is 

important to distinguish that chemical proteomics derives a direct and physical link between 

the perturbing agents and the molecular machines it interacts with. On the downside, this 

dataset lacks the functional downstream consequences that are caused by that interaction. 

Vice-versa, phosphoproteomics-signatures mirror the direct biochemical consequences after 

drug impact. Of note, when comparing the two time points we used to assess the alterations 

in the phosphoproteome, we found the early fifteen-minutes- much more informative than the 

late six hours time point. In order to integrate these two proteomics centered approaches, we 

have used protein network analysis to derive targeted complexes. We then correlated bound 

protein complexes with altered phosphorylation patterns using pathway analysis tools in 

order to uncover affected signaling pathways and networks. To our surprise, this analysis 

revealed that both compounds heavily impinge on the MAP kinase signaling network in a 

non-redundant manner. It turned out that this was due to previously not appreciated off-

target effects of both agents. Finally, we integrated this data with changes in the 

transcriptome measured after six hours of drug treatment. As opposed to the relatively early 

time point that we used to assess affected phosphorylation signatures, this time point 

allowed for capturing the even more downstream cellular response. Again, we believe that in 

qualitative terms, there are strong differences between data that is derived from 

phosphoproteomics and transcriptomics analysis. This is partly due to the fact that the vast 
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majority of all phosphorylation sites actually lack a known function or biological meaning. 

Thus, a decrease in a given phosphorylation site does not necessarily imply that the function 

of the relevant protein or the relevant pathway is attenuated. In contrast, a change in the 

transcriptome depicts the impact of a perturbing agent as it is translated into a functional 

consequence by the cellular system. In that understanding, we hypothesized that the best 

way to integrate this transcriptome-derived “cellular interpretation” with our biochemical 

perturbation data would be to cluster the approximately 600 up- and downregulated genes 

based on the transcriptional regulators that govern their expression. In order to do so we 

made use of the Molecular Signature Database (MSigDB) as well as of a more unbiased 

approach, the Gene Set Enrichment Analysis (GSEA) that assesses changes on a 

transcriptome-wide scale without prior filtering for significantly altered genes. (Subramanian 

et al., 2005) Interestingly, c-MYC, one of the best-studies master regulators of gene 

expression, was in both assessments the most significantly affected transcription factor. 

Thus, using two complementary approaches, we could reduce the complexity from an initial 

transcriptome-wide scale down to essentially a single transcription factor molecularly 

governing these alterations. Notably, among a multitude of posttranslational modifications c-

MYC is also phosphorylated via the MAP kinase pathway and this phosphorylation has been 

shown to play a role in protein stability as well as transcriptional activity. We could show that 

this phosphorylation on serine 62 is reduced upon combined treatment with danusertib and 

bosutinib. This goes along with a reduced binding affinity of c-MYC to consensus target sites. 

Finally, we also showed, using pharmacologic inhibition of BRD4, that downregulation of c-

MYC also impacts on cellular viability. C-MYC has a prominent role in a variety of cancers 

and acts, as recently described, as a general amplifier of oncogenic signaling. (Lin et al., 

2012) In line with our findings, it also has been shown that c-MYC is an essential gene in 

CML cell lines as well as that it is required for BCR-ABL mediated cellular transformation. 

(Luo et al., 2008; Sawyers et al., 1992)  

We believe that our approach to functionally dissect the impact of a combined chemical 

perturbation on a cellular system harbors a multitude of advantages and is capable of 

capturing the systematic response in a comprehensive way. We used chemical proteomics 

as well as phosphoproteomics and transcriptomics in order to recapitulate the dynamics of 

the perturbation caused by combined treatment with danusertib and bosutinib. This lifecycle 

starts from the physical binding of both small molecules to their protein targets. For that 

purpose, chemical proteomics proved to be a formidable approach and can be, if coupled to 

bioinformatics analysis, used to charter entire molecular networks that are physically linked 

to the small molecules of interest. For our analysis, the unbiased nature of that approach 

was highly valuable as it allowed identifying the multiple off targets that impinge on the 

MAPK signaling network. Of note, bosutinib was previously known as a dual ABL/pan-SRC 
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inhibitor whereas danusertib was primarily appreciated as aurora kinase inhibitor. Thus, the 

multiple off target binding effects were neither known nor predictable. As already mentioned 

before, the binding of a protein to a drug-affinity matrix does not necessarily imply an 

enzymatic inhibition by that small molecule. Hence, we supported our chemical proteomics 

findings in a focused manner using in vitro kinase assays as well as in another unbiased 

fashion using quantitative, global phosphoproteomics. In order to deduce a comprehensive 

meaning from the approximately 700 phosphorylation sites that were mapped and quantified 

after single-or combined drug treatment, we applied a clustering algorithm that groups 

similarly altered sites together. Focusing on those groups that were, independent of the 

effect of either of the single compounds on that site, downregulated in the drug combination 

again highlighted the MAPK pathway as a hotspot for functional target inhibition. Therefore, 

in terms of the “lifecycle” of the chemical perturbation, we supported the binding affinities 

measured via chemical proteomics with a biochemical cellular response. The final 

intersection with the alterations measured in the transcriptional output of the affected system 

provided those biochemical measurements with a biological and functional meaning in terms 

of downregulation of c-Myc target genes. We think that our systems-biology focused 

approach outlined here can be a role-model for further target deconvolution strategies 

downstream of phenotypic small molecule screens or can be applied in order to derive a 

better understanding for drugs already used to treat patients with or without a known target. 

Phosphoproteomics was in our case specifically suited for supporting binding data with a 

biochemical impact as we investigated kinases as drug binding partners. However, also 

other posttranslational marks like acetylation or methylation can be assessed in an unbiased 

and quantitative manner and could therefore substitute for phosphoproteomics based on the 

nature of the captured protein target. (Choudhary et al., 2009; Uhlmann et al., 2012) 

Moreover, our approach is not limited to cancer as a biological framework but can 

theoretically be applied to any biological question of interest. Additionally, it is not 

necessarily limited to cytotoxic compounds but can rather be coupled downstream of any 

phenotypic screen of interest. 

A potential bottleneck might be the dependence on state of the art equipment where access 

to high-resolution mass spectrometry is key to successful chemical proteomics and 

phosphoproteomics results. Moreover, as described in 1.7.2, chemical proteomics also 

depends on a derivatisation of the compound of interest and thus also access to chemistry. 
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4.4 A haploid genetic screen identifies a novel genetic requirement of 
YM155 on the solute carrier SLC35F2 

A functional understanding of resistance mechanisms to small molecule cancer therapy is of 

utter importance in order to device biomarkers for patient stratification. It should allow for the 

prediction of the clinical efficacy of a given compound based on the genetic wiring in a 

patient-specific manner. As already mentioned in the introduction, forward genetic screens 

have yielded important insights into various resistance mechanisms to targeted cancer 

therapies. Although some of these studies were based on stable overexpression of 

collections of cDNAs, functional genetics using transient or stable knockdown via RNAi have 

most extensively been used. (Huang et al., 2012; Johannessen et al., 2010; Prahallad et al., 

2012) However, RNAi-based approaches also suffer from several drawbacks well known to 

the scientific community. To begin with, transient as well as stable knockdowns only yield a 

partial reduction in the expression level of the targeted gene product. For some applications, 

this is potentially not sufficient to elicit a given response or cellular output. Moreover, off 

target effects inherent to siRNA as well as shRNA are an additional source for the 

misinterpretation of an observed phenotype. (Jackson et al., 2003) At least to a certain 

degree, these off target effects are also causative for the generally low overlap and inter-lab 

reproducibility that have been linked to different RNA-interference based studies recently. 

For instance, these issues have been observed when three different labs employed genome-

wide RNAi studies in order to find cellular host factors essential for HIV replication. Although 

each of these approaches yielded approximately around 300 hits, the datasets overlapped in 

as little as four candidate genes. (Brass et al., 2008; Konig et al., 2008; Zhou et al., 2008)  A 

comparably low overlap of candidate genes was also observed when different groups used 

genome-wide RNAi strategies in order to molecularly define the synthetic-lethal 

dependencies of Ras-mutant cancers. (Barbie et al., 2009; Luo et al., 2009a; Scholl et al., 

2009) Even more, STK33, the top hit emerging of the genome-wide screen published by 

Scholl et al was meanwhile confuted to feature a synthetic-lethal interaction as a custom-

designed inhibitor with selectivity for STK33 (BRD-8899) failed in killing in a Ras-mutant 

genotype selective manner. (Luo et al., 2012) 

Given these drawbacks, we decided to make use of an alternative genetic approach in order 

to find genes that are essential for the anti-cancer activity of a drug of interest. Retroviral 

insertional mutagenesis screens have proven to be extremely powerful when performed in a 

near haploid cell line called KBM7. This approach has been pioneered in order to find host 

factors required for various bacterial toxins and viruses. (Carette et al., 2009; Carette et al., 

2011a; Carette et al., 2011b) The particular strength of this setup is explained by the fact 

that, given the haploid karyotype of the cells, an insertion of the genetrap vector, equipped 
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with a strong splice-acceptor site, confers a complete disruption of the genomic locus, thus 

yielding truncation of the underlying transcript. Therefore, this approach is capable of 

yielding loss-of function or “knockout” clones. This comes with several advantages. First, off-

target effects that are, as described above, a major issue in RNAi based screening 

approaches are completely eliminated. The site of the retroviral insertion of thousands of 

clones can be precisely mapped in a pooled fashion using next generation sequencing. 

(Carette et al., 2011a) Moreover, whereas RNAi based approaches often suffer from 

incomplete target gene repression, haploid genetics usually confers a complete loss of 

function and thus creates a scenario of a complete gene-deletion. (Carette et al., 2009) 

We decided to make use of this approach in order to find the genomic requirements of the 

clinical anti-cancer compound YM155. YM155 has initially been described as an inhibitor of 

the anti-apoptotic protein survivin as it downregulates survivin on transcript-and protein 

levels. (Nakahara et al., 2007) Consequently, it was shown to induce apoptotic cancer cell 

death in a variety of cell lines and in-vivo xenograft experiments, as single agent but also in 

combination experiments. (Nakahara et al., 2007; Yamanaka et al., 2011) Given the 

pronounced efficacy of YM155 in preclinical settings, it has been evaluated in several phase 

I and II clinical trials. (Giaccone et al., 2009; Satoh et al., 2009) Currently, it is investigated 

for its clinical efficacy in NSCLC, Melanoma and Non-Hodgkin’s Lymphoma 

(www.clinicaltrials.gov). We reasoned that a haploid genetic screen could potentially shed 

further light on the rather unclear molecular mode of action of YM155 as well improve the 

understanding of its rather modest clinical efficacy. (Giaccone et al., 2009; Glaros et al., 

2012; Tolcher et al., 2012; Yamauchi et al., 2012) 

Surprisingly, we could only identify a single gene that was highly significantly enriched for 

gene trap insertions. This gene (SLC35F2) belongs to the family of solute carriers, a large 

family of genes that evolved in order to transport metabolites and xenobiotics through 

biological membranes. (Hediger et al., 2004) We could show that the insertions which 

predominantly occurred directly after the first exon of SLC35F2 indeed conferred a complete 

knockout of SLC35F2. Deletion of SLC35F2 significantly abrogated the cytotoxicity and the 

potential to induce apoptosis of YM155 in a dose dependent manner. We extended our 

findings to other cell lines. The Ras mutant A549 NSCLC cell line proved to be resistant to 

YM155 upon stable knockdown of SLC35F2 whereas overexpression of SLC35F2 in the 

same cellular background confers a hypersensitivity to YM155. We could furthermore show 

that downregulation of SLC35F2 also happens in a genetrap independent manner in 

KBM7WT cells in response to treatment with YM155. In fact, as 57 out of 65 assayed YM155 

resistant clones dropped in SLC35F2 expression levels below the limit of detection, we 

believe that acquired downregulation of SLC35F2 is, in the tested setting, the predominant 

mode of resistance also in non-mutagenized cells. However, the exact molecular mechanism 
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behind that downregulation remains elusive. Our initial efforts to sequence the genomic 

locus of SLC35F2 failed to identify any mutations and a subsequent bisulfate-sequencing 

strategy did not reveal increased DNA methylation in the CpG island located in the promoter 

region of SLC35F2.

There are several other options potentially explaining the observed downregulation of 

SLC35F2 in KBM7WT cells that we did not assess in detail yet. First, we restricted our 

analysis to identify potential DNA hypermethylation in the drug resistant clones to the CpG 

island in the SLC35F2 promoter. However, DNA hypermethylation does not necessarily have 

to converge to that regulatory region alone. Other putative regulatory elements, especially 

enhancers of transcription, could have a distant localization that would not have been 

revealed by our focused sequencing strategy. In order to detect such aberrations in an 

unbiased manner, we would have to employ genome-wide bisulfate sequencing on each of 

the drug-resistant populations. However, SLC35F2 could also be silenced via other 

mechanisms of heterochromatin formation like an increase in repressive histone 

modifications (H3K9me3, H3K27me3, H3K20me3). Notably, the loss of SLC35F2 could also 

occur due to genetic or epigenetic aberrations in regulators governing the transcription or the 

mRNA stability of SLC35F2. However, given the fact that there was not a single other gene 

that showed enrichment for retroviral insertions, the non-redundant involvement of another 

factor in this process is rather unlikely.  

Finally, given the annotation of SLC35F2 as solute carrier, we assessed if the intracellular 

concentrations of YM155 are altered as a consequence of deletion of SLC35F2. Interestingly, 

this was the case as we observed an approximately ten-fold decrease in intracellular YM155 

levels in clones deficient of SLC35F2. We could rescue this effect upon stable reconstitution 

with SLC35F2 cDNA. This was somewhat surprising as the SLC family 35 is collectively 

annotated as nucleoside sugar transporter family. (Hediger et al., 2004) Intriguingly, while 

most of these family members feature a cytoplasmic localization at the Golgi or the 

endoplasmic reticulum, SLC35F2 and its feline homologue have been described to be 

localized at the cell surface. (Sarangi et al., 2007) Moreover, the structure of YM155, the 

now only known cargo of SLC35F2, does not feature any similarity to nucleoside-sugars. 

This opens up the possibility that the molecular function of SLC35F2 is potentially not 

correctly reflected by its annotation which itself is entirely based on sequence similarity. 

Further studies need to be conducted in order to derive a better understanding of the 

spectrum of metabolites and drugs that are transported by SLC35F2.  

In my thesis, we have employed a genetic screen in order to dissect genes that are 

functionally required for the mechanism of action of the clinical anti-cancer compound 

YM155. Our genome-wide efforts converged on a single gene that facilitates the transport of 

YM155. The fact that genetic manipulation of only the uptake and thus the most upstream 
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component of the “lifecycle” of YM155 can rescue from its cytotoxicity tempts to hypothesize 

that it features a very broad and deleterious mechanism of action that cannot be attenuated 

by deletion of any other gene. Likewise, other compounds that impinge on the anti-apoptotic 

machinery of a cancer cell have yielded different results in haploid genetic screens. The 

BCL-2 inhibitor ABT737 has for instance been shown to critically depend on the pro-

apoptotic genes BAX and NOXA. (Carette et al., 2011a) Thus, these results properly reflect 

the impairment of the anti-apoptotic machinery by Abt737. Given that, a genotoxic mode of 

action which has recently also been attributed to YM155 appears a feasible explanation for 

the almost digital outcome of the genetic screen. Because of the absolute dependency of 

YM155 on SLC35F2, we believe that monitoring the expression levels of the transporter 

could be highly valuable in terms of patient stratification for further clinical trials. 
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5 Abbreviations

3-BrPA  3-bromopyrovate 

ABC  ATP binding cassette 

ABCB1 ATP-binding cassette sub-family B member 1 

ABCC1 ATP-binding cassette sub-family C member 1 

ABCG2 ATP-binding cassette sub-family G member 2 

ABL  Abelson murine leukemia viral oncogene homolog 1 

ABPP  activity based protein profiling 

ALK  anaplastic lymphoma receptor tyrosine kinase 

ATP  Adenosine triphosphate 

BAX  BCL2-associated X protein 

BCL-2  B-cell CLL/lymphoma 2 

BCL-XL B-cell lymphoma-extra large 

BCR  Breakpoint cluster region 

BCRP1 breast cancer resistance protein 1 

B-RAF  v-raf murine sarcoma viral oncogene homolog B1 

BRD4  bromodomain containing 4 

CCCP  compound centered chemical proteomics 

CDK  cyclin dependent kinase 

cDNA  complementary DNA 

c-KIT  v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

CML  Chronic Myeloid Leukemia 

COT  Cancer Osaka thyroid oncogene 

C-RAF  V-raf-1 murine leukemia viral oncogene homolog 1 

DHFR  dihydrofolate reductase 

DNA  Desoxyribonucleic acid 

EGFR  endothelial growth factor receptor 

EML4  echinoderm microtubule associated protein like 4 

ES  Ewings Sarcoma 

EWS  Ewing sarcoma breakpoint region 1 

FLI1  Friend leukemia virus integration 1 

GE-HTS gene expression high throughput screening 

GIST  gastrointestinal stromal tumor 

GSEA  Gene Set Enrichment analysis 

HDAC  histone deacetylase 
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HER2  v-erb-b2 erythroblastic leukemia viral oncogene homolog 2  

neuro/glioblastoma derived oncogene homolog (avian) 

HGF  hepatocyte growth factor 

HIP  haplo-insufficiency profiling 

HIV  human immunodeficiency virus 

HOP  homozygous profiling 

HSP90  Heat shock protein 90 

iTRAQ  isobaric tag for relative and absolute quantitation 

JAK2  Janus Kinase 2 

LYN  v-yes-1 Yamaguchi sarcoma viral related oncogene homolog 

MAP  mitogen activated protein 

MCT1  monocarboxylic acid transporter 1 

MDR  multidrug resistance 

MDR1  multidrug resistance protein 1 

MED12 mediator complex subunit 12 

MEK  mitogen-activated protein kinase kinase 

MM  multiple myeloma 

MPN  myeloproliferative neoplasm 

MRP1  multidrug resistance-associated protein 1 

MSigDB Molecular Signatures Database 

mTOR  mammalian target of rapamycin 

MYC  v-myc myelocytomatosis viral oncogene homolog (avian) 

NFAT  nuclear factor of activated T-cells 

NOXA   horbol-12-myristate-13-acetate-induced protein 1 (PMAIP1) 

N-RAS  neuroblastoma RAS viral (v-ras) oncogene homolog 

NSCLC non small cell lung cancer 

OCT1  Organic cation transporter 1 

PARP  Poly (ADP-ribose) polymerase 

p-gp  p-glycoprotein 1 

PI3K  phosphoinositide 3 kinase 

RA  rheumatoid arthritis 

RNA  Ribonucleic acid 

RNA  RNA-interference 

SADR  serious adverse drug reactions 

shRNA  short hairpin RNA 

SILAC  stable isotope labeling by amino acids 

SLC  solute carrier 
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SLC16A1 solute carrier family 16, member 1 

SLC22A1 solute carrier family 22 member 1 

SLC35F2 Solute Carrier Family Member 35F2 

SMM  small molecule microarrays 

SRC  v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) 

STAT5  signal transducer and activator of transcription 5 

STK33  serine/threonine kinase 33 

TGFb  transforming growth factor, beta  

WNT  wingless type 

Y2H  yeast two hybrid 

Y3H  yeast three hybrid 
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