
  

 
 

Molecularly Stratified and Combinatorial 
Approaches to Precision Cancer Therapy 

 
 

Doctoral thesis at the Medical University of Vienna 
for obtaining the academic degree 

 
Doctor of Philosophy 

 
 
 

Submitted by 
 

Marco P. Licciardello, M.Sc. 
 
 
 
 

Supervisor: 
Stefan Kubicek, PhD 

CeMM - Research Center for Molecular Medicine 
of the Austrian Academy of Sciences 

Lazarettgasse 14, AKH BT 25.3 
1090 Vienna, Austria 

 
 

 
 

Vienna, 04/2015 



 
 
 

 



  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To all of you styling you hair in the morning 
(or otherwise unstoppable). 

  



 
 
 

 

 
  



ACKNOWLEDGMENTS 
 

 

 
v 

 

ACKNOWLEDGMENTS 

There have been many colleagues and friends that, certainly unknowingly at times, have 

contributed to the following pages and that here I would like to mention. 

 

CeMM is a place of great science and scientists but it would never make it to the end of 

the day if it was not for the incredible support it receives from all administration 

departments. They all do an incredibly professional job and silently help us with our 

research day after day. Thank you so much. 

 

I was honored to be advised by the members of my thesis committee: Denise Barlow, 

Christian Seiser, Walter Berger and Thijn Brummelkamp. They have followed the 

progress of my PhD and always provided invaluable help for my research. I would like to 

thank them here for the time and experience they have shared with me. 

 

I would also like to thank the members of the Superti-Furga lab and especially my 

colleagues and friends in the Nijman lab. Thank you for your precious help and for all 

the fun we had together. In particular, I would like to express my gratitude to Sebastian 

Nijman. He has been a mentor and an inspiration for me over the past years. If my skin 

became thicker and my inquiring more critical I owe it to you. 

 

Anneke, you just passed by but the time we spent working together in the lab or rolling 

down hills of snow very much stirred my motivation. You are simply incredible and I feel 

especially lucky I met you. 

 

The work I present here would have never been possible without the support of the 

amazing Kubicek group. Derya, Tamara and Anna, I can only wish we would have had 

more time to get to know each other. Thank you for always providing company during 

the weekends Jin, please promise me you will take some time off to see more of Vienna 

eventually! Erika, you have been a great example of professionalism for us all, thank you 

for always being so nice and helpful. I was there when the robot was born Charles and I 

can tell you it was born again the day you joined the lab. Bernd, how can it be always so 

much fun around you? You made most of our lunch breaks unforgettable and some of 



ACKNOWLEDGMENTS 
 

 

 
vi 
 

my dreams come true (you know what I mean). P.S.: thank you for always dressing up as 

good as an Italian. You did that too Freya and no need to say I will never forget all of the 

interesting “scientific” papers, YouTube and other funny web links you used to send me, 

and your proficiency with the Italian language of course. We laughed so much together 

and I deeply missed you this last year at CeMM. Sara, I know I will never find the right 

words to say it so I will just write it as it comes: thank you for always being so kind and 

such a good listener, for your enthusiasm and energy, thank you for cursing in Italian in 

the lab and for our long philosophical/psychological discussions. You have no idea how 

much I enjoyed them and how much I always wanted to have someone to do that with. 

You are a great friend and I hope that will stay like this forever. 

 

A PhD is a tough journey on rough seas and you need to make sure a good captain steers 

the ship. I was incredibly lucky to have Stefan Kubicek as shipmaster and supervisor of 

my PhD. Stefan, it was an honor to be your first PhD student and I hope you enjoyed the 

journey as much as I did. Thank you for always being supportive, for the freedom you 

gave me and for always pushing me to the best of what I could do. Priceless are the 

things I have learnt and the knowledge I had access to by doing research in your lab. You 

made me the scientist I am today. It was a great and rewarding challenge, a lifetime 

experience and, above all, a lot of fun. I will never forget all of this. 

 

Last but not least I want to thank you René. I know I am a tough one and believe me, I 

sometimes still wonder how all of this has happened and why you decided to stay. You 

have given me what I could not find anywhere else, you have showed me Vienna the way 

I had not seen it before, you were always there at the end of each day ready to catch me 

if I was about to fall. I would have never made it without you.  

  



DECLARATION 
 

 

 
vii 

 

DECLARATION 

 
This thesis describes already published results as well as unpublished data 

submitted for publication. The work presented here has been entirely performed at 

CeMM - Research Center for Molecular Medicine of the Austrian Academy of Sciences 

(Vienna, Austria). 

 

Part of this thesis has been reported in the following publication: 

 

Licciardello, M. P., Müllner, M. K., Dürnberger, G., Kerzendorfer, C., Boidol, B., Trefzer, C., 

Sdelci, S., Berg, T., Penz, T., Schuster, M., Bock, C., Kralovics, R., Superti-Furga, G., Colinge, 

J., Nijman, S. M. & Kubicek, S. “NOTCH1 activation in breast cancer confers sensitivity to 

inhibition of SUMOylation”, Oncogene, 2014, 1-11 

 

M. P. L. designed and performed the loss-of-function screen, analyzed screening data, 

performed the vast majority of validation experiments and wrote the manuscript; M. K. 

M. and S. M. N. generated the collection of isogenic cell lines; G. D. and J. C. contributed to 

screening data analysis; C. K. assisted with the loss-of-function screen; B. B. performed 

shRNA knockdown experiments; C. T. and G. S.-F. performed multiple reaction 

monitoring experiments; S. S. contributed with immunofluorescence measurements; T. 

B. and R. K. performed sequencing of loss-of-function screen DNA libraries; T. P., M. S. 

and C. B. performed RNA sequencing and alignment of sequencing reads; S. K. designed 

the loss-of-function screen and wrote the manuscript. 

 

Another important part of this work has been described in the following 

manuscript submitted for publication: 

 

Licciardello, M. P., Markt, P., Klepsch, F., Lardeau C. -H., Dürnberger, G., Ivanov, V., 

Colinge, J. & Kubicek, S. “A combinatorial screen of the CLOUD uncovers a synergy of 

approved drugs targeting the androgen receptor”, (submitted) 

 

  



DECLARATION 
 

 

 
viii 
 

M. P. L. designed and performed the combinatorial screen, analyzed screening data, 

performed all validation experiments and wrote the manuscript; P. M. designed and 

assembled the CLOUD library, F. K. assembled the library and contributed to the 

combinatorial screen; C.-H. L. assisted with the combinatorial screen; G. D. and J. C. 

performed DIPS score analysis; V. I. synthesized, provided and quality controlled the 

vast majority of CLOUD drugs; S. K. designed the CLOUD and wrote the manuscript.



TABLE OF CONTENTS 
 

 

 
ix 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGMENTS ................................................................................................................................... v 

DECLARATION ............................................................................................................................................... vii 

TABLE OF CONTENTS ................................................................................................................................... ix 

ABSTRACT .......................................................................................................................................................... x 

ZUSAMMENFASSUNG ................................................................................................................................. xii 

ABBREVIATIONS ......................................................................................................................................... xiv 

INTRODUCTION ............................................................................................................................................... 1 

Cancer: an evolving molecular circuitry ............................................................................................ 1 

Cancer treatment ........................................................................................................................................ 3 

Surgery, radiation and chemotherapy ........................................................................................... 3 

Oncogene addiction and targeted therapies ............................................................................... 3 

Non-oncogene addiction and synthetic lethality ....................................................................... 5 

Hurdles in cancer therapy ....................................................................................................................... 8 

Intra- and intertumor heterogeneity ............................................................................................. 9 

Mechanisms of resistance ................................................................................................................ 13 

Approaches to precision cancer medicine ..................................................................................... 16 

RNAi-based loss-of-function screens .......................................................................................... 17 

Multicomponent therapeutics ....................................................................................................... 22 

AIMS ................................................................................................................................................................... 26 

RESULTS .......................................................................................................................................................... 27 

NOTCH1 activation in breast cancer confers sensitivity to inhibition of SUMOylation 27 

A combinatorial screen of the CLOUD uncovers a synergy of approved drugs targeting 
the androgen receptor ........................................................................................................................... 39 

DISCUSSION ..................................................................................................................................................107 

Targeting NOTCH1 breast cancer through inhibition of SUMOylation.............................108 

A combination of approved drugs addressing resistance to flutamide in T877A AR 
prostate cancer .......................................................................................................................................112 

Conclusion & future prospects .........................................................................................................116 

REFERENCES ................................................................................................................................................117 

CURRICULUM VITAE .................................................................................................................................133 

 



ABSTRACT 
 

 

 
x 
 

ABSTRACT 

Recent developments in sequencing technologies and the establishment of systems 

biology approaches have unraveled the intricate genetic heterogeneity and complexity 

of cancer. Aberrations in both coding and non-coding regions of the genome, as well as 

altered epigenetic mechanisms, contribute to the rise of malignant neoplasms evolving 

according to Darwinian selection. Between the end of the 20th and the beginning of the 

21st century, researches have described a broad range of key genes driving the 

tumorigenic process and involved in the maintenance of cancer. These important 

discoveries have fostered the development of the first targeted drugs, more specific 

pharmacological treatments compared to classical chemotherapeutics. Even though 

remarkable improvements have been witnessed with the advent of these molecules, 

therapeutic regimens fail, tumors relapse, drug development hobbles behind inefficient 

discovery pipelines and a large number of patients succumb to cancer or anticancer 

treatments. As we see it nowadays, cancer is an extremely heterogeneous disease not 

only among different patients but also within the same tumor. This large genetic 

diversity and intrinsic complexity has encouraged more stratified approaches and the 

development of precision cancer medicine. Here, we made use of technologies for the 

discovery of new cancer targets and the development of rationalized treatments in line 

with the concept of personalized cancer therapy. We have performed an RNA 

interference (RNAi)-based loss-of-function screen in a model depicting the 

heterogeneity of breast tumors and discovered a specific vulnerability of NOTCH1-

activated breast cancer to inhibition of SUMOylation. We show that activation of 

NOTCH1 signaling in both isogenic and patient-derived breast cancer cells depletes 

unconjugated SUMO conferring sensitivity to SUMOylation inhibitors. Our observations 

indicate the SUMOylation cascade as a candidate cancer target and disclose a therapeutic 

potential for inhibitors of the SUMOylation cascade in the context of NOTCH1-activated 

breast tumors. The cellular circuitry of cancer cells is a redundant network evolving in 

response to cues from the environment. This intrinsic plasticity provides tumors with 

the ability of easily escaping therapies based on single drugs. Multicomponent 

therapeutics is regarded as another promising approach to the complexity of malignant 

neoplasms. In particular, combinations of approved drugs represent convenient 

alternatives as these chemically optimized entities have already been profiled in respect 
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to their pharmacokinetic and pharmacodynamic parameters. We have designed a non-

redundant library of FDA-approved small molecules, the CeMM Library of Unique Drugs 

(CLOUD), and performed a pairwise combinatorial screen at physiologically relevant 

concentrations. This phenotypic screen has revealed a synergistic interaction between 

flutamide and phenprocoumon (PCC) impairing the growth of prostate cancer cells. We 

show that the combination interferes with the stability of the androgen receptor (AR) 

eventually leading to apoptosis. Interestingly, the combination reverts resistance of 

mutated AR to flutamide. Collectively, our data show that PPC could be repurposed in 

combination with flutamide for the treatment of prostate cancers harboring AR 

mutations such as T877A. Together, our approaches have expanded the spectrum of 

cancer targets and therapeutic possibilities as we need for truly personalized cancer 

medicine. 
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ZUSAMMENFASSUNG 

Durchbrüche in den Sequenzierungstechnologien und die Etablierung der 

Systembiologie haben die komplexe genetische Heterogenität von Krebserkrankungen 

aufgezeigt. Aberrationen sowohl in codierenden und nicht-codierenden Regionen des 

Genoms sowie epigenetische Veränderungen tragen zur Entstehung der malignen 

Neoplasien und ihrer Ausbreitung nach Darwinistischer Selektion bei. Am Ende des 20. 

und Beginn des 21. Jahrhunderts haben Forscher eine breite Palette von Schlüsselgenen, 

die die Tumorigenese antreiben, beschrieben. Diese wichtigen Erkenntnisse haben die 

Entwicklung der ersten zielgerichteten Medikamenten gefördert, welche eine 

spezifischere pharmakologische Behandlung im Vergleich zu klassischen 

Chemotherapeutika ermöglichen. Obwohl diese Moleküle zu bemerkenswerten 

Verbesserungen geführt haben, sind das Versagen von Therapieschemata, die hohen 

Rezidivraten und die langsame ineffiziente Entwicklung neuer Wirkstoffe der Grund für 

die noch immer sehr hohe Mortalität von Krebserkrankungen. Heute wird Krebs als eine 

äußerst heterogene Erkrankung angesehen, nicht nur zwischen den verschiedenen 

Patienten sondern auch innerhalb des gleichen Tumors. Diese große genetische Vielfalt 

und inhärente Komplexität der Tumoren hat zur Forcierung von Patientenstratifikation 

und der Entwicklung des Konzepts der personalisierten Medizin geführt. In dieser 

Dissertation beschreibe ich unsere technologischen Ansätze neue therapeutische 

Targets für onkologische Erkrankungen zu finden und rational molekular begründete 

Therapien im Sinne einer personalisierten Medizin vorzuschlagen. In einem RNA-

Interferenz (RNAi)-basierten Screening Modell, welches die Heterogenität von 

Brustkrebs nachahmt, haben wir die spezifische Sensitivität von  NOTCH1-aktivierten 

Brustkrebszellen auf eine Hemmung der SUMOylierung entdeckt. Wir zeigen, dass die 

Aktivierung der NOTCH1 Signaltransduktion sowohl in isogenen als auch in  

patientenspezifischen Brustkrebszellen den Pool an unkonjugiertem SUMO reduziert 

und diese Zellen für Inhibitoren der SUMOylierung empfindlich macht. Unsere 

Beobachtungen identifizieren die SUMOylierungskaskade als potentielles Krebstarget 

und offenbaren ein therapeutisches Potenzial für SUMO Inhibitoren im Kontext von 

NOTCH1-aktiviertem Brustkrebs. Die zellulären Prozesse von Krebszellen bilden ein 

redundantes Netzwerk, das in Reaktion auf Signale aus der Umwelt eine evolutionäre 

Entwicklung durchmacht. Diese intrinsische Plastizität verleiht Tumoren die Fähigkeit, 
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Resistenzen gegen Monotherapien zu entwickeln. Mehrkomponenten-Therapeutika 

werden daher als ein vielversprechender  Ansatz angesehen, der Komplexität von 

malignen Neoplasmen zu begegnen. Insbesondere Kombinationen von zugelassenen 

Medikamenten stellen interessante Optionen dar, da diese chemisch optimierten 

Substanzen bereits in Bezug auf ihre pharmakokinetischen und pharmakodynamischen 

Parameter optimiert wurden. Wir haben eine nicht-redundante Bibliothek von der FDA-

zugelassenen niedermolekularen Wirkstoffen, die CeMM Library of Unique Drugs 

(CLOUD), entwickelt und systematisch die Effekte paarweiser Kombination bei 

physiologisch relevanten Konzentrationen auf die Viabilität von Krebszellen getestet. 

Dieser phänotypische Screen hat eine synergistische Wechselwirkung zwischen 

Flutamid und Phenprocoumon (PCC) ergeben, die das Wachstum von 

Prostatakrebszellen beeinträchtigt. Wir zeigen, dass die Kombination die Stabilität des 

Androgen Rezeptors (AR) reduziert und schließlich zur Apoptose führt. 

Interessanterweise stellt diese Kombination die Sensibilität von Zellen mit mutiertem 

AR auf Flutamid wieder her. Insgesamt zeigen unsere Daten, dass PPC in Kombination 

mit Flutamid zur Behandlung von Prostatakrebs mir AR Mutationen wie T877A 

neuplatziert werden könnte. Zusammenfassend haben unsere Ansätze das Spektrum der 

Krebstargets und therapeutischen Möglichkeiten erweitert, was ein wichtiges Ziel für 

eine wirklich personalisierte Krebsmedizin ist. 
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INTRODUCTION 

Cancer: an evolving molecular circuitry 

The accumulation of genetic and epigenetic alterations may lead to uncontrolled cellular 

proliferation, a pathological condition commonly known as cancer. With around 40,000 

new cases diagnosed every year, cancer is the second most common cause of death in 

Austria (WHOROE, 2012). In humans, cancers of the prostate (among men), breast 

(among women), lung and colorectum are the most frequent (WHOECO, 2012). Brain 

cancers and leukemias are the leading cause of cancer deaths among younger patients 

while lung cancer ranks first among adult men. Lung and breast cancer lead among 

women (WHOECO, 2012). 

According to a number of studies, less than ten genetic events including point mutations, 

deletions, insertions, duplications or chromosomal translocations are required for the 

transformation of a cell and the development of a malignant tumor or neoplasm 

(Armitage & Doll, 1954; Hornsby et al, 2007; Renan, 1993). Aberrations of the genome 

predisposing to malignant transformations may be inherited but these events have been 

found to contribute to only 5-10% of all cancers (Fearon, 1997; Lichtenstein et al, 2000; 

Tomasetti & Vogelstein, 2015). The vast majority of cancer-causing genetic lesions are 

somatically acquired through exposure of the genome to mutagens such as chemicals, 

ionizing radiations, non-ionizing ultraviolet radiations and oncogenic viruses (Stratton 

et al, 2009). Some of these mutations are considered to play crucial roles in the 

tumorigenic event and are thus called “driver mutations” while others tend to 

accumulate at later stages and contribute only marginally to the development of a tumor 

(Stratton, 2011). The transformation of a cell into a cancer cell implies a series of new 

attributes related to cellular growth, mobility and the interaction with the tumor 

microenvironment (Figure 1). These traits have been referred to as hallmarks of cancer 

(Hanahan & Weinberg, 2000; Hanahan & Weinberg, 2011) and are commonly observed 

in virtually all neoplastic lesions. Malignant cells sustain their proliferation through 

gain-of-function mutations or the overexpression of oncogenes and evade growth 

inhibitors through loss-of-function mutations or the downregulation of tumor 

suppressors (Davies & Samuels, 2010; Yuan & Cantley, 2008). Similar mechanisms lay 

the fundamental molecular circuits for another hallmark of cancer: the ability to avoid 
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programmed cell death through apoptosis (Adams & Cory, 2007). The expression of the 

telomerase reverse transcriptase TERT or the activation of the Alternative Lengthening 

of Telomeres (ALT) provides cancer cells with unlimited replicative potential and the 

possibility to generate a substantial tumor mass (Flynn et al, 2015). Expanding solid 

tumors require oxygen and nutrients and thus release angiogenic signals inducing the 

sprouting of new blood vessels (Hanahan & Folkman, 1996). Cancer cells exploit newly 

formed capillaries not only to sustain their growth but also to disseminate to other 

tissues and give rise to secondary tumors or metastases (Fidler, 2011).  

 

 

 

Figure 1. Hallmarks of cancer (adapted from Hanahan & Weinberg, 2011). 

 

More recently, genome instability, deregulated cellular energetics and the ability to 

induce inflammation and avoid destruction by the immune system have been annotated 

as emerging hallmarks (Luo et al, 2009). Cancer cells experience genomic events giving 

rise to such hallmarks over time, in a multistep process that shares many analogies with 

Darwinian evolution (Greaves & Maley, 2012; Nowell, 1976). Once a cell has rewired its 

functional networks to achieve at least some of these traits it starts expanding in an 

uncontrolled manner generating a primary lesion. Secondary tumors usually arise at 

later stages of the disease. Primary tumors and metastases affect the correct 

functionality of organs, deprive the organism of essential capabilities and eventually 

lead to death. 
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Cancer treatment 

Surgery, radiation and chemotherapy 

Even though cancer death rates have decreased over the last twenty years (Siegel et al, 

2013), treatment rarely results in complete disease remission. Surgical removal of the 

tumor mass is the most successful alternative for some confined solid cancers. However, 

surgery is invasive, efficient only at early stages of tumor development and particularly 

arduous for specific tissues. Two other mainstay cancer therapeutic approaches, 

radiation and chemotherapy, target the increased sensitivity of fast proliferating cells to 

DNA damage (Chabner & Roberts, 2005; Delaney et al, 2005). These strategies permit 

treatment of a broader variety of tumors but suffer from a significant number of side 

effects as some healthy tissues are also affected, particularly in the case of the 

systemically acting chemotherapy (Siegel et al, 2012). Although these alternatives have 

been used to successfully treat some forms of leukemias (Freedman, 2014; Nastoupil et 

al, 2012), their application to other cancers such as brain tumors has been rather 

disappointing (Rampling et al, 2004). Moreover, patients often develop resistance to 

multiple anticancer drugs (Brockman, 1963). 

Oncogene addiction and targeted therapies 

More recent approaches have tried to exploit alternative routes to treat cancer, targeting 

more specific traits of malignant cells. Studies of cancer genomes have revealed a 

number of genes contributing to the tumorigenic process and often essential for the 

maintenance of the malignant state (Futreal et al, 2004). Tumors tend to develop 

“oncogene addictions” becoming physiologically dependent on the activating mutation 

or overexpression of distinct proteins (Weinstein, 2002). For example, it has been 

shown that the overexpression of MYC in transgenic mice induces T-cell lymphomas and 

acute myeloid leukemia (AML) which regresses upon MYC withdrawal (Felsher & 

Bishop, 1999). Similar addictions to genes such as HRAS and the BCR-ABL fusion gene 

have been reported in mouse models developing, respectively, melanoma or leukemia 

upon oncogene overexpression (Chin et al, 1999; Huettner et al, 2000). Accordingly, 

tumor regression was observed upon downregulation of these genes. The idea that 

proteins sustaining these addictive mechanisms could be addressed using small 

molecule inhibitors led to the development of the first so-called targeted therapies 
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(Martini et al, 2011). Imatinib (Gleevec®), an ATP-competitive tyrosine kinase inhibitor 

(TKI) targeting ABL, was the first small molecules to be approved for the targeted 

treatment of chronic myeloid leukemia (CML) in patients harboring the Philadelphia 

chromosome derived from a t(9;22) translocation (Druker et al, 1996). Detailed target 

profiling of imatinib revealed also KIT and PDGFR among the inhibited tyrosine kinases 

and led to the approval of the same molecule for the treatment of advanced 

gastrointestinal stromal tumors (GIST) carrying KIT and PDGFR activating mutations 

(Croom & Perry, 2003). More recently, crizotinib (Xalkori®), a TKI targeting the kinase 

activity of ALK (Kwak et al, 2010), has been approved for the treatment of non-small cell 

lung cancer (NSCLC) harbouring the EML4-ALK fusion gene while the serine/threonine 

kinase inhibitor vemurafenib (Zelboraf®) has been developed to selectively target the 

V600E mutated BRAF protein and is currently used in the clinic for the treatment of 

melanoma (Flaherty et al, 2010). Targeted therapies rely not only on small molecule 

inhibitors hindering the enzymatic activity of oncogenes. The amplification and/or 

overexpression of HER2 (also known as NEU or ERBB2) in breast cancer can be targeted 

by the humanized murine monoclonal antibodies trastuzumab (Herceptin®) and 

pertuzumab (Perjeta®), directed against the extracellular domain of the transmembrane 

receptor (Nahta et al, 2004). Trastuzumab treatment has showed promising results also 

in combination with lapatinib (Tykerb®), a TKI targeting both HER2 and EGFR, for the 

treatment of HER2+ breast cancer (de Azambuja et al, 2014; Scaltriti et al, 2015). 

Cetuximab (Erbitux®) and panitumumab (Vectibix®) are monoclonal antibodies 

targeting the EGFR. The improvement in response rate as well as the overall survival 

benefit observed in clinical settings has led to their approval for the treatment of 

colorectal cancer (CRC) (Di Nicolantonio et al, 2008).  

One of the major limitations of targeted therapies is that cancer targets do not always 

present pockets that can easily accommodate chemical compounds (i.e. they are not 

always “druggable”). Moreover, cancers arise not only from the overexpression or 

activation of oncogenes but also from the deletion or inactivation of tumor suppressors. 

In the latter case, tumors become hypersensitive to the growth-inhibitory activity of 

such genes which are pharmacologically more challenging to restore. An alternative way 

that could address these more complicated instances would be to target other proteins 

which are not directly responsible for the malignant transformation of cancer cells but 

become necessary because of this transformation (Hartwell et al, 1997; Kaelin, 2009). 
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This new acquired essentiality may arise from intrinsic genetic or epigenetic changes of 

the cancer cells as well as from extrinsic alterations of the tumor microenvironment 

(Luo et al, 2009). Such an approach would have the important advantage of expanding 

the range of possible cancer targets while sparing at the same time cells with a normal 

genome and epigenome. In accordance with the previously described “oncogene 

addiction”, this alternative approach has been commonly referred to as “non-oncogene 

addiction” (NOA) or synthetic lethality. 

Non-oncogene addiction and synthetic lethality 

The concept of synthetic lethality has been originally described in 1922 by Charles 

Bridge (Bridges, 1922). His genetic experiments in Drosophila melanogaster showed that 

mutations occurring simultaneously in two distinct genes could result in cellular death 

even though disruption of one or the other gene alone would have been compatible with 

viability. It was, however, Theodore Dobzhansky that used the expression “synthetic 

lethality” for the first time referring to a similar phenomenon observed in Drosophila 

pseudoobscura (Dobzhansky, 1946). Lethality arising from the combination of two 

different entities (e.g. two mutated genes) is said to be synthetic in agreement with the 

original meaning of the ancient Greek word σύνθεσις – put together. If such a 

combination results in impairment of cellular fitness rather than death, the term 

“synthetic sickness” would be more appropriate (Nijman, 2011). Importantly, synthetic 

lethality applies to loss-of-function but also to gain-of-function mutations (i.e. a gene 

might be required to sustain the overexpression of a second gene) (Kaelin, 2005). 

Moreover, the concept might also be extended from gene-gene interactions to gene-drug 

or drug-drug interactions. Indeed, synthetic lethality may in principle arise from the 

combination of any specific cellular event with another and represents an alternative 

way to target tumor-intrinsic (i.e. within the cancer cell) and tumor-extrinsic (i.e. 

dependent on stromal or vascular cells) NOAs (Luo et al, 2009). In the ideal case, the 

pharmacological inactivation of a given gene would affect only the viability of cancer 

cells harboring already a mutation in another gene while being completely harmless to 

normal cells (Figure 2). However, scenarios where the cancer mutation simply shifts the 

response to the pharmacological intervention producing a therapeutic window are also 

likely (Kaelin, 2005). 
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Figure 2. Synthetic lethality scenarios. In the ideal case the pharmacological inhibition of gene B 

impairs the fitness only in a gene A knockout, leaving the wild type unaffected (left panel). Otherwise 

inhibition of B can also create a therapeutic window shaping the curve of both wild type and 

knockout (right panel) (adapted from Kaelin, 2005). 

 

Synthetic lethal interactions occur because of the complex and often redundant 

homeostatic machine regulating cellular processes (Hartman et al, 2001; Masel & Siegal, 

2009). Accordingly, interactions involving loss-of-function mutations can sometimes be 

predicted based on protein activity. They might occur among functionally redundant 

genes (e.g. protein paralogs), subunits of the same protein complex, and important 

nodes of the same or convergent signaling pathways (Costanzo et al, 2010). For example, 

knockdown of genes related to mitotic spindle formation has been found to reduce the 

viability of NSCLC cells to otherwise sublethal concentrations of the mitotic inhibitor 

paclitaxel (Taxol®) (Whitehurst et al, 2007). Cellular co-localization, temporary physical 

interactions and co-expression might also hint at NOAs (Kaelin, 2005) while “capacitors” 

such as chromatin-related proteins or chaperons, which are able to buffer different 

genetic alterations, represent widespread hubs enriched in synthetic lethal partners 

(Costanzo et al, 2010; Lehner et al, 2006; Nijman & Friend, 2013; Rutherford & 

Lindquist, 1998). Chromatin modifying enzymes, in particular, have not been thoroughly 

addressed so far in the context of synthetic lethality and represent a pool of potential 

new drug targets yet to be investigated (Johnson & Dent, 2013; Mair et al, 2014).  

Even though a comprehensive human genetic interaction network has not been 

assembled yet, synthetic lethal interactions involving cancer-causing genetic lesions 

have been described in humans. For example, the transcription factor MYC lacking an 
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ideal small molecule binding pocket has always been considered, at least so far, one of 

the most “undruggable” oncogenes. Nevertheless, different reports have described its 

synthetic lethal interaction with CDK1 and CDK2 inhibitors (Goga et al, 2007; Molenaar 

et al, 2009). In a similar way, exacerbation of or sensitization to various forms of stress 

experienced by cancer cells might also be regarded as a form of NOA that can be 

exploited through a synthetic lethal key (Luo et al, 2009). Tumor cells continuously face 

stress intrinsically related to DNA damage and replication, cell division, protein 

homeostasis and metabolism. Drug treatments that would intensify these forms of stress 

or make cancer cells more vulnerable to stress overload represent, ideally, valid 

therapeutic approaches. In this regard, inhibitors of the AURKB and PLK1 mitotic 

kinases have been tested in clinical trials (Carpinelli & Moll, 2008; Strebhardt & Ullrich, 

2006) while increased proteotoxic stress might explain the efficacy of geldanamycin, an 

HSP90 inhibitor, and the proteasome inhibitor bortezomib (Velcade®) in the treatment 

of different forms of cancer (Richardson et al, 2006; Whitesell & Lindquist, 2005). 

Certainly, the sensitivity of breast and ovarian cancers harboring mutations in the 

BRCA1 and BRCA2 genes to PARP1 inhibitors such as the FDA-approved olaparib 

(Lynparza®) represents to date the most emblematic application of the synthetic 

lethality concept for the treatment of cancer (Bryant et al, 2005; Farmer et al, 2005a; 

Fong et al, 2009). In this example, impairment of double-strand breaks repair by 

homologous recombination mediated by BRCA1 and BRCA2 genes translates into 

dependence on another DNA damage response, the base-excision repair mechanism 

mediated by PARP1. Clearly, NOAs can also be extrinsic especially in the case of solid 

tumors establishing important interactions with the surrounding microenvironment. 

The anti-angiogenic antibody bevacizumab (Avastin®) targeting the vascular endothelial 

growth factor (VEGF) is the best example of cancer therapeutics targeting an extrinsic 

NOA (Ferrara et al, 2004). 

Some NOA-based therapies have been successfully translated to the clinic but this 

repertoire is still very limited. The lack of a comprehensive genetic interaction map in 

human cells and cancer cells accounts for such a restricted range of therapeutically 

relevant synthetic lethalities. Initially, it was hypothesized that the genetic interaction 

network of mammalian cells could be extrapolated, at least in part, from genetic 

knockout experiments performed in model organisms (Tischler et al, 2008). The 

budding yeast Saccharomyces cerevisiae, for example, has been used for extensive 
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synthetic lethality studies. Boone and colleagues have reported around 80% of 

Saccharomyces cerevisiae genes not to be essential and that synthetic lethal interactions 

in this organism may account to up to 10 per gene (Tong et al, 2001; Tong et al, 2004). 

These numbers illustrate the genetic robustness of living organisms and their redundant 

homeostatic abilities. However, genetic interactions are poorly conserved hindering the 

application of prediction algorithms based on yeast genetic networks to higher 

organisms. Large-scale studies have shown, for instance, that the extent of yeast genetic 

interactions conserved in Caenorhabditis elegans amounts to less than 1% (Byrne et al, 

2007; Tischler et al, 2008). These values are in stark contrast with the number of yeast 

essential genes that have been found to have an essential orthologue in Caenorhabditis 

elegans (61%) and protein-protein interactions conserved between these two organisms 

(31%) (Matthews et al, 2001; Tischler et al, 2006). Importantly, these differences do not 

correlate either with an overall decrease of synthetic interactions or with an increase in 

redundancy (Tischler et al, 2008). A potential explanation might be given by the 

“induced essentiality” model according to which synthetic lethalities originate from 

rewiring of the cellular circuitry following a first genetic event. Even though genes and 

protein functions might be conserved, cellular network rearrangements are not and, 

consequently, similar genetic events might induce different essentialities in different 

organisms (Tischler et al, 2008). In addition, many oncogenes and tumor suppressors 

involved in the development of human cancer do not have an orthologue in yeast. 

Therefore, synthetic lethal interactions in higher organisms have to be investigated and 

validated through experimental approaches using appropriate models.  

 

Hurdles in cancer therapy 

The establishment of targeted therapies over the last 15 years has changed and 

improved the therapeutic arsenal against cancer. However, in spite of recent insights 

into the biology of malignant transformation and more efficient therapeutic treatments, 

cancer remains a deadly disease especially at more advanced metastatic stages. 

Response to therapy varies greatly among patients carrying neoplasms affecting the 

same tissue and even after initial remission tumors often relapse. Research has just 

started elucidating the reasons behind failure of cancer therapy. Two strictly correlated 
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intrinsic features of cancer have emerged as main hurdles in the treatment of this 

complex disease. 

Intra- and intertumor heterogeneity 

According to the clonal evolution theory, neoplasms arise from a number of genetic and 

epigenetic alterations accumulating in a single cell, which then acquires hallmarks of 

sustained growth and inhibited apoptosis (Greaves & Maley, 2012; Hanahan & Weinberg, 

2011; Nowell, 1976). The proliferation of this first tumor core generates the trunk of the 

cancer phylogenetic tree (Campbell et al, 2008). Genomic instability and selective 

pressures induce additional aberrations creating subclones branching out of the trunk, 

accumulating more mutations, branching out further and eventually competing with one 

another for space and nutrients in the tumor niche (Navin et al, 2011). Usually, one of 

the subclones dominates and constitutes the bulk of the tumor mass. The concomitant 

presence of genetically distinct clones accounts for the broad intratumor heterogeneity 

observed in recent genome-wide multiregion tumor sequencing studies (Gerlinger et al, 

2012; Mullighan et al, 2008; Wang et al, 2014). Intratumor as well as intertumor (i.e. 

genetic differences among clinically undistinguishable neoplasms of the same tissue in 

different patients) heterogeneity has been observed in different cancers. Recent 

comprehensive genome-wide sequencing, mRNA profiling and copy number variation 

studies performed on extensive panels of patient-derived breast cancer samples provide 

an illustrative example (CGAN, 2012; Curtis et al, 2012; Nik-Zainal et al, 2012; Stephens 

et al, 2012).  

Among women, breast cancer is the most common malignant neoplasm observed 

worldwide with more than 1,300,000 cases and 450,000 deaths per year (CGAN, 2012). 

Breast cancer commonly arises either in the lobules or in the ducts of the mammary 

gland (Figure 3). Both lobules and ducts are coated by a layer of luminal epithelial cells 

(immunohistochemically stained by keratin 8/18) and separated from the surrounding 

tissue by an external basement membrane (positive for keratin 5/6). A bed of 

myoepithelial cells belongs between these two structural layers. Cancer cells confined 

within a milk duct generate a ductal carcinoma in situ (DCIS) often defined as “stage 

zero” breast cancer. Historically treated with surgery, DCIS is no longer considered an 

immediate threat to the health of the patient but periodically monitored through 

mammography (Marshall, 2014). Tumors breaching the basement membrane constitute 
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the more dangerous invasive carcinomas. The most frequently encountered type of 

breast cancer is invasive ductal carcinoma, not otherwise specified (IDS NOS, accounting 

for about 75% of the cases) followed by invasive lobular carcinoma (ILC, 10%) (Li et al, 

2005). Other types include: medullary, tubular, neuroendocrine, mucinous (A and B), 

comedo, apocrine, inflammatory, metaplastic, adenoid cystic and micropapillary breast 

neoplasms (Li et al, 2005; Weigelt et al, 2010). 

 

 

 

Figure 3. Breast anatomy and schematic illustration of DCIS, invasive and metastatic carcinoma 

(taken from Marshall, 2014). 

 

A more common classification of breast cancer types, predominantly used in the first 

decade of targeted therapy, relies on the expression of specific biomarkers. The vast 

majority of breast tumors expresses the estrogen receptor (ER) and shows dependence 

on ER signaling. Often, concomitant expression of the progesterone receptor (PR) is 

observed (Maxmen, 2012). These breast cancers are usually treated with antiestrogens 

(i.e. endocrine therapy) such as tamoxifen (Nolvadex®) and are generally associated 

with better prognosis (Jordan & Brodie, 2007). The amplification of the HER2 receptor 

has been observed in around 25% of the cases and defines a more aggressive type of 

breast cancer for which therapeutic alternatives include the monoclonal antibodies 

trastuzumab and pertuzumab or the TKI lapatinib (Martini et al, 2011; Maxmen, 2012; 
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Ocana & Pandiella, 2008). These targeted treatments are often used in combination with 

one another or with other chemotherapeutics. Expression of these three markers in the 

same tumor has also been observed while breast cancers where no expression of ER, PR 

and HER2 can be detected represent another important class defined as triple negative 

breast cancer (TNBC)(Bertos & Park, 2011). Chemotherapy is the only available 

treatment for these tumors associated with the worst prognosis. Stratification of breast 

cancer patients according to this classification has supported the development of first 

targeted therapies directed against tumors of the mammary gland. However, more 

recent analyses have shown that breast cancer is a far more genetically heterogeneous 

disease providing an explanation for the nevertheless frequent cases of therapy failure 

(CGAN, 2012; Stephens et al, 2012). 

An alternative classification of breast neoplasms proposed by Perou and colleagues 

defines three breast cancer portraits according to gene expression profiles (Perou et al, 

2000). The basal-like subtype shows expression of genes typical of basal epithelial cells 

such as keratin 5, integrin-β4 and laminin and broadly corresponds to TNBC; the HER2+ 

subtype where high levels of the tyrosine kinase receptor (and other genes included in 

the same amplicon such as GRB7) and low levels of the ER are observed; and the 

ER+/luminal subtype which has been subsequently further divided in three distinct 

molecular portraits namely ER+/luminal subtype A, with the highest expression of ER, 

GATA3, XBP1, TFF3 and SLC39A6, and ER+/luminal subtypes B and C with lower 

expression of ER and other luminal-specific genes (Sorlie et al, 2001). While expression 

of specific markers may lead to the conclusion that these subtypes originate from 

distinct differentiated cells of the milk duct, comparison of gene expression profiles 

suggests they arise rather from various stages of mammary epithelial differentiation 

(Prat & Perou, 2009). Basal-like and HER2+ tumors resemble early and late luminal 

progenitors, respectively, while luminal breast cancers seem to be closely related to 

differentiated luminal cells. Two other molecular subtypes have also been reported 

among the ER- breast cancers using similar approaches: the claudin-low subtype shows 

stem cell features and an epithelial to mesenchymal transition (EMT) signature; the 

apocrine class displays instead HER2 and AR expression (Farmer et al, 2005b; Hennessy 

et al, 2009). These distinct groups correlate with clinical outcome and claudin-low, 

basal-like, HER2+ and ER+/luminal subtype C are indicative of a poorer prognosis. 

However, combinations of subtypes are also observed in breast cancer and such 
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classifications cannot precisely define the much broader genetic heterogeneity observed 

across patients (Bertos & Park, 2011).  

The establishment of next-generation sequencing approaches has significantly improved 

cancer genetic analyses, has showed that malignant neoplasms frequently carry 

hundreds to thousands of passenger mutations and has highlighted the causative role of 

a vast collection of drivers in the context of cancers such as the one of the breast. Recent 

studies have extended our knowledge about cancer etiology and clarified that breast 

(but also other types of) neoplasms are a collection of molecularly distinct diseases 

rather than a pathological condition that can always be treated with the same drug 

(Figure 4). 

 

 

 

Figure 4. Mutational landscape of 92 breast tumors. Point mutations and copy number changes in 

breast cancer drivers are indicated in red and blue respectively (data taken from Stephens et al, 

2012). 

 

Mutations involved in breast cancer development have been identified in genes related 

to PI3K/AKT signaling (such as PIK3CA, AKT1, PTEN) and others such as GATA3, CCND1, 

RB1 and TP53 (CGAN, 2012; Stephens et al, 2012). Activation of the PI3K/AKT signaling 

pathway is frequently observed in breast cancer and small molecule inhibitors of MTOR 

such as everolimus (Afinitor®) have been evaluated for the treatment of advanced breast 

tumors in combination with exemestane (Aromasin®) (Beck et al, 2014). Whole exome-

sequencing and copy number variation analyses performed on patient-derived samples 
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have expanded the collection of important driver mutations observed in breast tumors 

to genes observed already in other cancers (e.g. ARID1A, ARID2, ASXL1, KRAS, MLL2, 

MLL3, SETD2, SMAD4) or new cancer genes (e.g. ARID1B, AKT2, MAP3K1, MAP3K13, 

NCOR1, SMARCD1) (Stephens et al, 2012). Of note, different chromatin-related genes 

have been reported to be mutated in these samples (i.e. MLL2, MLL3 as well as 

components of the SWI/SNF chromatin remodeling complex such as SMARCD1 and 

ARID1B) highlighting the important contribution of epigenetics to the tumorigenic 

process. Interestingly, some of these mutations seem to co-segregate with breast cancer 

subtypes defined by gene expression profiling (CGAN, 2012). ER+/luminal subtype A 

tumors often show mutations in the PIK3CA, MAP3K1 and GATA3 genes. Instead, TP53 

mutations are more frequent in basal-like and HER2+ subtypes. Copy number variations 

are also observed with focal amplifications of genes such as HER2, PI3KCA, and FOXA1 

and deletions of RB1, PTEN and MLL3. 

These mutational landscapes depicting complex intra- and intertumor heterogeneity 

explain why response to current drugs varies among patients and fails to eradicate the 

disease. Importantly, heterogeneity affects also specific targets as different mutations 

may occur on the same gene conferring resistance to treatment and preventing broad 

efficacy of cancer therapies among patients. Clearly, there is a need for new and more 

sophisticated treatments based on accurate patient stratification.  

Mechanisms of resistance 

Unsuccessful therapeutic regimens are often due to cancer heterogeneity but can also 

arise because of other complications outside of the tumor (Brockman, 1963). Resistance 

to treatment represents one of the major hurdles in current cancer therapy and an 

active field of cancer research (Girotti et al, 2015; Steiner et al, 2006). Primary (or de 

novo) resistance mechanisms arise from intrinsic characteristics of the patient and can 

be detected prior to treatment. The selective pressure exerted by the pharmacological 

therapy may also promote secondary resistance mechanisms in patients initially 

responding to therapy. Both are, however, associated with genetic and/or epigenetic 

alterations of key targets (Garraway & Janne, 2012; Gottesman, 2002).  

Another convenient classification defines targeted-dependent and target-independent 

mechanisms as intrinsic and extrinsic resistance, respectively (Lamontanara et al, 2013). 

Kinase inhibitors, the most successful class of cancer targeted therapies over the last 
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decade, provide different examples of intrinsic resistance mechanisms. Few years after 

the approval of imatinib, resistance to inhibition of BCR-ABL activity emerged as a 

shortcoming of the pharmacological treatment of CML. Point mutations in the catalytic 

domain of ABL were described as the predominant resistance mechanism. In particular, 

mutations such as T315I affecting the “gatekeeper” residue of the binding pocket (i.e. an 

amino acid providing crucial interactions and selectivity to binding molecules) 

abrogated the effect of imatinib (Gorre et al, 2001). A similar “gatekeeper” mutation has 

been observed also in NSCLC patients resistant to gefitinib (Iressa®) and erlotinib 

(Tarceva®) treatment. While the T315I mutation disrupts imatinib binding to ABL, the 

“gatekeeper” T790M EGFR mutant observed in NSCLC patients increases the affinity of 

the receptor to the endogenous ligand ATP (Yun et al, 2008). Alterations in the binding 

site have been described also in non-kinase receptors. The T877A mutation, for instance, 

has been reported to increase the promiscuity of the AR and to confer resistance to 

antiandrogens therapy in prostate cancer (Veldscholte et al, 1992). More difficult to 

elucidate is the resistance mediated by amino acids that are distant from the binding site 

or located outside of the kinase domain. For example, mutations located outside of the 

binding pocket of ALK have been reported in patients resistant to crizotinib (Choi et al, 

2010; Sasaki et al, 2010). Of note, these mutations can already be present in naïve (i.e. 

untreated) patients and become selected upon pharmacological treatment (Al-Lazikani 

et al, 2012). Importantly, the initial mutation on a targeted oncogene modulates 

response to treatment. In the case of GIST, patients with mutations in the exon 9 of the 

KIT gene are less responsive to imatinib compared to the most frequent genetic lesions 

occurring on exon 11 (Debiec-Rychter et al, 2006; Heinrich et al, 2003). Similarly, NSCLC 

patients respond better to TKI therapy when they carry a deletion on the exon 19 of the 

EGFR gene while exon 21 mutations have been associated to shorter overall survival 

(Gazdar, 2009). Amplification and/or overexpression of the drug target are other 

frequently observed intrinsic mechanisms of resistance. Increased levels of BCR-ABL as 

well as other proteins have been described in the context of pharmacological resistance 

(Feldman & Feldman, 2001; Gorre et al, 2001). In addition, alternative splicing of 

oncogenes has also been annotated as a potential resistance mechanism. A BRAFV600E 

variant lacking the RAS binding domain (p61BRAFV600E) has been detected in tumor 

samples of patients showing resistance to vemurafenib (Poulikakos et al, 2011). 
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Cancer cells can also take advantage of a broad range of extrinsic resistance mechanisms 

upon treatment with both chemotherapeutics and targeted agents. Patient-specific 

pharmacokinetic and pharmacodynamic parameters may hamper the efficacy of an 

otherwise successful drug. Poor adsorption, distribution or metabolism may be 

observed sporadically in some patients even for optimized molecules (Brockman, 1963). 

Some cancer drugs exert their pharmacological action on plasma membrane proteins 

while others have intracellular targets and need to reach the cytoplasm through 

diffusion, active transport or endocytosis (Gottesman, 2002). Even though changes in 

the lipid composition of the plasma membrane might affect diffusion and endocytosis, a 

much more common extrinsic resistance mechanism observed in cancer treatment 

relates to active transport of drugs in and out of the cell. Often, drug transporters at the 

plasma membrane are not specific and alterations in these carriers may lead to so-called 

multidrug resistance (MDR). One of the first examples was provided by the observation 

that many cancers overexpress the MDR1 gene (also known as P-glycoprotein or P-gp) 

(Kartner et al, 1983). The product of this gene belongs to the wide family of ATP-binding 

cassette (ABC) transporters and works as an energy-dependent drug efflux pump (Dean 

& Annilo, 2005; Szakacs et al, 2006). The solute carrier (SLC) family represents another 

important family of membrane transporters that has been shown to play a pivotal role in 

the mechanism of action of cancer drugs (Hediger et al, 2004; Winter et al, 2014).  

Extrinsic resistance may also occur upon alterations of signaling upstream or 

downstream of the main drug target. Upstream amplification of BRAF, for example, has 

been show to confer resistance to the MEK inhibitor AZD6244 (Little et al, 2011). 

Alternatively, activation of different signaling pathways and mutations on genes other 

than the primary pharmacological target may substantially influence the effect of a 

specific treatment. For instance, the presence of KRAS or BRAF mutations in CRC 

abrogates the benefits observed upon cetuximab administration and stands as a 

paradigmatic predictor of anti-EGFR antibody therapy efficiency (Benvenuti et al, 2007). 

The outcome of anti-EGFR therapy in CRC might decline also in the presence of specific 

mutations in the PIK3CA gene and activation of this kinase or downregulation of its 

negative regulator PTEN have been shown to affect response to trastuzumab in breast 

cancer (Berns et al, 2007; De Roock et al, 2011). Extrinsic resistance might also be 

mediated by the overexpression of genes not directly targeted by therapy as illustrated 
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by the increased expression of LYN in different models of TKI-resistant CML (Mahon et 

al, 2008). 

Increasing drug concentrations can overcome the effect of some mutations but toxicity 

and additional side effects might be experienced (Kantarjian et al, 2009). Targeting 

allosteric sites and engaging a target outside of its main binding pocket is another 

alternative (Hantschel, 2012; Hantschel et al, 2011). Intrinsic resistance can also be 

addressed with more sophisticated molecules optimized to bind wild type as well as 

mutated oncogenes. TKIs provide again an illustrative example with second generation 

inhibitors such as nilotinib (Tasigna®), dasatinib (Sprycel®) and bosutinib (Bosulif®) 

inhibiting also some mutated variants of BCR-ABL but not the T315I gatekeeper 

mutation while the third generation inhibitors ponatinib (Iclusig®) and rebastinib target 

also the gatekeeper (Lamontanara et al, 2013). However, effective alternatives are not 

always available for every drug target. Furthermore, extrinsic resistance mechanisms 

are more difficult to tackle and often require additional molecules targeting different 

proteins. Indeed, combinations of drugs are currently seen as the most promising 

alternative for cancer treatment and successful applications have already been 

described (Al-Lazikani et al, 2012). 

 

Approaches to precision cancer medicine 

Essentially, the first cancer pharmacological treatments have been devised to target 

features of malignant cells such as fast division. Sequencing of cancer genomes has 

molecularly refined these specific traits and produced the first targeted therapies. 

However, these early attempts have missed the intrinsic heterogeneity of cancer and 

underestimated the plasticity of redundant cellular networks. Moreover, they often 

deliver “undruggable” answers. Furthermore, they can only provide direct information 

on the tumor generating machinery overlooking alternative targets provided by 

synthetic lethal interactions. Genetic and chemical phenotypic screens are currently the 

most promising alternatives for the comprehensive characterizations of synthetic lethal 

drug targets and the discovery of new cancer therapies (Kaelin, 2009; Luo et al, 2009). 

Similar to classical genetic approaches, forward synthetic lethality screens explore loss-

of-functions impairing a given phenotype (e.g. cancer embodied in a collection of 

different cell lines). However, complex genotypes such as those of cell lines often hinder 
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the molecular dissection of genetic interactions. On the other hand, reverse approaches 

focus on specific genetic changes and isogenic models. Even though artificially created, 

isogenic cell lines provide an elegant way to accurately describe synthetic lethalities 

(Nijman, 2011). Comprehensive loss-of-function screens have been long restricted to 

model organisms such as Saccharomyces cerevisiae and Caenorhabditis elegans but the 

discovery of the RNAi process has completely revolutionized the field empowering 

researchers with the possibility to knockdown every gene in a human cell lines.  

Finding novel cancer targets is of extreme importance for the development of 

personalized medicine. However, targeting one single protein or cellular pathway in the 

redundant circuitry of the cell might not be sufficient to hinder tumor proliferation. The 

successful application of multicomponent therapeutics to other complex diseases such 

as HIV infection has inspired similar strategies for the treatment of malignant neoplasms 

(Bock & Lengauer, 2012). Indeed, we believe that combinatorial chemical screenings 

and RNAi-based loss-of-function studies represent technically distinct but 

complementary technologies for the development of more personalized and efficient 

cancer treatments. They are, therefore, the approaches that we chose to implement to 

contribute to the field of precision cancer medicine (Collins & Varmus, 2015; Gonzalez 

de Castro et al, 2013). 

RNAi-based loss-of-function screens 

The RNAi mechanism was originally described in Caenorhabditis elegans where post-

transcriptional gene silencing was reported to be mediated by double-stranded RNA 

(dsRNA) (Fire et al, 1998). The very first observation of RNAi occurred, however, in 

plants during genetic experiments conducted by Jorgensen and colleagues who 

described as “co-suppression” a very similar phenomenon (Napoli et al, 1990). 

Biochemical studies in Drosophila embryo extracts have shown that dsRNA molecules 

are processed to smaller sequences called small interfering RNAs (siRNAs) which are 

the effective mediators of post-transcriptional gene silencing (Zamore et al, 2000). In 

mammals, RNAi is mediated by microribonucleic acids (microRNAs, miRNAs or miRs), 

which are short (around 22 nucleotides), single-stranded RNA molecules (Roberts, 

2014). The genome encodes for longer miRNA precursors called primary-miRNAs (pri-

mRNAs) with a stem-loop hairpin structure (Figure 5). The ribonuclease III DROSHA 

converts pri-miRNAs to precursor-miRNAs (pre-miRNAs) which are then exported to 
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the cytoplasm through the nuclear pore complex (NPC) by the karyopherin XPO5. In the 

cytoplasm, pre-miRNAs are further processed by DICER, an endoribonuclease that 

removes the loop of the hairpin and generates small RNA duplexes resembling the siRNA 

molecules observed in Drosophila. The RNA duplex is subsequently loaded on the 

Argonaute protein (e.g. AGO2) of the RNA-induced silencing complex (RISC). At this 

stage, one RNA strand is discarded according to the thermodynamic asymmetry rule 

leaving a mature single-stranded miRNA which guides the RISC complex to the 

complementary messenger RNA (Hutvagner, 2005).  

 

 

 

Figure 5. RNAi in mammals. Transcribed pri-miRNAs are processed by the DROSHA/DGCR8 complex 

to pre-miRNA and translocated to the cytoplasm by XPO5 through the Nuclear Pore Complex (NPC). 

Here, the pre-miRNA is further modified by the RISC loading complex (RLC) consisting of the 

Argonaute protein AGO2, DICER1, TARBP2 and other members. One strand of the mature miRNA is 

discarded and the AGO2 protein loaded with the remaining one. The cytoplasmic RISC (cRISC) binds 

the silencing factor TNRC6A and can then either target cytoplasmic messenger RNAs or be exported 

to the nucleus by XPO1. Here, the nuclear RISC (nRISC) may bind to other proteins and target nuclear 

transcripts (taken from Roberts, 2014). 

 

Recognition of a specific mRNA requires perfect matching between the transcript and 

the “seed region” (i.e. nucleotides 2-7) of the miRNA while some mismatches are allowed 
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in the rest of the sequence. Of note, perfect matching throughout the entire sequence 

usually determines mRNA degradation via the catalytic activity of the Argonaute protein 

while lower complementarity results in post-transcriptional gene silencing through 

alternative mechanisms such as inhibition of protein translation (Roberts, 2014). 

Importantly, miRNAs have been described not only in the cytoplasm of mammalian cells 

but also in the nucleus (Jeffries et al, 2011; Park et al, 2010). The nuclear function of 

miRNAs remains unclear but evidence suggests they might be involved in regulation of 

long noncoding RNAs (lncRNAs) or other miRNAs transcription, epigenetic gene 

silencing and alternative splicing (Allo et al, 2009; Kim et al, 2008; Leucci et al, 2013). 

Since the first observations, RNAi was regarded as a revolution in the field of functional 

genomics. Knockdown of gene expression through dsRNA provided an innovative tool to 

perform studies on gene function that were previously restricted to lower organisms. 

Initially, researchers thought that the activation of interferon response, the dsRNA-

dependent protein kinase (PKR) pathway and general protein translation arrest would 

have hampered the application of dsRNA-induced RNAi to somatic mammalian cells. 

However, these responses are triggered mainly by long dsRNA molecules (i.e. >30 bp) 

apart from particular circumstances in specific cell types. The first RNAi experiments in 

mammalian cells involved chemically synthesized short (21-22 base pair) siRNAs 

modelled on the small RNA duplexes observed in Drosophila and delivered by means of 

transfection (Elbashir et al, 2001). However, in contrast to the systemic and heritable 

nature of dsRNA-mediated post-transcriptional gene silencing in Caenorhabditis elegans 

and plants, RNAi mediated by siRNA in Drosophila and mammals is transient, cell-

autonomous and non-heritable (Hannon, 2002). Moreover, many mammalian cells 

cannot be readily transfected. Short hairpin RNAs (shRNAs) resemble endogenous 

mammalian miRNAs and provide an alternative to these limitations. Extensive studies 

have been conducted to elucidate the structural features essential for an efficient shRNA 

molecule both in terms of length of the stem-loop and sequence complementarity to the 

intended target (Gu et al, 2012; Paddison et al, 2002). As for siRNAs, shRNAs can be 

chemically synthesized and transfected in cells where they would anyway elicit a 

transient effect (Brummelkamp et al, 2002b; Paddison et al, 2002). However, these 

hairpin-like RNAi triggers can also be encoded by self-inactivating retroviral or lentiviral 

constructs integrating in the genome of the target cell upon infection (Abbas-Terki et al, 

2002; Brummelkamp et al, 2002a). This feature allows delivery to a broader range of 
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mammalian cells. After genomic integration, a stem-loop hairpin resembling natural 

miRNAs is produced and processed by the endogenous RNAi machinery. Stable 

integration allows sustained expression of shRNA molecules also in daughter cells and 

prolonged gene knockdown effects that can be observed for weeks. Furthermore, 

shRNA-encoding vectors can be propagated and stored indefinitely. Different shRNA 

constructs have been reported in the literature. For example, The RNAi Consortium 

(TRC) at the Broad Institute of MIT and Harvard (Cambridge, MA, USA) developed the 

pLKO.1 vector adapting a previously reported lentiviral construct (Moffat et al, 2006) 

(Figure 6). In pLKO.1, the human U6 RNA polymerase III promoter drives the 

transcription of a 21-base pair stem and a 6-nucleotide loop shRNA while expression of 

a puromycin-resistance gene under the control of the human phosphoglycerate kinase 

(hPGK) promoter allows for selection of infected cells.  

 

 

 

Figure 6. Schematic illustration of the pLKO.1 vector used by The RNAi Consortium (taken from 

Moffat et al, 2006). 

 

The sustained expression of a shRNA targeting an essential gene can be toxic and induce 

cellular death preventing analyses of gene function. In this regard, engineered vectors 



INTRODUCTION 
 

 

 
21 

 

allowing inducible expression of RNA hairpins have been described (Ngo et al, 2006; 

Zuber et al, 2011a). 

Certainly, the most exciting potential of RNAi resides in the possibility to build extensive 

shRNA libraries targeting focused gene sets or an entire genome. Such libraries 

represent an unprecedented technology that can be employed to investigate gene 

functions, gene-gene interactions and new therapeutic targets in humans. Arrayed or 

pooled loss-of-function genetic screens can be performed using libraries of shRNAs 

(Bernards et al, 2006; Brummelkamp et al, 2006; Luo et al, 2008; Silva et al, 2005). In 

arrayed screens shRNA constructs targeting different genes are separately administered 

to cells in, for example, a 96-well plate format. This type of genetic screens is usually 

more sensitive, provides direct information on genes responsible for a particular 

phenotype and allows implementation of more sophisticated read-outs such as 

fluorescence imaging-based high-content screenings. The array format can be used for 

both positive selection screens, where gene knockdown confers some sort of advantage 

or increase of a specific property, and negative selections, where gene downregulation 

leads to cellular growth impairment or death. Paddison and colleagues, for example, 

looked for impaired proteasome function in an arrayed shRNA screen based on a 

fluorescent reporter (Paddison et al, 2004). However, arrayed screens of genome-wide 

libraries require extensive automation and only allow for short-term phenotypes to be 

monitored as prolonged culture of cells in multi-well plates is rather impractical. On the 

other hand, cells can be infected with pooled libraries. The specific sequence of a shRNA 

molecule can be seen as a molecular barcode that can be PCR-amplified from the 

genomic DNA of infected cells and deconvoluted out of a pool by microarray analysis or, 

more recently, through next-generation sequencing (Sims et al, 2011). Moreover, 

additional barcodes inserted during PCR amplifications permit higher multiplexing. 

Pooled shRNA screens do not require extensive pipetting and are usually performed in 

standard cell culture dishes allowing for long-term proliferation assays. Negative 

selection screens are, however, more difficult in the pooled format as the detrimental 

phenotype has to be sufficiently pronounced to be robustly detected in the pool. In a 

successful example, Ngo et al. uncovered a role for CARD11 in the regulation of NF-κB 

signaling and its therapeutic potential in diffuse large B-cell lymphoma (DLBCL) through 

the pooled screen of an inducible shRNA library (Ngo et al, 2006). Undoubtedly, shRNA 

screens represent a powerful investigation tool for the discovery of new molecular 
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targets in cancer. Notably, loss-of-function screens using shRNA libraries have been also 

successfully conducted in vivo (Dow et al, 2012; Zuber et al, 2011b). 

A caveat to the use of RNAi molecules such as siRNA or shRNA is represented by off-

target effects. Both siRNA and shRNA molecules have been reported to induce 

knockdown of genes different from the intended target (Echeverri et al, 2006). Even 

though RNAi molecules are designed in order to minimize such off-target effects, results 

from loss-of-function screens carried with these triggers have to be validated with 

secondary experiments. A way around this complication is the inclusion of different 

constructs targeting the same gene in shRNA libraries as molecules with different 

targeting sequences are less likely to show overlapping off-targets. 

Multicomponent therapeutics 

Pharmacological treatments based on complex mixture of active natural products have 

largely been used in traditional medicinal approaches. Multi-drug regimens have been in 

vogue till the beginning of the twentieth century when some investigators developed a 

concrete interest in the defined action of single molecules. Pioneering research 

conducted by Paul Ehrlich generated considerable excitement about so-called “magic 

bullets” effective against specific diseases (Ehrlich, 1913). This trend dominated till the 

second half of last century when it became clear that the multifactorial basis and 

molecular complexity of diseases such as cancer could not always be addressed by single 

molecules. Recently, it has been proposed that cancer heterogeneity and resistance 

mechanisms would be better undertaken by multicomponent therapeutics emulating 

successful anti-HIV strategies (Bock & Lengauer, 2012). 

Cancer is often treated with a combination of surgery, radiation and/or pharmacological 

approaches. The chemotherapy regimen for childhood acute lymphoblastic leukemia 

(ALL) based on a mixture of methotrexate, vincristine, 6-mercaptoturine and prednisone 

was among the first drug-only combinatorial treatments (Chabner & Roberts, 2005). 

More recent targeted drugs are regularly used in combination with classical 

chemotherapeutic agents. For example, the monoclonal antibody trastuzumab is often 

prescribed in combination with paclitaxel for the treatment of breast cancer while 

cetuximab can be administered together with irinotecan (Camptosar®) in CRC 

(Cunningham et al, 2004; Slamon et al, 2001). Combinatorial approaches based 

exclusively on targeted drugs have also been explored and are usually referred to as 
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“vertical” if the distinct molecules target the same oncogenic pathway (or even the same 

target) or “horizontal” if parallel pathways are addressed. Combinatorial treatments 

based on the CYP17 inhibitor abiraterone (Zytiga®) and the antiandrogen enzalutamide 

(Xtandi®), both targeting the AR signaling, are being evaluated for the treatment of 

castration-resistant prostate cancer (CRPC) (Al-Lazikani et al, 2012). In a more 

“horizontal” example, the efficacy of the MEK inhibitor AZD6244 has been shown to 

improve by concomitant administration of an allosteric AKT inhibitor in the context of 

NSCLC (Tolcher et al, 2015). Importantly, all combinatorial approaches must carefully 

evaluate the appropriate concentrations of the agents to be combined as well as a 

potential administration time lag. Studies on breast cancer have shown that hormonal 

therapy can be combined with chemotherapeutics and that better results are obtained if 

the two drugs are administered sequentially rather than concomitantly (Albain et al, 

2009; Lee et al, 2012). 

Hypothesis-driven combination strategies based on knowledge about the underlying 

cancer mechanisms have improved treatment but cannot probe the entire combinatorial 

space and could miss important non-obvious interactions. In the future, 

network/systems biology will likely be able to provide more sophisticated in silico tools 

for rational drug combinations design based on integrated information from (functional) 

genomics and proteomics. Currently, high-throughput screening (HTS) technologies 

provide the most resourceful strategy for combinatorial drug discovery. Even though 

genome-wide genetic loss- or gain-of-function screens can uncover key interactions 

sustaining sensitivity or resistance mechanisms, phenotypic screens of large compound 

collections have the advantage of providing a direct connection between phenotypes, 

“druggable” targets and a compound. Moreover, HTS of diverse compound libraries can 

identify unexpected interactions and lead to the formulation of syncretic drug 

combinations (in contrast to more obvious congruous ones) where at least one of the 

active ingredients is not used individually for the treatment of the targeted disease 

(Keith et al, 2005). Combinations of drugs are usually explored using factorial designs 

(also referred to as dose-response matrices) where all possible permutations of 

different doses of two or more compounds are systematically analyzed. As illustrated by 

Lehàr et al., these representations might also reveal different types of interaction 

between drug targets (Lehar, 2007). Ultimately, multicomponent therapeutics in the 

clinic has to be justified by a significant improvement over the administration of 
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individual drugs. Addition of a second molecule, can improve the efficacy of another by 

either boosting the maximal effect at the highest concentrations or by shifting potency to 

lower doses (Lehar et al, 2008). Synergy (from the Greek συνεργία, meaning cooperation) 

has historically been used in pharmacology to indicate a combinatorial effect that is 

greater than the simple addition of the effects of the single compounds (Berenbaum, 

1989). In contrast, drugs producing a combination effect which is poorer compared to 

the predicted additivity are said to antagonize. Two distinct models are usually 

employed for synergy assessment in multicomponent therapeutics (Figure 7).  

 

 

 

Figure 7. Synergy evaluation models. Dose-response surfaces describing the combinatorial activity 

of drugs X and Y according to the Loewe additivity model (left) or the Bliss independence model 

(right) (taken from Keith et al, 2005). 

 

The assumption of the Loewe additivity model is that when combined with itself, a 

compound must be, by definition, additive (Loewe, 1928; Loewe, 1953). Consequentially, 

in order to achieve the specific effect generated by either drug X alone at CX 

concentration or by drug Y alone at CY concentration, X and Y have to be combined at 

doses CX1 and CY1 respectively, satisfying the equation CX1/CX + CY1/CY =1. Choy and 

Talalay extended the Loewe additivity model defining a Combination Index (CI) given by 

the equation CX1/CX + CY1/CY =CI (Chou & Talalay, 1984). CI values describe 

multicomponent synergy when CI<1, antagonism when CI>1 or Loewe additivity when 

CI=1. A disadvantage of the Loewe additivity model is that dose-response curves of the 

drugs alone are necessary to evaluate the effect of a combination. The Bliss 
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independence model refers to combinations of drugs acting independently and, in 

contrast to Loewe additivity, does not require dose-response information about the 

single compounds to assess potential combinatorial synergy or antagonism (Bliss, 1939). 

According to this model the effect of two drugs X and Y can be predicted to be equal to 

AX+AY-AX*AY where AX and AY are the activities of the two individual drugs. Deviations 

between experimental and predicted values define synergy (deviation > 0), additivity 

(deviation = 0) or antagonism (deviation < 0). 

For a compound library of n molecules there are n*(n-1)/2 possible pairwise 

combinations. Therefore, even a relatively small library of 1,000 compounds, would 

generate almost 500,000 pairwise combinations to be investigated. Such numbers easily 

exceed the standard throughput of many screening facilities. A way around this scale 

issue might be provided by sophisticated screening strategies (Borisy et al, 2003) or 

more focused libraries such as collections of kinase inhibitors or epigenetic molecules. 

Libraries of approved drugs, especially, represent a convenient resource not only 

because they contain highly optimized small molecules that can be used as chemical 

biology tools but also because they could easily allow repurposing (i.e. repositioning) of 

individual drugs or combinations thereof (Ashburn & Thor, 2004). Followed by a proper 

assessment of pharmacokinetic and pharmacodynamic parameters of concomitantly 

administered molecules, combinatorial HTS of approved drugs have the potential to 

deliver clinically relevant ready-to-use multicomponent therapeutics bypassing most of 

the hurdles of a standard drug discovery pipeline. 
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AIMS 

The aim of the work described here was to define novel therapeutic targets and to 

develop stratified treatments contributing to more personalized cancer medicine. In 

particular, we aimed at the establishment of a robust pooled shRNA screening pipeline 

to allow for the systematic investigation of the role of chromatin-related proteins in a 

model for breast cancer heterogeneity. Using a collection of isogenic cell lines we 

wanted to evaluate the therapeutic potential of chromatin modifying enzymes in specific 

breast cancer genetic backgrounds and disclose new “druggable” targets for the 

development of more personalized therapies. 

We also aimed at a comprehensive evaluation of combinations of approved drugs to 

uncover clinically relevant synergistic interactions. By means of combinatorial HTS we 

wanted to assess congruous relations as well as non-obvious connections between 

seemingly unrelated drugs and repurpose clinical compounds for more patient-specific 

pharmacological treatments. 

 



RESULTS 
 

 

 
27 

 

RESULTS 

NOTCH1 activation in breast cancer confers sensitivity to inhibition of 

SUMOylation 

In order to evaluate the therapeutic potential of chromatin-related proteins for the 

development of breast cancer treatments specific for distinct genetic backgrounds 

described in patients, we have performed a pooled shRNA screen on a panel of isogenic 

cell lines and uncovered the sensitivity of NOTCH1-activated breast cancer cells to 

inhibition of SUMOylation, a post-translational modification that occurs on histones as 

well as on other proteins. The findings of the screen together with the molecular 

characterization of the genetic interaction and the evaluation of its clinical relevance in 

patient-derived breast cancer cell lines have been reported in the following publication. 
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A combinatorial screen of the CLOUD uncovers a synergy of approved 

drugs targeting the androgen receptor 

Resistance mechanisms contribute to the complexity of cancer and are better addressed 

by multicomponent therapeutics. Drug repurposing has been shown to be a valid 

alternative for the formulation of new cancer treatments (Ashburn & Thor, 2004) but 

has not been thoroughly evaluated in the context of drug combinations mainly because 

combinatorial screens of even relatively small libraries easily overcome the standard 

throughput of screening platforms. To address this problem, we defined a non-

redundant library of FDA-approved drugs containing structurally and biologically 

unique representatives of clinical compounds. We named this collection of small 

molecules the CeMM Library of Unique Drugs (CLOUD) and performed a pairwise 

combinatorial screen to uncover synergies of approved drugs that could be repurposed 

as more efficient and patient-specific cancer pharmacological treatments. A description 

of the combinatorial screen and the validation of a synergistic interaction have been 

collected in the following manuscript submitted for publication. 
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Abstract: Approved drugs are invaluable tools to study biochemical pathways playing 

important roles in human health and disease. Moreover, further functional and 

mechanistic characterization of clinical compounds may lead to repurposing of single 

drugs or combinations. Here, we describe the cheminformatic approach that lead to a 

collection of small molecules representing all FDA-approved chemical entities: the 

CeMM Library of Unique Drugs (CLOUD). The CLOUD is designed to best represent the 

chemical and biological space of approved drugs, cover prodrugs and active forms, and 

allow for combinatorial screens at pharmacologically relevant concentrations. In one 

such screen we discovered the synergistic interaction between flutamide and 

phenprocoumon (PPC). We show that PPC modulates the stability of the androgen 

receptor (AR) and resensitizes AR mutant prostate cancer cells to flutamide. Collectively, 

our data suggest that PPC might be clinically repurposed to tackle resistance to 

antiandrogens in prostate cancer patients. 
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Introduction 

Drug discovery is a challenging process easily spanning 10-15 years (1). In spite of the 

recent advances in screening and sequencing technologies, the number of new 

molecular entities (NMEs) (2) approved every year still hobbles below expectations (2, 

3). Recently, both industry and academia have tried to bypass the hurdles in the drug 

discovery process by repositioning clinical compounds for additional indications (so-

called drug repurposing) (4).  

Patient diversity and drug resistance still represent significant obstacles in long-term 

pharmacological treatment of diseases such as cancer or infections (5, 6). 

Multicomponent therapeutics has been shown to be an effective alternative in these 

circumstances (7) providing a new strategy for more personalized medicine. Notably, 

combinations of already approved products would have the obvious advantage of 

dealing with safe, effective and bioavailable drugs. Moreover, approved drugs comprise 

some of the best studied organic small molecules and for many of them the biological 

target and mechanism of action are known. 

These unique features have prompted two recent academic efforts to take on the 

challenge of cataloguing and collecting all drugs approved for human or veterinary use 

(8, 9). However, access to these comprehensive libraries is limited to scientists affiliated 

to the corresponding institutions or to external collaborators when screenings are 

performed on site. Moreover, a systematic pairwise combinatorial high-throughput 

screen (HTS) of all 14,814 molecules currently in the NCGC pharmaceutical collection 

(9) would generate more than 100 million data points, an effort beyond the current 

capacity of screening facilities. There are also several commercially available libraries of 

approved drugs containing between 780 and 1600 compounds. However, these 

collections do not cover all drug classes.  

In this study, we report a strategy to computationally derive a set of representative FDA-

approved drugs. Our aim was to generate a collection that optimally captures the 

chemical and biological diversity of all clinical compounds while fitting to a single 384-

well screening plate. We annotated this collection with human maximum plasma 

concentrations reported in the literature to encourage HTS at pharmacologically 

relevant ranges. Moreover, for all substances administered as prodrugs we included the 

respective active form. We named this collection of clinical compounds the CeMM 

Library of Unique Drugs (CLOUD). 
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The non-redundant nature of our library allows for the systematic investigation of all 

combinations of CLOUD drugs. In one such combinatorial HTS we uncovered the 

synergistic interaction between flutamide (10), an AR antagonist, and PPC (11), a 

vitamin K epoxide reductase complex subunit 1 (VKORC1) (12) inhibitor. The AR 

normally resides in the cytoplasm bound to chaperones such as HSP90 (13). Upon 

binding of dihydrotestosterone (DHT) the AR changes its conformation and translocates 

into the nucleus where it binds androgen responsive elements (AREs) driving the 

transcription of canonical targets such as KLK3 (also known as prostate specific antigen 

PSA), TMPRSS2 and KLK2 (14, 15). Flutamide is a non-steroidal antiandrogen approved 

for the treatment of prostate cancer (16). It competes with DHT working as an AR 

antagonist (10). However, AR mutations such as T877A have been reported to switch 

the activity of flutamide from antagonist to agonist (17, 18) and have been described as a 

resistance mechanism to antiandrogen therapy (19). Vitamin K is an important cofactor 

of the enzyme γ-glutamyl carboxylase (GGCX) which catalyzes the γ-carboxylation of 

glutamic acid residues in proteins involved in the coagulation cascade (20, 21). In this 

reaction, GGCX oxidizes vitamin K hydroquinone to vitamin K epoxide (22). The VKORC1 

enzyme converts oxidized vitamin K back to its reduced form (23) sustaining the cellular 

pool of the cofactor. PPC, a coumarin anticoagulant used for the treatment of 

thrombosis, inhibits VKORC1 and therefore vitamin K-dependent γ-carboxylations and 

the coagulation cascade (11). Here, we show that PPC restrains the induction of AR 

canonical targets by flutamide in a prostate cancer cell line carrying a T877A mutated 

AR and where flutamide normally behaves as an agonist. The combination of these two 

approved drugs leads to AR degradation and apoptosis of an AR-dependent prostate 

cancer model. Our findings suggest that PPC could be repurposed in the clinic to address 

prostate cancer resistance to AR antagonists mediated by AR mutations such as T877A.  
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Results 

A representative library of approved drugs 

In order to generate a representative library of clinical compounds we retrieved all 

approved products from the Drugs@FDA Database (www.fda.gov). This resource 

contains prescription and over-the-counter small molecules and therapeutic biologicals 

approved for human use together with drugs discontinued for reasons other than safety 

(e.g. for economic reasons). First, we determined and extracted the 2,171 unique active 

ingredients responsible for the biological effects of the 26,800 products retrieved from 

the database (Fig. 1A). In order to obtain a small molecule collection suitable for HTS we 

discarded all macromolecules (e.g. enzymes, antibodies, polysaccharides) narrowing our 

set down to 1,929 small molecules. We proceeded removing all salt fragments and 

keeping only 1,416 unique molecular entities. Furthermore, all FDA-approved molecules 

exerting their biological effects through mechanisms other than DNA 

alteration/interaction, protein-ligand interaction or that are not used to treat diseases 

(e.g. diagnostic agents, dietary supplements, disinfectant, blood substitutes, perfusion 

solutions, metabolism products, surfactants, stomatological preparations, throat 

preparations) or that can only be found in topical products (e.g. dermatologicals, nail 

polish) were removed. This filtering scheme produced a collection of 955 systemically 

active small molecules that we called the STEAM (SysTEmic smAll Molecules) (table S1). 

To condense the STEAM into the CLOUD we temporarily removed 35 drugs with 

unknown target. The remaining small molecules were annotated with their biological 

activity and grouped into classes accordingly (table S1). Each class contains all drugs for 

a specific target or protein family (e.g. DNA, androgen receptor, histone deacetylases) 

with the same mechanism of action (e.g. agonist, antagonist). Drugs belonging to the 

same class are often structurally very similar: this is due to many so-called “me too” 

drugs (24) developed by competing pharmaceutical companies. While minor structural 

differences might change important pharmacological parameters and side effects in vivo, 

we reasoned that structurally very similar molecules belonging to the same class would 

behave redundantly in most screening assays. Therefore, we decided to keep only 

representative compounds for each of these classes. We clustered all drugs within a 

specific class according to their chemical structure and selected molecules at cluster 

centers (Materials and Methods). For example, out of four structurally very similar 

dihydrofolate reductase inhibitors only methotrexate was selected by the clustering 
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algorithm (Fig. 1A). However, some drug classes are populated by structurally different 

molecules. For instance, histone deacetylases can be inhibited by the small hydroxamic 

acid vorinostat and the cyclic peptide romidepsin: in such cases all different structures 

were kept (Fig. 1B). Moreover, some drug classes cover a broader range of therapeutic 

activities. Depending on their receptor subtypes serotonin receptor agonists can be used 

to treat anxiety (5-HT1A), migraine (5-HT1B/1D/1F) and disorders of gastrointestinal 

motility (5-HT4). For such drug classes the clustering parameters were relaxed to allow 

for the selection of structurally more related compounds covering a broader range of 

therapeutic indications (table S1). Structural clustering of 176 classes resulted in 239 

representative drugs optimized for chemical diversity and coverage of biological 

activities. To enable detection of compound activity in both biochemical and cellular 

assays, we searched the literature for prodrugs among these 239 molecules. We 

identified 35 prodrugs for which the corresponding active form was included in our 

screening collection (table S2). Finally, the 35 drugs with unknown target from the 

STEAM were directly added to this final collection of 309 approved small molecules that 

we named the CLOUD – the CeMM Library of Approved Drugs. The CLOUD covers more 

drug classes compared to other commercially available libraries containing FDA-

approved drugs (fig. S1A) and exclusively provides active forms of prodrugs (fig. S1B). 

 

The CLOUD covers target and physicochemical space of FDA-approved drugs 

We addressed the clustering procedure for potential biases in target organisms, target 

proteins or physicochemical properties. The 955 STEAM drugs with known mechanism 

of action target mostly human proteins (80%, fig. S2A) followed by bacterial (14%), viral 

(4%), protozoal, fungal and helminthic (2%) targets. CLOUD drugs showed a similar 

distribution with a minor reduction in drugs targeting bacterial proteins (fig. S2A): this 

difference is easily explained by the high number of structurally similar antibiotics 

acting on the dihydropteroate synthase, penicillin-binding proteins and the ribosome. A 

protein target classification of STEAM drugs showed that the majority of approved small 

molecules target G protein-coupled receptors (GPCRs, 27%, fig. S2B) as already reported 

(25). Other prominent targets are ion channels (14%), oxidoreductases (10%), 

transferases (8%), nuclear receptors (7%) and hydrolases (7%). Again, CLOUD drugs 

showed a similar pattern (fig. S2B). Furthermore, drugs usually obey to the so-called 

Lipinski´s rule of five (26). As expected STEAM drugs tend not to violate this rule (Fig. 
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1C) and CLOUD drugs showed the same trend. Moreover, when the physicochemical 

properties contemplated by the Lipinski´s rule of five (i.e. molecular weight, hydrogen 

bond acceptors/donors, logP) as well as the number of rotatable bonds were analyzed 

individually, no significantly different distribution was observed comparing the CLOUD 

to the STEAM (fig. S3A-E). This confirmed that the 239 CLOUD drugs with known target 

did not only reflect the target distribution but also covered the physicochemical space of 

the 955 initially selected FDA-approved small molecules. 

Approved drugs have been extensively annotated with pharmacological data including 

peak plasma concentrations in humans. These concentrations vary over several orders 

of magnitude (Fig. 1D). In order to reproduce conditions close to clinical settings we 

prepared stocks of CLOUD drugs so to allow screens in the range of their plasma 

concentration. Furthermore, we arranged all CLOUD drugs in a single 384-well plate 

with the aim of creating an easily accessible reference library for repurposing and 

annotating clinical compounds. 

Finally, to ensure that this library functionally preserved most of the biological activities 

addressed by STEAM drugs, we analyzed gene expression profiles reported for 

compounds belonging to the same class. The Connectivity Map (CMap) (27) represents 

an optimal database for such analyses. To eliminate batch-effects from CMap data, we 

used DIPS scores (28) as they provide efficient data normalization. Pairwise DIPS scores 

within CLOUD clusters are significantly increased compared to random drug pairs 

indicating a similar influence of co-clustered drugs on cellular responses (Fig. 1E). 

 

A synergistic interaction between flutamide and PPC 

Drug repurposing has already produced successful new applications of approved drugs 

(29, 30). More recently, it has been emphasized that combinations of different molecules 

can improve the outcome of pharmacological therapies (7). The CLOUD allows for 

effective combinatorial screenings of clinical compounds using different assays. In one 

such screen we investigated the effect of 40,470 pairwise combinations of CLOUD drugs 

on the viability of KBM7 cells, a near haploid human chronic myeloid leukemia (CML) 

cell line (31) that allows for rapid downstream functional characterizations of drug 

targets and mechanisms of action (32, 33). Combinations of CLOUD drugs were analyzed 

for potential synergy or antagonism according to the Bliss independence model (34) and 

254 hits were selected for a counter-screen (Fig. 2A). We then selected the top 20 
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synergies and antagonisms among the hits that validated in the counter-screen (Fig. 2B 

and table S3) and investigated these further in dose-response matrices: the synergistic 

interaction between flutamide and PPC stood out as the most significant hit of the screen 

(fig. S4 and Fig. 2C).  

KBM7 cells allow for the generation of human gene knockouts by insertional 

mutagenesis (35, 36). In order to validate the specificity of the target we addressed the 

effect of the drug combination on a KBM7 clone carrying a gene-trap in the AR gene (AR 

KO KBM7). We first validated the knockout of the AR gene using reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) (Fig. 2D) and western blotting (Fig. 

2E). Upon treatment with different concentrations of flutamide and PPC in combination, 

AR KO KBM7 cells showed increased resistance compared to wild type KBM7 cells (Fig. 

2F). A closer inspection of the position of the gene-trap locus revealed an AR isoform 

(AR45) (37) downstream of the inserted cassette (fig. S5A). The presence of this 

alternative isoform and residual transcripts of the full length AR in AR KO KBM7 cells 

(fig. S5B) might explain the incomplete resistance to the combination. 

 

Flutamide and PPC induce apoptosis in LNCaP cells 

AR signaling has been shown to play a crucial role in the development of prostate cancer 

(38). Current pharmacological treatments aim at a reduction of androgen levels or 

inhibition of the pathway with AR antagonists (39). Even though patients usually 

respond well to antiandrogen therapy initially, cancer cells inevitably develop resistance 

mechanisms hampering the efficiency of the treatment (40). Drug combinations have 

proven to be a valid alternative to circumvent drug resistance and the use of already 

approved drugs entails different pharmacological and clinical benefits. In order to 

evaluate the translational potential of the CLOUD and of the synergistic interaction we 

have uncovered in our combinatorial screen, we addressed the effect of the combination 

of flutamide and PPC on prostate cancer cell lines. We performed dose-response 

measurements on LNCaP cells, an AR-dependent prostate cancer cell line carrying a 

T877A mutation in the AR gene (17). This mutation has been described in prostate 

cancer patients (18) and reported to confer resistance to AR antagonists. LNCaP cells 

showed a marked sensitivity to the combination of flutamide and PPC while PC-3 

prostate cancer cells, which express very low levels of AR (41), were only mildly affected 

at very high concentrations (Fig. 3A and fig. S6). Notably, we obtained similar results 
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exchanging PPC with warfarin, another VKORC1 inhibitor, or flutamide with 

bicalutamide, another AR antagonist (fig. S7A). Two other antiandrogens, namely 

enzalutamide and nilutamide, also showed a synergistic interaction with PPC, albeit to a 

lower extend compared to flutamide (fig. S7B). To better elucidate the cellular death 

mechanism triggered by the two compounds, we performed Annexin V staining and flow 

cytometry analysis of LNCaP cells treated with either the drugs alone or in combination.  

Only the treatment with both flutamide and PPC induced apoptosis in this prostate 

cancer cell line (Fig. 3B).  

 

Binding of flutamide in the presence of PPC leads to AR downregulation 

To better understand the effect of the combination on LNCaP cells we repeated the dose-

response treatment in the absence of steroids, confirming the sensitivity of these cells to 

the combination (fig. S8). RT-qPCR experiments showed that flutamide alone behaves 

indeed as an agonist in these cells increasing the expression of AR signaling canonical 

targets such as KLK3, TMPRSS2 and KLK2 after 24 hours while PPC alone did not affect 

the expression of these genes (Fig. 4A). Notably, treatment of LNCaP cells with both 

flutamide and PPC restrains the expression of KLK3 and KLK2 to levels similar to vehicle 

treatment (Fig. 4A). Interestingly, the combination decreased also AR expression (Fig. 

4A). Of note, PPC did not interfere with induction of AR signaling promoted by the 

potent agonist R1881 (fig. S9). We assessed the stability of AR mRNA and found no 

difference between DMSO and treatment with flutamide and PPC (Fig. 4B) over 10 

hours. By means of immunofluorescence (Fig. 4C) and western blotting (Fig. 4D) 

experiments we observed downregulation of AR upon treatment with the combination 

also at the protein level. Notably, AR decreased already after 8 hours (fig. S10). 

Treatment of LNCaP cells with a proteasome inhibitor reduced AR protein levels as 

already described (42) (Fig. 4E). Of note, bortezomib could partly restore the levels of 

AR upon treatment with the combination (Fig. 4E) suggesting proteasomal degradation 

of the receptor in the presence of flutamide and PPC. In addition, turnover 

measurements revealed decreased AR half-life in LNCaP cells treated with the 

combination (Fig. 4F) hinting at changes in protein stability upon administration of the 

two drugs. 

PPC inhibits the γ-carboxylation of glutamic acid residues of proteins involved in the 

coagulation cascade. We hypothesized that this modification could occur also on 
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glutamic acid residues of the AR and induce global conformational changes affecting 

protein stability and binding of antiandrogens. To test this hypothesis, we performed a 

cellular thermal shift assay (CETSA), a recently described (43) technique for the 

measurement of direct and indirect cellular interactions between proteins and small 

molecules. CETSA measurements showed that PPC affects the thermal stability of the AR 

receptor (Fig. 4G). Importantly, this shift in stability was observed only upon 

administration of PPC to LNCaP cells for 2 days before the experiment. In the absence of 

such a pretreatment, the addition of PPC to the cell lysate did not stabilize the AR (Fig. 

4G), arguing against a direct engagement of the receptor by PPC. Without providing 

unambiguous evidence of AR γ-carboxylation, this experiment indicates that PPC affects 

the conformation and the stability of the AR by means other than direct binding. 
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Discussion 

Approved drugs are highly optimized molecules that can be used to address important 

biological questions. Moreover, a comprehensive library of clinical compounds allows 

for drug repurposing through one-molecule and combinatorial HTS. In our attempts to 

physically obtain a complete set of all approved drugs for screening purposes, we 

realized that no commercially available compound collection covers all drug classes and 

that combinatorial screenings of even relatively small libraries would overload the 

infrastructure of most screening platforms. Therefore, we performed an extensive 

literature search and cheminformatics analyses to generate a set of FDA-approved drugs 

representing the target and chemical space of all clinical compounds. Using a clustering 

algorithm on systemically active approved drugs with known targets, we selected only 

structurally unique molecules. To these compounds we added approved drugs with 

unknown targets and the active forms of prodrugs to allow for both biochemical and 

cellular screens. We call this compound set the CeMM Library of Unique Drugs (CLOUD). 

In contrast to previous collections, all CLOUD drugs fit to a single 384-well plate, are 

screened at their plasma concentration, and include active forms of compounds 

clinically administered as prodrugs.  

The non-redundant nature of the CLOUD allows for combinatorial screenings of drugs 

which are already used in clinical settings entailing a strong translational potential. In an 

HTS of all pairwise combinations of CLOUD drugs we uncovered the synergistic 

interaction between flutamide and PPC. Flutamide is an AR antagonist approved for the 

treatment of prostate cancer while PPC, which has been approved as an anticoagulant 

for treatment of thrombosis, inhibits vitamin K-dependent protein γ-carboxylation. 

Here, we show that the combination of these two drugs impairs the growth of the AR-

dependent LNCaP prostate cancer cell line leading to apoptosis. Importantly, LNCaP cells 

carry a T877A mutation in the AR that switches flutamide to an agonist. The same 

mutation has been validated as a resistance mechanism to AR antagonists in prostate 

cancer patients. Our results indicate that resistance of T877A mutant AR to flutamide 

can be addressed by the concomitant administration of PPC. 

Mechanistically, we observe decreased AR protein stability and proteasomal 

degradation upon treatment of LNCaP cells with the combination. The downregulation 

of this important nuclear receptor operates very likely as the main death trigger in the 

AR-dependent LNCaP cells. We speculate that the concomitant administration of 
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flutamide and PPC induces conformational changes in the receptor leading to protein 

degradation and AR signaling downregulation. As the AR regulates its own expression 

(44), transcriptional changes are likely contributing to decreased protein abundance. 

Importantly, PPC did not alter the induction of AR signaling by the potent synthetic 

agonist R1881. Hence, it seems reasonable to assume that flutamide still binds to the 

receptor in the presence of PPC. 

It is not known whether glutamic acid residues of the AR are γ-carboxylated but we 

speculate this post-translational modification might occur on the nuclear receptor. In 

this regard, we provide evidence that PPC affects the thermal stability of the AR. Our 

data support a model where PPC precludes γ-carboxylation of the AR and the 

uncarboxylated receptor would bind to flutamide incurring in a different conformational 

change that induces protein degradation. 

In summary, we have assembled a representative library that offers structurally unique 

approved drugs for chemical biology studies and drug repurposing screenings. Through 

one such screen we found that the combination of PPC with flutamide induces 

proteasomal degradation of the T877A mutated AR and apoptosis in an AR-dependent 

prostate cancer cell line. T877A mutated AR has been reported in prostate cancer 

patients and associated with resistance to flutamide. Our results suggest that PPC could 

be clinically repurposed for the formulation of more specific prostate cancer treatments. 
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Materials and Methods 

 

Cell Culture 

KBM7 cells were grown in Iscove´s modified Dulbecco´s medium supplemented with 

10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and 1% 

penicillin/streptomycin (Sigma-Aldrich, St Louis, MO, USA). AR KO KBM7 cells were 

obtained from Haplogen (Vienna, Austria). LNCaP (ATCC, Manassas, VA, USA, CRL-1740) 

and PC-3 (ATCC, CRL-1435) cells were grown in RPMI-1640 supplemented with 10% 

fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Sigma-

Aldrich). For steroid-deprived experiments, LNCaP cells were cultured in RPMI-1640 

supplemented with 10% charcoal stripped fetal bovine serum (Thermo Fisher Scientific) 

and 1% penicillin/streptomycin (Sigma-Aldrich).  

 

Generation of the STEAM 

The complete list of all approved FDA products was downloaded from the Drugs@FDA 

database (www.fda.gov, 2011) and the names of all active ingredients were extracted. 

Information on biological activity, CAS numbers, canonical smiles, and molecular 

weights was retrieved mainly from the DrugBank or the Therapeutic Target Database. 

Other sources included Clarke’s Analysis of Drugs and Poisons, the KEGG drug database, 

the Handbook of Clinical DrugData, and Martindale. Active ingredients were filtered as 

described in the text to obtain 955 systemically active small molecules. 

 

Generation of the CLOUD 

Structural clustering of the 955 STEAM drugs with known targets was performed using 

a Pipeline Pilot protocol (Accelrys, San Diego, CA, USA). Structures were represented as 

Extended Connectivity Fingerprints (ECFP) and the Tanimoto coefficient was applied as 

a measurement of structural distance. For cluster formation, the Tanimoto dissimilarity 

was set to 0.85. If this threshold could not cover most of the therapeutic activities within 

a drug class, the threshold was lowered in a stepwise procedure. The script was used to 

identify the cluster centers within each of the 176 drug classes. Cluster centers were 

kept providing a final set of 239 structurally unique CLOUD drugs. To these, we added 

35 STEAM drugs with unknown target and the active forms of 35 prodrugs. Compounds 

were mainly purchased from Enamine Ltd (Kiev, Ukraine), Toronto Research Chemical 
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(Toronto, Canada) and Sigma-Aldrich. Controlled substances and unstable/unavailable 

compounds are indicated in table S1 and table S2. The CLOUD will be distributed by 

Enamine Ltd.  

 

Physicochemical property calculations 

Molecular weight, logP, the number of rotatable bonds, hydrogen bond 

acceptors/donors, and violations of the Lipinski´s rule of five were calculated using the 

chemistry components of the software Pipeline Pilot (Accelrys). 

 

KBM7 cells viability screen 

CLOUD drugs and combinations thereof were transferred on 384-well plates using an 

acoustic liquid handler (Echo, Labcyte, Sunnyvale, CA, USA) and 5,000 cells/well were 

dispensed on top of the drugs using a dispenser (Thermo Fisher Scientific) for a total of 

50 µl/well. Viability was measured after 72 hours using CellTiter-Glo (Promega, 

Fitchburg, WI, USA) in a multilabel plate reader (EnVision, PekinElmer, Waltham, MA, 

USA). Signal was then normalized to negative (DMSO) and positive (10 µM dasatinib) 

controls and set between 0 and 100. Noisy compounds, defined according to median 

absolute deviation (MAD), were excluded from the analysis together with their 

corresponding combinations. Drug combinations were analyzed according to the Bliss 

independence model (34). Briefly, the effect of the combination of drug A and drug B can 

be predicted to be A+B-A*B where A and B are the effects of the single drugs expressed 

as fractional inhibition between 0 and 1. A deviation of the experimental value from the 

Bliss prediction was calculated. Positive deviations denote synergies while negative 

deviations denote antagonisms. Top hits were selected setting thresholds for deviation 

(>0.7 for synergies and <-0.5 for antagonisms) and Z score (>1). 254 hits have been 

selected and tested again in a counter-screen. The top 20 validated synergies and 

antagonisms were further validated in 4 concentrations dose-response matrices and 

analyzed in a similar way. Here, synergisms and antagonisms were measured calculating 

differential volumes representing the sum of all deviation values within a specific matrix. 

Differential volumes > 1 indicate robust synergies while differential volumes < -1 

indicate robust antagonisms. 
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Reverse transcription quantitative polymerase chain reaction 

Performed as already described (45). Primers are listed in table S4. 

 

Western blotting 

Cells were lysed in RIPA buffer supplemented with a cocktail of protease inhibitors 

(Roche). Lysates were resolved by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis. AR (#5153) and GAPDH (#5174) antibodies were purchased from Cell 

Signaling Technology (Danvers, MA, USA). αTUB antibody (ab7291) was purchased from 

Abcam (Cambridge, UK). 

 

Immunofluorescence 

Performed as already described (45). AR antibody (#5153) was purchased from Cell 

Signaling Technology. 

 

Apoptosis assay 

In all, 50,000 cells/well were seeded in 6-well plates and treated with DMSO, 15 µM 

flutamide, 35 µM PPC or flutamide and PPC in combination after 24 h. After 3 days, cells 

were labeled with Alexa Fluor 647 Annexin V antibody (Biolegend, San Diego, CA, USA) 

and propidium iodide and analyzed using flow cytometry (BD FACSCalibur, BD 

Biosciences, Franklyn Lake, NJ, USA). 

 

Cellular thermal shift assay 

LNCaP cells were treated with DMSO or 35 µM PPC for 2 days and then harvested 

maintaining a constant concentration of PPC in all subsequent handling buffers. 

Otherwise, lysates were directly treated with the drug as already described (43). 
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Fig. 1. The CeMM Library of Unique Drugs. (A) Schematic representation of the filtering 

and clustering procedure leading to the 309 CLOUD drugs. (B) Examples of STEAM drug 

clusters and selected representative CLOUD drugs. The cluster of dihydrofolate 

reductase inhibitors centers on methotrexate which was then selected for the CLOUD 

(top); the two structurally very different histone deacetylase inhibitors are both kept in 

the CLOUD (bottom). A complete list of clusters and selected CLOUD drugs can be found 

in table S1. (C) Violations of Lipinski´s rule of five by STEAM and CLOUD drugs. (D) 

Maximum plasma concentration ranges of all CLOUD drugs. (E) Pairwise DIPS scores 

within 69 STEAM clusters. 58 clusters show median pairwise DIPS score above the overall 

median DIPS score (turquoise) while only 11 clusters have median DIPS scores below the 

overall median (orange). 
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Fig. 2. A combinatorial HTS of the CLOUD uncovers the synergy between flutamide and 

PPC. (A) Butterfly plot summarizing the results from the screen. Dots represent 

combinations of two CLOUD drugs. The deviation from Bliss independence and the Log 

of the standard score of the deviation are illustrated. Synergies with a deviation > 0.7 

(red) and antagonisms with a deviation <-0.5 (blue) are indicated. The combination of 

flutamide and PPC is highlighted. (B) Synergies and antagonisms validated in the 

counter-screen are reported. The top 20 synergies (red) and antagonisms (blue) are 

indicated. The combination of flutamide and PPC is highlighted. (C) Dose-response 

matrix of KBM7 cells treated with flutamide and PPC at the indicated concentrations for 

3 days. The average fractional inhibition of viability of two biological replicates (left) and 

deviations from Bliss (right) are reported. The differential volume is the sum of all 

deviations. (D) RT-qPCR confirming knockout of the AR in the AR KO KBM7 clone. 

Primers flanking or downstream of the gene-trap were used. Data are normalized to 

actin expression and KBM7 WT values are set to 1. Error bars are s.d. of three biological 

replicates. (E) Western blotting confirming knockout of the AR in the AR KO KBM7 

clone. Tubulin was used as a loading control. (F) Viability assay showing resistance of 

the AR KO KBM7 clone to the combination of flutamide and PPC compared to KBM7 WT 

after 3 days treatment at the indicated concentrations. Error bars are s.d. of two 

biological replicates. 
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Fig. 3. The combination of flutamide and PPC impairs the growth of LNCaP prostate 

cancer cells. (A) Dose-response matrix of LNCaP cells (left) and PC-3 cells (right) treated 

with flutamide and PPC at the indicated concentrations for 3 days. The average 

fractional inhibition of viability of two biological replicates is reported. The 

corresponding deviations and differential volumes are illustrated in fig. S6. (B) Annexin 

V/propidium iodide staining of LNCaP cells treated with DMSO, 15 µM flutamide, 35 µM 

PPC or the combination for 3 days. Only the combination of the two drugs induces 

cellular apoptosis. 
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Fig. 4. Flutamide and PPC induce AR degradation. (A) RT-qPCR analysis of the 

expression levels of AR and canonical targets of the AR signaling in LNCaP cells cultured 

in steroid-deprived medium and treated with 15 µM flutamide, 35 µM PPC or the 

combination for 24 hours. Data are normalized to actin expression and DMSO treatment 

is set to 1. Error bars are s.d. of three biological replicates. (B) RT-qPCR measurements 

of AR transcript levels in LNCaP cells cultured in steroid-deprived medium and treated 

with either DMSO or the combination. After 24 hours, 4 µM Actinomycin D was added to 

the medium and samples were harvested at the indicated time points. Data are 

normalized to actin expression and to the initial time point. Error bars are s.d. of three 

biological replicates. (C) Immunofluorescence analysis of LNCaP cells treated with 15 

µM flutamide, 35 µM PPC or the combination for 24 hours showing reduced AR protein 

levels only upon treatment with the combination. Scale bar = 100 µm. (D) Western 

blotting of LNCaP cells treated as in (C) showing reduction of AR protein levels in LNCaP 

cells treated with the combination of flutamide and PPC. GAPDH was used as a loading 

control. (E) Western blotting of LNCaP cells treated with 30 nM bortezomib, 15 µM 

flutamide, 35 µM PPC as indicated. GAPDH was used as a loading control. (F) Western 

blotting of LNCaP cells treated with either DMSO or the combination. After 24 hours, 2.5 

µg/ml cycloheximide was added to the medium and samples were harvested at the 

indicated time points. GAPDH was used as a loading control. (G) CETSA of LNCaP cells 

treated with either DMSO or 35 µM PPC for 2 days (top) and LNCaP cell lysates treated 

with either DMSO or 100 µM PPC for 30 min (bottom). 
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Supplementary Figures: 

 

 

Fig. S1. The CLOUD compared to other commercial libraries. (A) Heatmap showing drug classes 

covered by commercially available libraries containing FDA-approved drugs. All commercial libraries 

together cover 93% of CLOUD drug classes. (B) Heatmap showing active forms of 25 CLOUD 

prodrugs listed in commercially available libraries. All commercial libraries together cover only 20% 

of CLOUD active forms. 
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Fig. S2. STEAM and CLOUD distribution of organisms and targets. Percentage of STEAM and CLOUD 

drugs for a specific organism (A) or target class (B) are indicated. 
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Fig. S3. Physicochemical properties of STEAM and CLOUD drugs. (A-E) Distribution of STEAM and 

CLOUD drugs physicochemical properties as indicated. 

  



RESULTS 
 

 

 
73 

 

 

 

Fig. S4. Screen dose-response matrix for flutamide and PPC. Left, dose-response matrix showing 

fractional inhibition of KMB7 cells viability treated with flutamide and PPC at the indicated 

concentrations for 3 days. Average of two biological replicates is reported. Right, matrix showing 

deviations from Bliss. The differential volume is the sum of all deviation values within the matrix. 
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Fig. S5. AR KO KBM7 clone. (A) Schematic representation of the human AR gene. The gene-trap 

insertion site is indicated by a red cross. The transcriptional start site of the main isoform (exon 1) 

and AR45 isoform (alternative exon 1B) are also indicated. (B) Ct values showing residual 

transcription of the main AR and the AR45 isoform in AR KO KBM7 cells. 
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Fig. S6. Differential volumes of LNCaP and PC-3 cells. Dose-response matrices showing deviation 

values and differential volumes of LNCaP cells (left) and PC-3 cells (right) treated with flutamide and 

PPC at the indicated concentrations for 3 days. Values refer to the fractional inhibition dose-response 

matrices reported in Fig. 3A. 
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Fig. S7. Dose-response matrices of LNCaP cells treated with different VKORC1 inhibitors and 

antiandrogens. LNCaP cells were treated with flutamide and warfarin (A) or with PPC in combination 

with other antiandrogens (A and B) at the indicated concentrations for 3 days. 
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Fig. S8. Dose-response matrix of LNCaP cells in the absence of androgens. LNCaP cells were cultured 

for 3 days in steroid-deprived medium and then treated with flutamide and PPC at the indicated 

concentrations for 3 days. 
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Fig. S9. AR signaling activation by R1881. RT-qPCR experiment showing unaltered expression of 

KLK3 and KLK2 in LNCaP cells treated with 10 nM R1881 ± 35 µM PPC for 24 hours. 
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Fig. S10. AR and AR canonical targets downregulation. (A) RT-qPCR experiment showing restrained 

expression of KLK3 and KLK2 as well as downregulation of AR in LNCaP cells treated with 15 µM 

flutamide and 35 µM PPC for 8 hours. (B) Western blotting experiment showing downregulation of 

the AR in LNCaP cells treated with 15 µM flutamide and 35 µM PPC for 8 hours. 
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Supplementary Tables: 

 

STEAM DRUG MECHANISM OF ACTION CLUSTER CLOUD ID 
PLASMA 

[µM] 
SCREENING 

[µM] 

Trilostane 
3-beta-hydroxysteroid 

dehydrogenase inhibitor 
1 CLOUD195 1.7 8.5 

Nitisinone 
4-hydroxyphenylpyruvate 

dioxygenase inhibitor 
2 CLOUD190 23.7 118.6 

Probucol 
ATP-binding cassette transporter 

blocker 
3 CLOUD224 7.6 37.7 

Minoxidil 
ATP-sensitive inward rectifier 

potassium channel opener 
4 CLOUD040 1.2 6.0 

Pinacidil 
ATP-sensitive inward rectifier 

potassium channel opener 
4 CLOUD258 1.7 8.3 

Carboplatin DNA alkylating-like 5 CLOUD250 67.0 67.0 

Cisplatin DNA alkylating-like 5       

Oxaliplatin DNA alkylating-like 5       

Busulfan DNA alkylator 6 CLOUD041 0.28 1.4 

Chlorambucil DNA alkylator 6 CLOUD046 1.6 8.1 

Procarbazine DNA alkylator 6 CLOUD099 2.7 13.3 

Temozolomide DNA alkylator 6 CLOUD164 70.6 352.9 

Altretamine DNA alkylator 6 CLOUD182 98.9 49.5 

Carmustine DNA alkylator 6 CLOUD225 0.040 0.18 

Thiotepa DNA alkylator 6 CLOUD277 9.7 8.5 

Azathioprine DNA alkylator 6       

Bendamustine DNA alkylator 6       

Cyclophosphamide DNA alkylator 6       

Dacarbazine DNA alkylator 6       

Estramustine DNA alkylator 6       

Ifosfamide DNA alkylator 6       

Lomustine DNA alkylator 6       

Mechlorethamine DNA alkylator 6       

Melphalan DNA alkylator 6       

Streptozocin DNA alkylator 6       

Uracil Mustard DNA alkylator 6       

Pipobroman DNA alkylator 6       

Trioxsalen DNA intercalator 7 CLOUD074 0.010 0.10 

Plicamycin DNA intercalator 7       

Thioguanine DNA intercalator 7       

Doxorubicin 
DNA intercalator; topoisomerase 

inhibitor 
8 CLOUD053 0.040 0.20 

Daunorubicin 
DNA intercalator; topoisomerase 

inhibitor 
8       

Epirubicin 
DNA intercalator; topoisomerase 

inhibitor 
8       

Idarubicin 
DNA intercalator; topoisomerase 

inhibitor 
8       

Valrubicin 
DNA intercalator; topoisomerase 

inhibitor 
8       

Azacitidine DNA methyltransferase inhibitor 9 CLOUD115 3.1 15.4 

Decitabine DNA methyltransferase inhibitor 9       

Cytarabine DNA polymerase inhibitor 10 CLOUD057 2.1 10.3 
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Fludarabine DNA polymerase inhibitor 10       

Methyldopa DOPA decarboxylase inhibitor 11 CLOUD186 23.7 118.4 

Carbidopa DOPA decarboxylase inhibitor 11       

Valproate GABA aminotransferase inhibitor 12 CLOUD249 693.4 3467.1 

Vigabatrin GABA aminotransferase inhibitor 12       

Ezetimibe 
Niemann-Pick C1-Like 1 protein 

inhibitor 
13 CLOUD066 0.17 0.90 

Clopidogrel P2Y receptor antagonist 14 CLOUD019 0.020 0.10 

Prasugrel P2Y receptor antagonist 14       

Ticlopidine P2Y receptor antagonist 14       

Pyridostigmine Bromide acetylcholinesterase inhibitor 15 CLOUD009 1.1 5.5 

Tacrine acetylcholinesterase inhibitor 15 CLOUD091 0.050 0.30 

Galantamine acetylcholinesterase inhibitor 15 CLOUD116 4.0 20.0 

Ambenonium acetylcholinesterase inhibitor 15       

Donepezil acetylcholinesterase inhibitor 15       

Edrophonium acetylcholinesterase inhibitor 15       

Hexafluorenium acetylcholinesterase inhibitor 15       

Rivastigmine acetylcholinesterase inhibitor 15       

Pentostatin adenosine deaminase inhibitor 16 CLOUD138 11.2 55.9 

Theophylline 
adenosine receptor antagonist; 

phosphodiesterase inhibitor 
17 CLOUD251 111.0 104.1 

Aminophylline 
adenosine receptor antagonist; 

phosphodiesterase inhibitor 
17       

Oxtriphylline 
adenosine receptor antagonist; 

phosphodiesterase inhibitor 
17       

Dexmedetomidine adrenergic receptor agonist 18 CLOUD004 0.010 0.042 

Isoproterenol adrenergic receptor agonist 18 CLOUD082 2.4 11.8 

Epinephrine adrenergic receptor agonist 18 CLOUD133 5.5 27.3 

Guanfacine adrenergic receptor agonist 18 CLOUD273 0.020 10.0 

Arbutamine adrenergic receptor agonist 18       

Clonidine adrenergic receptor agonist 18       

Dobutamine adrenergic receptor agonist 18       

Guanabenz adrenergic receptor agonist 18       

Mephentermine adrenergic receptor agonist 18       

Metaraminol adrenergic receptor agonist 18       

Methoxamine adrenergic receptor agonist 18       

Midodrine adrenergic receptor agonist 18       

Norepinephrine adrenergic receptor agonist 18       

Phenylephrine adrenergic receptor agonist 18       

Phenylpropanolamine adrenergic receptor agonist 18       

Protokylol adrenergic receptor agonist 18       

Pseudoephedrine adrenergic receptor agonist 18       

Ritodrine adrenergic receptor agonist 18       

Salbutamol adrenergic receptor agonist 18       

Terbutaline adrenergic receptor agonist 18       

Tetrahydrozoline adrenergic receptor agonist 18       

Tizanidine adrenergic receptor agonist 18       

Dihydroergotamine 
adrenergic receptor agonist; 

adrenergic receptor antagonist 
19 CLOUD069 0.015 0.10 

Ergotamine 
adrenergic receptor agonist; 

adrenergic receptor antagonist 
19       
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Terazosin adrenergic receptor antagonist 20 CLOUD110 0.21 1.0 

Atenolol adrenergic receptor antagonist 20 CLOUD124 3.8 18.8 

Tolazoline adrenergic receptor antagonist 20 CLOUD125 25.0 124.9 

Acebutolol adrenergic receptor antagonist 20       

Alfuzosin adrenergic receptor antagonist 20       

Betaxolol adrenergic receptor antagonist 20       

Bethanidine adrenergic receptor antagonist 20       

Bisoprolol adrenergic receptor antagonist 20       

Carvedilol adrenergic receptor antagonist 20       

Doxazosin adrenergic receptor antagonist 20       

Ergoloid adrenergic receptor antagonist 20       

Esmolol adrenergic receptor antagonist 20       

Labetalol adrenergic receptor antagonist 20       

Metoprolol adrenergic receptor antagonist 20       

Nadolol adrenergic receptor antagonist 20       

Nebivolol adrenergic receptor antagonist 20       

Oxprenolol adrenergic receptor antagonist 20       

Penbutolol adrenergic receptor antagonist 20       

Phenoxybenzamine adrenergic receptor antagonist 20       

Phentolamine adrenergic receptor antagonist 20       

Pindolol adrenergic receptor antagonist 20       

Prazosin adrenergic receptor antagonist 20       

Propranolol adrenergic receptor antagonist 20       

Silodosin adrenergic receptor antagonist 20       

Tamsulosin adrenergic receptor antagonist 20       

Timolol adrenergic receptor antagonist 20       

Propiomazine adrenergic receptor antagonist 20       

Thiethylperazine adrenergic receptor antagonist 20 
 

    

Mirtazapine adrenergic receptor antagonist 20       

Fomepizole alcohol dehydrogenase inhibitor 21 CLOUD242 299.6 1498.2 

Disulfiram aldehyde dehydrogenase inhibitor 22 CLOUD062 1.4 6.7 

Acarbose alpha glucosidase inhibitor 23 CLOUD075 0.44 2.2 

Miglitol alpha glucosidase inhibitor 23 CLOUD159 9.1 43.4 

Amiloride 
amiloride-sensitive sodium channel 

inhibitor 
24 CLOUD017 0.22 1.1 

Triamterene 
amiloride-sensitive sodium channel 

inhibitor 
24 CLOUD054 0.39 2.0 

Testosterone androgen receptor agonist 25 CLOUD051 0.030 0.20 

Stanozolol androgen receptor agonist 25 CLOUD158 12.5 57.8 

Danazol androgen receptor agonist 25       

Dromostanolone androgen receptor agonist 25       

Ethylestrenol androgen receptor agonist 25       

Fluoxymesterone androgen receptor agonist 25       

Methyltestosterone androgen receptor agonist 25       

Nandrolone androgen receptor agonist 25       

Oxandrolone androgen receptor agonist 25       

Oxymetholone androgen receptor agonist 25       

Flutamide androgen receptor antagonist 26 CLOUD142 5.4 27.2 
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Bicalutamide androgen receptor antagonist 26       

Nilutamide androgen receptor antagonist 26       

Enalaprilat 
angiotensin converting enzyme 

inhibitor 
27 CLOUD095 0.14 0.70 

Benazepril 
angiotensin converting enzyme 

inhibitor 
27       

Captopril 
angiotensin converting enzyme 

inhibitor 
27       

Deserpidine 
angiotensin converting enzyme 

inhibitor 
27       

Enalapril 
angiotensin converting enzyme 

inhibitor 
27       

Fosinopril 
angiotensin converting enzyme 

inhibitor 
27       

Lisinopril 
angiotensin converting enzyme 

inhibitor 
27       

Moexipril 
angiotensin converting enzyme 

inhibitor 
27       

Perindopril 
angiotensin converting enzyme 

inhibitor 
27       

Quinapril 
angiotensin converting enzyme 

inhibitor 
27       

Ramipril 
angiotensin converting enzyme 

inhibitor 
27       

Rescinnamine 
angiotensin converting enzyme 

inhibitor 
27       

Spirapril 
angiotensin converting enzyme 

inhibitor 
27       

Trandolapril 
angiotensin converting enzyme 

inhibitor 
27       

Olmesartan Medoxomil angiotensin receptor antagonist 28 CLOUD093 1.3 6.7 

Candesartan angiotensin receptor antagonist 28       

Eprosartan angiotensin receptor antagonist 28       

Irbesartan angiotensin receptor antagonist 28       

Losartan angiotensin receptor antagonist 28       

Telmisartan angiotensin receptor antagonist 28       

Valsartan angiotensin receptor antagonist 28       

Anastrozole aromatase inhibitor 29 CLOUD085 0.10 0.50 

Testolactone aromatase inhibitor 29 CLOUD281 10.0 10.0 

Aminoglutethimide aromatase inhibitor 29       

Exemestane aromatase inhibitor 29       

Letrozole aromatase inhibitor 29       

Metronidazole bacterial DNA alkylator 30 CLOUD170 58.4 292.1 

Furazolidone bacterial DNA intercalator 31 CLOUD135 4.4 10.9 

Clofazimine bacterial DNA intercalator 31       

Mitomycin bacterial DNA intercalator 31       

Isoniazid bacterial InhA inhibitor 32 CLOUD171 72.9 364.6 

Ethionamide bacterial InhA inhibitor 32       

Rifabutin bacterial RNA polymerase inhibitor 33 CLOUD086 0.18 0.90 

Rifapentine bacterial RNA polymerase inhibitor 33       

Rifaximin bacterial RNA polymerase inhibitor 33       

D-Cycloserine 
bacterial alanine racemase 

inhibitor; bacterial D-alanine--D-
alanine ligase inhibitor 

34 CLOUD177 98.0 122.4 

Ethambutol 
bacterial arabinosyltransferase 

inhibitor 
35 CLOUD185 29.4 146.8 

Sulbactam bacterial beta-lactamase inhibitor 36 CLOUD214 343.0 1714.9 

Clavulanate bacterial beta-lactamase inhibitor 36       
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Tazobactam bacterial beta-lactamase inhibitor 36       

Trimethoprim 
bacterial dihydrofolate reductase 

inhibitor 
37 CLOUD144 8.6 43.1 

Pyrimethamine 
bacterial dihydrofolate reductase 

inhibitor 
37       

Sulfameter 
bacterial dihydropteroate synthase 

inhibitor 
38 CLOUD161 321.1 1604.7 

Sulfacytine 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfadiazine 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfadoxine 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfamerazine 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfamethazine 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfamethizole 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfamethoxazole 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfaphenazole 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfapyridine 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfathiazole 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfisoxazole 
bacterial dihydropteroate synthase 

inhibitor 
38       

Sulfoxone 
bacterial dihydropteroate synthase 

inhibitor 
38       

Fosfomycin 
bacterial enolpyruvate transferase 

inhibitor 
39 CLOUD252 231.8 3.1 

Pyrazinamide 
bacterial fatty acid synthase 

inhibitor 
40 CLOUD245 609.2 609.3 

Mycophenolic Acid 
bacterial inosine-5-

monophosphate dehydrogenase 
inhibitor 

41 CLOUD165 15.6 78.0 

Cefmenoxime 
bacterial penicillin-binding protein 

inhibitor 
42 CLOUD216 183.8 918.8 

Amdinocillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Amoxicillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Ampicillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Azlocillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Aztreonam 
bacterial penicillin-binding protein 

inhibitor 
42       

Bacampicillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Benzylpenicillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Carbenicillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefaclor 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefadroxil 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefalotin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefamandole 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefazolin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefdinir 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefditoren 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefepime 
bacterial penicillin-binding protein 

inhibitor 
42       
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Cefixime 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefmetazole 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefonicid 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefoperazone 
bacterial penicillin-binding protein 

inhibitor 
42       

Ceforanide 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefotaxime 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefotetan 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefotiam 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefoxitin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefpiramide 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefpodoxime 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefprozil 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefradine 
bacterial penicillin-binding protein 

inhibitor 
42       

Ceftazidime 
bacterial penicillin-binding protein 

inhibitor 
42       

Ceftibuten 
bacterial penicillin-binding protein 

inhibitor 
42       

Ceftizoxime 
bacterial penicillin-binding protein 

inhibitor 
42       

Ceftriaxone 
bacterial penicillin-binding protein 

inhibitor 
42       

Cefuroxime 
bacterial penicillin-binding protein 

inhibitor 
42       

Cephalexin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cephaloglycin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cephapirin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cloxacillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Cyclacillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Dicloxacillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Doripenem 
bacterial penicillin-binding protein 

inhibitor 
42       

Ertapenem 
bacterial penicillin-binding protein 

inhibitor 
42       

Hetacillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Imipenem 
bacterial penicillin-binding protein 

inhibitor 
42       

Loracarbef 
bacterial penicillin-binding protein 

inhibitor 
42       

Meropenem 
bacterial penicillin-binding protein 

inhibitor 
42       

Methicillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Mezlocillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Moxalactam 
bacterial penicillin-binding protein 

inhibitor 
42       

Nafcillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Oxacillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Penicillin G 
bacterial penicillin-binding protein 

inhibitor 
42       
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Penicillin V 
bacterial penicillin-binding protein 

inhibitor 
42       

Piperacillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Ticarcillin 
bacterial penicillin-binding protein 

inhibitor 
42       

Azithromycin bacterial ribosome inhibitor 43 CLOUD081 1.3 6.7 

Tetracycline bacterial ribosome inhibitor 43 CLOUD160 9.0 45.0 

Amikacin bacterial ribosome inhibitor 43       

Capreomycin bacterial ribosome inhibitor 43       

Clarithromycin bacterial ribosome inhibitor 43       

Clindamycin bacterial ribosome inhibitor 43       

Dalfopristin bacterial ribosome inhibitor 43       

Demeclocycline bacterial ribosome inhibitor 43       

Dirithromycin bacterial ribosome inhibitor 43       

Doxycycline bacterial ribosome inhibitor 43       

Erythromycin bacterial ribosome inhibitor 43       

Kanamycin bacterial ribosome inhibitor 43       

Lincomycin bacterial ribosome inhibitor 43       

Linezolid bacterial ribosome inhibitor 43       

Lymecycline bacterial ribosome inhibitor 43       

Methacycline bacterial ribosome inhibitor 43       

Minocycline bacterial ribosome inhibitor 43       

Netilmicin bacterial ribosome inhibitor 43       

Nitrofurantoin bacterial ribosome inhibitor 43       

Oxytetracycline bacterial ribosome inhibitor 43       

Quinupristin bacterial ribosome inhibitor 43       

Rifampin bacterial ribosome inhibitor 43       

Spectinomycin bacterial ribosome inhibitor 43       

Streptomycin bacterial ribosome inhibitor 43       

Telithromycin bacterial ribosome inhibitor 43       

Tigecycline bacterial ribosome inhibitor 43       

Troleandomycin bacterial ribosome inhibitor 43       

Viomycin bacterial ribosome inhibitor 43       

Enoxacin bacterial topoisomerase inhibitor 44 CLOUD156 12.5 62.4 

Novobiocin bacterial topoisomerase inhibitor 44 CLOUD231 90.6 510.1 

Alatrofloxacin bacterial topoisomerase inhibitor 44       

Cinoxacin bacterial topoisomerase inhibitor 44       

Ciprofloxacin bacterial topoisomerase inhibitor 44       

Gemifloxacin bacterial topoisomerase inhibitor 44       

Grepafloxacin bacterial topoisomerase inhibitor 44       

Levofloxacin bacterial topoisomerase inhibitor 44       

Lomefloxacin bacterial topoisomerase inhibitor 44       

Moxifloxacin bacterial topoisomerase inhibitor 44       

Nalidixic Acid bacterial topoisomerase inhibitor 44       

Norfloxacin bacterial topoisomerase inhibitor 44       

Ofloxacin bacterial topoisomerase inhibitor 44       

Sparfloxacin bacterial topoisomerase inhibitor 44       

Trovafloxacin bacterial topoisomerase inhibitor 44       
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Acetohydroxamic Acid bacterial urease inhibitor 45 CLOUD227 523.5 523.5 

Bumetanide 
bumetanide sensitive sodium-

potassium-chloride cotransporter 
inhibitor 

46 CLOUD056 0.20 1.0 

Ethacrynic Acid 
bumetanide sensitive sodium-

potassium-chloride cotransporter 
inhibitor 

46       

Furosemide 
bumetanide sensitive sodium-

potassium-chloride cotransporter 
inhibitor 

46       

Torasemide 
bumetanide sensitive sodium-

potassium-chloride cotransporter 
inhibitor 

46       

Tacrolimus calcineurin inhibitor 47 CLOUD119 0.020 0.090 

Cinacalcet calcium sensing receptor agonist 48 CLOUD222 0.080 0.40 

Nabilone cannabinoid receptor agonist 49 CLOUD286 0.0054 0.027 

Marinol cannabinoid receptor agonist 49       

Carglumic Acid 
carbamoyl-phosphate synthase 

activator 
50 CLOUD162 13.7 68.4 

Acetazolamide carbonic anhydrase inhibitor 51 CLOUD192 90.0 90.0 

Dichlorphenamide carbonic anhydrase inhibitor 51 CLOUD241 214.8 214.8 

Ethoxzolamide carbonic anhydrase inhibitor 51       

Methazolamide carbonic anhydrase inhibitor 51       

Acetohexamide 
carbonic anhydrase inhibitor; 
sulfonylurea receptor agonist 

52 CLOUD240 215.8 1079.0 

Entacapone 
catechol O-methyltransferase 

inhibitor 
53 CLOUD076 3.3 16.4 

Tolcapone 
catechol O-methyltransferase 

inhibitor 
53       

Miglustat 
ceramide glucosyltransferase 

inhibitor 
54 CLOUD223 92.6 92.6 

Maraviroc chemokine receptor antagonist 55 CLOUD026 2.3 11.4 

Plerixafor chemokine receptor antagonist 55 CLOUD293 5.1 Not Tested 

Doxapram chemoreceptor agonist 56 CLOUD157 13.2 66.1 

Oxyphenbutazone cyclooxygenase inhibitor 57 CLOUD193 308.3 308.3 

Fenoprofen cyclooxygenase inhibitor 57 CLOUD230 247.7 1238.3 

Acetaminophen cyclooxygenase inhibitor 57       

Acetylsalicylic Acid cyclooxygenase inhibitor 57       

Carprofen cyclooxygenase inhibitor 57       

Celecoxib cyclooxygenase inhibitor 57       

Diclofenac cyclooxygenase inhibitor 57       

Diflunisal cyclooxygenase inhibitor 57       

Etodolac cyclooxygenase inhibitor 57       

Flurbiprofen cyclooxygenase inhibitor 57       

Ibuprofen cyclooxygenase inhibitor 57       

Indomethacin cyclooxygenase inhibitor 57       

Ketoprofen cyclooxygenase inhibitor 57       

Ketorolac cyclooxygenase inhibitor 57       

Mefenamic Acid cyclooxygenase inhibitor 57       

Meloxicam cyclooxygenase inhibitor 57       

Nabumetone cyclooxygenase inhibitor 57       

Naproxen cyclooxygenase inhibitor 57       

Oxaprozin cyclooxygenase inhibitor 57       

Phenylbutazone cyclooxygenase inhibitor 57       

Piroxicam cyclooxygenase inhibitor 57       
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Rofecoxib cyclooxygenase inhibitor 57       

Sulindac cyclooxygenase inhibitor 57       

Tolmetin cyclooxygenase inhibitor 57       

Valdecoxib cyclooxygenase inhibitor 57       

Meclofenamic Acid 
cyclooxygenase inhibitor; 
phospholipase inhibitor 

58 CLOUD166 16.2 81.1 

Atovaquone cytochrome bc1 inhibitor 59 CLOUD218 37.9 47.4 

Methotrexate dihydrofolate reductase inhibitor 60 CLOUD089 0.090 0.40 

Pralatrexate dihydrofolate reductase inhibitor 60       

Trimetrexate dihydrofolate reductase inhibitor 60       

Pemetrexed dihydrofolate reductase inhibitor 60       

Leflunomide 
dihydroorotate dehydrogenase 

inhibitor 
61 CLOUD243 66.6 333.1 

Sitagliptin dipeptidyl peptidase 4 inhibitor 62 CLOUD061 0.95 4.8 

Saxagliptin dipeptidyl peptidase 4 inhibitor 62 CLOUD065 0.080 0.40 

Pramipexole dopamine receptor agonist 63 CLOUD011 0.030 0.20 

Dopamine dopamine receptor agonist 63 CLOUD023 0.50 2.5 

Apomorphine dopamine receptor agonist 63       

Bromocriptine dopamine receptor agonist 63       

Cabergoline dopamine receptor agonist 63       

Levodopa dopamine receptor agonist 63       

Pergolide dopamine receptor agonist 63       

Ropinirole dopamine receptor agonist 63       

Rotigotine dopamine receptor agonist 63       

Methylergonovine 
dopamine receptor agonist; 

dopamine receptor antagonist 
64 CLOUD126 0.010 0.044 

Aripiprazole 

dopamine receptor agonist; 
dopamine receptor antagonist; 

serotonin receptor agonist; 
serotonin receptor antagonist 

65 CLOUD084 0.67 3.3 

Trifluoperazine dopamine receptor antagonist 66 CLOUD025 0.020 0.10 

Acetophenazine dopamine receptor antagonist 66       

Carphenazine dopamine receptor antagonist 66       

Chlorprothixene dopamine receptor antagonist 66       

Droperidol dopamine receptor antagonist 66       

Fenoldopam dopamine receptor antagonist 66       

Fluphenazine dopamine receptor antagonist 66       

Haloperidol dopamine receptor antagonist 66       

Loxapine dopamine receptor antagonist 66       

Metoclopramide dopamine receptor antagonist 66       

Molindone dopamine receptor antagonist 66       

Perphenazine dopamine receptor antagonist 66       

Pimozide dopamine receptor antagonist 66       

Prochlorperazine dopamine receptor antagonist 66       

Thioridazine dopamine receptor antagonist 66       

Thiothixene dopamine receptor antagonist 66       

Clozapine dopamine receptor antagonist 66       

Iloperidone dopamine receptor antagonist 66       

Mesoridazine dopamine receptor antagonist 66       

Paliperidone dopamine receptor antagonist 66       
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Quetiapine dopamine receptor antagonist 66       

Olanzapine dopamine receptor antagonist 66       

Triflupromazine 

dopamine receptor antagonist; 
histamine receptor antagonist; 
serotonin receptor antagonist; 

muscarinic acetylcholine receptor 
antagonist; alpha adrenergic 

receptor antagonist 

67 CLOUD256 0.28 1.4 

Chlorpromazine 

dopamine receptor antagonist; 
histamine receptor antagonist; 
serotonin receptor antagonist; 

muscarinic acetylcholine receptor 
antagonist; alpha adrenergic 

receptor antagonist 

67       

Promazine 

dopamine receptor antagonist; 
histamine receptor antagonist; 
serotonin receptor antagonist; 

muscarinic acetylcholine receptor 
antagonist; alpha adrenergic 

receptor antagonist 

67       

Armodafinil dopamine transporter inhibitor 68 CLOUD201 27.1 27.1 

Methylphenidate dopamine transporter inhibitor 68       

Bupropion dopamine transporter inhibitor 68       

Amphetamine 
dopamine transporter substrate; 

norepinephrine transporter 
substrate 

69 Controlled     

Benzphetamine 
dopamine transporter substrate; 

norepinephrine transporter 
substrate 

69 Controlled     

Dextroamphetamine 
dopamine transporter substrate; 

norepinephrine transporter 
substrate 

69 Controlled     

Lisdexamfetamine 
dopamine transporter substrate; 

norepinephrine transporter 
substrate 

69 Controlled     

Methamphetamine 
dopamine transporter substrate; 

norepinephrine transporter 
substrate 

69 Controlled     

Phenmetrazine 
dopamine transporter substrate; 

norepinephrine transporter 
substrate 

69 Controlled     

Bosentan endothelin receptor antagonist 70 CLOUD206 6.7 10.0 

Ambrisentan endothelin receptor antagonist 70       

Ethinyl Estradiol estrogen receptor agonist 71 CLOUD088 0.00046 0.0023 

Chlorotrianisene estrogen receptor agonist 71       

Diethylstilbestrol estrogen receptor agonist 71       

Estradiol estrogen receptor agonist 71       

Estrone estrogen receptor agonist 71       

Mestranol estrogen receptor agonist 71       

Polyestradiol estrogen receptor agonist 71       

Quinestrol estrogen receptor agonist 71       

Clomifene estrogen receptor agonist 71       

Raloxifene estrogen receptor agonist 71       

Toremifene estrogen receptor agonist 71       

Tamoxifen estrogen receptor antagonist 72 CLOUD064 1.4 6.7 

Fulvestrant estrogen receptor antagonist 72       

Itraconazole 
fungal lanosterol 14-alpha 

demethylase inhibitor 
73 CLOUD113 2.8 14.2 

Fluconazole 
fungal lanosterol 14-alpha 

demethylase inhibitor 
73       

Ketoconazole 
fungal lanosterol 14-alpha 

demethylase inhibitor 
73       
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Miconazole 
fungal lanosterol 14-alpha 

demethylase inhibitor 
73       

Posaconazole 
fungal lanosterol 14-alpha 

demethylase inhibitor 
73       

Voriconazole 
fungal lanosterol 14-alpha 

demethylase inhibitor 
73       

Albendazole 
fungal tubulin polymerization 

inhibitor 
74 CLOUD143 5.7 28.3 

Prednisolone glucocorticoid receptor agonist 75 CLOUD106 2.8 13.9 

Betamethasone glucocorticoid receptor agonist 75       

Cortisone glucocorticoid receptor agonist 75       

Dexamethasone glucocorticoid receptor agonist 75       

Fludrocortisone glucocorticoid receptor agonist 75       

Fluprednisolone glucocorticoid receptor agonist 75       

Hydrocortisone glucocorticoid receptor agonist 75       

Meprednisone glucocorticoid receptor agonist 75       

Methylprednisolone glucocorticoid receptor agonist 75       

Paramethasone glucocorticoid receptor agonist 75       

Prednisone glucocorticoid receptor agonist 75       

Eptifibatide 
glycoprotein IIb-IIIa receptor 

inhibitor 
76 CLOUD090 1.1 5.3 

Tirofiban 
glycoprotein IIb-IIIa receptor 

inhibitor 
76       

Isosorbide Dinitrate guanylate cyclase activator 77 CLOUD007 0.030 0.10 

Isosorbide Mononitrate guanylate cyclase activator 77       

Nitroglycerin guanylate cyclase activator 77       

Oxamniquine helminthic DNA alkylator 78 CLOUD289 7.1 Not Tested 

Ivermectin 
helminthic glutamate-gated 
chloride channel activator 

79 CLOUD280 0.029 0.14 

Levamisole 
helminthic nicotinic acetylcholine 

receptor agonist 
80 CLOUD097 2.4 11.7 

Mebendazole 
helminthic tubulin polymerization 

inhibitor 
81 CLOUD087 0.34 1.7 

Amodiaquine 
histamine N-methyltransferase 

inhibitor 
82 CLOUD015 0.14 0.70 

Azatadine histamine receptor antagonist 83 CLOUD010 0.090 0.40 

Nizatidine histamine receptor antagonist 83 CLOUD118 1.5 7.5 

Dexchlorpheniramine histamine receptor antagonist 83 CLOUD204 0.030 0.13 

Acrivastine histamine receptor antagonist 83       

Bromodiphenhydramine histamine receptor antagonist 83       

Brompheniramine histamine receptor antagonist 83       

Buclizine histamine receptor antagonist 83       

Carbinoxamine histamine receptor antagonist 83       

Cetirizine histamine receptor antagonist 83       

Chlophedianol histamine receptor antagonist 83       

Chlorpheniramine histamine receptor antagonist 83       

Cimetidine histamine receptor antagonist 83       

Clemastine histamine receptor antagonist 83       

Cyclizine histamine receptor antagonist 83       

Cyproheptadine histamine receptor antagonist 83       

Desloratadine histamine receptor antagonist 83       

Dexbrompheniramine histamine receptor antagonist 83       

Dimenhydrinate histamine receptor antagonist 83       

Diphenhydramine histamine receptor antagonist 83       
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Diphenylpyraline histamine receptor antagonist 83       

Doxepin histamine receptor antagonist 83       

Doxylamine histamine receptor antagonist 83       

Famotidine histamine receptor antagonist 83       

Fexofenadine histamine receptor antagonist 83       

Hydroxyzine histamine receptor antagonist 83       

Levocetirizine histamine receptor antagonist 83       

Loratadine histamine receptor antagonist 83       

Meclizine histamine receptor antagonist 83       

Mepyramine histamine receptor antagonist 83       

Methdilazine histamine receptor antagonist 83       

Olopatadine histamine receptor antagonist 83       

Promethazine histamine receptor antagonist 83       

Ranitidine histamine receptor antagonist 83       

Trimeprazine histamine receptor antagonist 83       

Tripelennamine histamine receptor antagonist 83       

Triprolidine histamine receptor antagonist 83 
 

    

Vorinostat histone deacetylase inhibitor 84 CLOUD112 1.2 9.8 

Romidepsin histone deacetylase inhibitor 84 CLOUD292 0.70 Not Tested 

Cerivastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85 CLOUD104 0.090 0.46 

Atorvastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Fluvastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Lovastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Pitavastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Pravastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Rosuvastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Simvastatin 
hydroxymethylglutaryl coenzyme A 

reductase inhibitor 
85       

Zaleplon ionotropic GABA receptor agonist 86 CLOUD005 0.33 1.6 

Carisoprodol ionotropic GABA receptor agonist 86 CLOUD188 115.2 576.3 

Etomidate ionotropic GABA receptor agonist 86 CLOUD200 2.1 10.3 

Primidone ionotropic GABA receptor agonist 86 CLOUD226 55.0 275.3 

Alprazolam ionotropic GABA receptor agonist 86       

Butabarbital ionotropic GABA receptor agonist 86       

Butalbital ionotropic GABA receptor agonist 86       

Chlordiazepoxide ionotropic GABA receptor agonist 86       

Chlormezanone ionotropic GABA receptor agonist 86       

Clonazepam ionotropic GABA receptor agonist 86       

Clorazepate ionotropic GABA receptor agonist 86       

Diazepam ionotropic GABA receptor agonist 86       

Estazolam ionotropic GABA receptor agonist 86       

Eszopiclone ionotropic GABA receptor agonist 86       

Flurazepam ionotropic GABA receptor agonist 86       

Fospropofol ionotropic GABA receptor agonist 86       

Glutethimide ionotropic GABA receptor agonist 86       

Halazepam ionotropic GABA receptor agonist 86       
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Lorazepam ionotropic GABA receptor agonist 86       

Meprobamate ionotropic GABA receptor agonist 86       

Metharbital ionotropic GABA receptor agonist 86       

Methohexital ionotropic GABA receptor agonist 86       

Methyprylon ionotropic GABA receptor agonist 86       

Midazolam ionotropic GABA receptor agonist 86       

Oxazepam ionotropic GABA receptor agonist 86       

Pentobarbital ionotropic GABA receptor agonist 86       

Prazepam ionotropic GABA receptor agonist 86       

Quazepam ionotropic GABA receptor agonist 86       

Secobarbital ionotropic GABA receptor agonist 86       

Talbutal ionotropic GABA receptor agonist 86       

Temazepam ionotropic GABA receptor agonist 86       

Thiamylal ionotropic GABA receptor agonist 86       

Thiopental ionotropic GABA receptor agonist 86       

Triazolam ionotropic GABA receptor agonist 86       

Zolpidem ionotropic GABA receptor agonist 86       

Gamma Hydroxybutyric 
Acid 

ionotropic GABA receptor agonist; 
metabotropic GABA receptor 

agonist 
87 Controlled     

Flumazenil 
ionotropic GABA receptor 

antagonist 
88 CLOUD045 0.33 1.6 

Memantine 
ionotropic glutamate receptor 

antagonist 
89 CLOUD032 0.26 1.3 

Acamprosate 
ionotropic glutamate receptor 

antagonist 
89 CLOUD272 3.6 10.0 

Desflurane 
ionotropic glutamate receptor 

antagonist 
89       

Enflurane 
ionotropic glutamate receptor 

antagonist 
89       

Halothane 
ionotropic glutamate receptor 

antagonist 
89       

Isoflurane 
ionotropic glutamate receptor 

antagonist 
89       

Ketamine 
ionotropic glutamate receptor 

antagonist 
89       

Methoxyflurane 
ionotropic glutamate receptor 

antagonist 
89       

Sevoflurane 
ionotropic glutamate receptor 

antagonist 
89       

Triclofos 
ionotropic glutamate receptor 

antagonist 
89       

Dextromethorphan 
ionotropic glutamate receptor 
antagonist; sigma-1 receptor 

agonist 
90 CLOUD287 0.15 0.74 

Zafirlukast leukotriene receptor antagonist 91 CLOUD092 0.050 0.26 

Montelukast leukotriene receptor antagonist 91       

Zileuton leukotriene synthase inhibitor 92 CLOUD187 21.1 105.4 

Ramelteon melatonin receptor agonist 93 CLOUD107 0.030 0.13 

Baclofen 
metabotropic GABA receptor 

agonist 
94 CLOUD246 2.8 14.0 

Piperazine Hexahydrate 
metabotropic GABA receptor 

agonist 
94 CLOUD254 1.2 5.8 

Propofol 
metabotropic GABA receptor 

agonist 
94       

Desoxycorticosterone 
Pivalate 

mineralocorticoid receptor agonist 95 CLOUD001 0.14 0.70 

Spironolactone 
mineralocorticoid receptor 

antagonist 
96 CLOUD072 0.60 3.0 

Drospirenone 
mineralocorticoid receptor 

antagonist 
96       
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Eplerenone 
mineralocorticoid receptor 

antagonist 
96       

Tranylcypromine monoamine oxidase inhibitor 97 CLOUD020 1.5 7.5 

Pargyline monoamine oxidase inhibitor 97 CLOUD030 0.38 1.9 

Isocarboxazid monoamine oxidase inhibitor 97       

Phenelzine monoamine oxidase inhibitor 97       

Rasagiline monoamine oxidase inhibitor 97       

Selegiline monoamine oxidase inhibitor 97       

Cevimeline 
muscarinic acetylcholine receptor 

agonist 
98 CLOUD055 0.30 1.5 

Bethanechol 
muscarinic acetylcholine receptor 

agonist 
98       

Carbachol 
muscarinic acetylcholine receptor 

agonist; nicotinic acetylcholine 
receptor agonist 

99 CLOUD012 0.00073 0.037 

Oxyphenonium Bromide 
muscarinic acetylcholine receptor 

antagonist 
100 CLOUD022 0.010 0.10 

Trihexyphenidyl 
muscarinic acetylcholine receptor 

antagonist 
100 CLOUD042 0.66 3.3 

Anisotropine 
muscarinic acetylcholine receptor 

antagonist 
100       

Atropine 
muscarinic acetylcholine receptor 

antagonist 
100       

Benztropine 
muscarinic acetylcholine receptor 

antagonist 
100       

Biperiden 
muscarinic acetylcholine receptor 

antagonist 
100       

Clidinium 
muscarinic acetylcholine receptor 

antagonist 
100       

Cycrimine 
muscarinic acetylcholine receptor 

antagonist 
100       

Darifenacin 
muscarinic acetylcholine receptor 

antagonist 
100       

Dicyclomine 
muscarinic acetylcholine receptor 

antagonist 
100       

Diphemanil 
muscarinic acetylcholine receptor 

antagonist 
100       

Ethopropazine 
muscarinic acetylcholine receptor 

antagonist 
100       

Fesoterodine 
muscarinic acetylcholine receptor 

antagonist 
100       

Glycopyrrolate 
muscarinic acetylcholine receptor 

antagonist 
100       

Hexocyclium 
muscarinic acetylcholine receptor 

antagonist 
100       

Isopropamide 
muscarinic acetylcholine receptor 

antagonist 
100       

Mepenzolate 
muscarinic acetylcholine receptor 

antagonist 
100       

Methantheline 
muscarinic acetylcholine receptor 

antagonist 
100       

Methylscopolamine 
muscarinic acetylcholine receptor 

antagonist 
100       

Metixene 
muscarinic acetylcholine receptor 

antagonist 
100       

Orphenadrine 
muscarinic acetylcholine receptor 

antagonist 
100       

Oxybutynin 
muscarinic acetylcholine receptor 

antagonist 
100       

Oxyphencyclimine 
muscarinic acetylcholine receptor 

antagonist 
100       

Procyclidine 
muscarinic acetylcholine receptor 

antagonist 
100       

Propantheline 
muscarinic acetylcholine receptor 

antagonist 
100       

Scopolamine 
muscarinic acetylcholine receptor 

antagonist 
100       

Solifenacin 
muscarinic acetylcholine receptor 

antagonist 
100       
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Tiotropium 
muscarinic acetylcholine receptor 

antagonist 
100       

Tolterodine 
muscarinic acetylcholine receptor 

antagonist 
100       

Tridihexethyl 
muscarinic acetylcholine receptor 

antagonist 
100       

Trospium 
muscarinic acetylcholine receptor 

antagonist 
100       

Aprepitant neurokinin receptor antagonist 101 CLOUD264 4.1 20.6 

Varenicline 
nicotinic acetylcholine receptor 

agonist 
102 CLOUD267 0.047 0.24 

Decamethonium 
nicotinic acetylcholine receptor 

agonist 
102       

Nicotine 
nicotinic acetylcholine receptor 

agonist 
102       

Vecuronium Bromide 
nicotinic acetylcholine receptor 

antagonist 
103 CLOUD039 0.66 3.3 

Mecamylamine 
nicotinic acetylcholine receptor 

antagonist 
103 CLOUD098 0.71 3.6 

Cisatracurium Besylate 
nicotinic acetylcholine receptor 

antagonist 
103 CLOUD137 3.6 18.1 

Succinylcholine Chloride 
nicotinic acetylcholine receptor 

antagonist 
103 CLOUD261 2.5 12.6 

Pentolinium Tartrate 
nicotinic acetylcholine receptor 

antagonist 
103 CLOUD285 6.2 6.2 

Atracurium 
nicotinic acetylcholine receptor 

antagonist 
103       

Doxacurium 
nicotinic acetylcholine receptor 

antagonist 
103       

Gallamine 
nicotinic acetylcholine receptor 

antagonist 
103       

Metocurine 
nicotinic acetylcholine receptor 

antagonist 
103       

Mivacurium 
nicotinic acetylcholine receptor 

antagonist 
103       

Pancuronium 
nicotinic acetylcholine receptor 

antagonist 
103       

Pipecuronium 
nicotinic acetylcholine receptor 

antagonist 
103       

Rapacuronium 
nicotinic acetylcholine receptor 

antagonist 
103       

Rocuronium 
nicotinic acetylcholine receptor 

antagonist 
103       

Trimethaphan 
nicotinic acetylcholine receptor 

antagonist 
103       

Tubocurarine 
nicotinic acetylcholine receptor 

antagonist 
103       

Metformin 
non-specific serine-threonine 

protein kinase activator 
104 CLOUD148 7.7 38.7 

Everolimus 
non-specific serine-threonine 

protein kinase inhibitor 
105 CLOUD196 0.19 0.95 

Sirolimus 
non-specific serine-threonine 

protein kinase inhibitor 
105       

Temsirolimus 
non-specific serine-threonine 

protein kinase inhibitor 
105       

Maprotiline 
norepinephrine transporter 

inhibitor 
106 CLOUD006 2.2 10.8 

Imipramine 
norepinephrine transporter 

inhibitor 
106 CLOUD044 1.3 6.2 

Amoxapine 
norepinephrine transporter 

inhibitor 
106 CLOUD109 1.9 9.6 

Atomoxetine 
norepinephrine transporter 

inhibitor 
106       

Desipramine 
norepinephrine transporter 

inhibitor 
106       

Mazindol 
norepinephrine transporter 

inhibitor 
106       

Nortriptyline 
norepinephrine transporter 

inhibitor 
106       

Protriptyline 
norepinephrine transporter 

inhibitor 
106       
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Trimipramine 
norepinephrine transporter 

inhibitor 
106       

Amitriptyline 
norepinephrine transporter 

inhibitor 
106       

Guanadrel 
norepinephrine transporter 

substrate 
107 CLOUD266 28.1 140.7 

Diethylpropion 
norepinephrine transporter 

substrate 
107       

Guanethidine 
norepinephrine transporter 

substrate 
107       

Phentermine 
norepinephrine transporter 

substrate 
107       

Phendimetrazine 
norepinephrine transporter 

substrate; dopamine transporter 
substrate 

108 Controlled     

Loperamide opioid receptor agonist 109 CLOUD058 0.010 0.032 

Alfentanil opioid receptor agonist 109       

Anileridine opioid receptor agonist 109       

Butorphanol opioid receptor agonist 109       

Codeine opioid receptor agonist 109       

Difenoxin opioid receptor agonist 109       

Dihydrocodeine opioid receptor agonist 109       

Diphenoxylate opioid receptor agonist 109       

Fentanyl opioid receptor agonist 109       

Hydrocodone opioid receptor agonist 109       

Hydromorphone opioid receptor agonist 109       

Levomethadyl opioid receptor agonist 109       

Levorphanol opioid receptor agonist 109       

Meperidine opioid receptor agonist 109       

Methadone opioid receptor agonist 109       

Morphine opioid receptor agonist 109       

Oxycodone opioid receptor agonist 109       

Oxymorphone opioid receptor agonist 109       

Propoxyphene opioid receptor agonist 109       

Remifentanil opioid receptor agonist 109       

Sufentanil opioid receptor agonist 109       

Tramadol opioid receptor agonist 109       

Tapentadol 
opioid receptor agonist; 

norepinephrine transporter 
inhibitor 

110 Controlled     

Buprenorphine 
opioid receptor agonist; opioid 

receptor antagonist 
111 Controlled     

Dezocine 
opioid receptor agonist; opioid 

receptor antagonist 
111 Controlled     

Nalbuphine 
opioid receptor agonist; opioid 

receptor antagonist 
111 Controlled     

Nalmefene 
opioid receptor agonist; opioid 

receptor antagonist 
111 Controlled     

Pentazocine 
opioid receptor agonist; opioid 

receptor antagonist 
111 Controlled     

Naltrexone opioid receptor antagonist 112 CLOUD038 0.090 0.40 

Alvimopan opioid receptor antagonist 112       

Levallorphan opioid receptor antagonist 112       

Methylnaltrexone opioid receptor antagonist 112       

Naloxone opioid receptor antagonist 112       

(+/-)-Sulfinpyrazone organic anion transporter inhibitor 113 CLOUD229 42.0 210.1 

Probenecid organic anion transporter inhibitor 113 CLOUD244 700.9 3504.3 
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Pamidronic Acid 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114 CLOUD276 4.3 21.3 

Alendronate 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114       

Etidronic Acid 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114       

Ibandronate 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114       

Risedronate 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114       

Tiludronate 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114       

Zoledronate 
osteoclastic proton pump inhibitor; 

protein-tyrosine phosphatase 
inhibitor 

114       

Orlistat pancreatic lipase inhibitor 115 CLOUD278 0.010 0.091 

Rosiglitazone 
peroxisome proliferator-activated 

receptor agonist 
116 CLOUD016 0.84 4.2 

Clofibrate 
peroxisome proliferator-activated 

receptor agonist 
116 CLOUD247 325.5 325.5 

Fenofibrate 
peroxisome proliferator-activated 

receptor agonist 
116       

Gemfibrozil 
peroxisome proliferator-activated 

receptor agonist 
116       

Pioglitazone 
peroxisome proliferator-activated 

receptor agonist 
116       

Troglitazone 
peroxisome proliferator-activated 

receptor agonist 
116       

Sildenafil phosphodiesterase inhibitor 117 CLOUD073 0.11 0.50 

Milrinone phosphodiesterase inhibitor 117 CLOUD079 1.2 5.9 

Dipyridamole phosphodiesterase inhibitor 117 CLOUD122 4.0 19.8 

Anagrelide phosphodiesterase inhibitor 117       

Cilostazol phosphodiesterase inhibitor 117       

Dyphylline phosphodiesterase inhibitor 117       

Inamrinone phosphodiesterase inhibitor 117       

Pentoxifylline phosphodiesterase inhibitor 117       

Tadalafil phosphodiesterase inhibitor 117       

Vardenafil phosphodiesterase inhibitor 117       

Caffeine 
phosphodiesterase inhibitor; 

adenosine receptor antagonist 
118 CLOUD295 51.5 Not Tested 

Tranexamic Acid plasminogen inhibitor 119 CLOUD253 318.0 8.0 

Lansoprazole 
potassium transporting ATPase 

inhibitor 
120 CLOUD141 4.6 11.1 

Dexlansoprazole 
potassium transporting ATPase 

inhibitor 
120       

Esomeprazole 
potassium transporting ATPase 

inhibitor 
120       

Omeprazole 
potassium transporting ATPase 

inhibitor 
120       

Pantoprazole 
potassium transporting ATPase 

inhibitor 
120       

Rabeprazole 
potassium transporting ATPase 

inhibitor 
120       

Levonorgestrel progesterone receptor agonist 121 CLOUD043 0.050 0.20 

Desogestrel progesterone receptor agonist 121       

Dienogest progesterone receptor agonist 121       

Dydrogesterone progesterone receptor agonist 121       
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Ethynodiol progesterone receptor agonist 121       

Etonogestrel progesterone receptor agonist 121       

Hydroxyprogesterone progesterone receptor agonist 121       

Medroxyprogesterone progesterone receptor agonist 121       

Megestrol progesterone receptor agonist 121       

Norelgestromin progesterone receptor agonist 121       

Norethindrone progesterone receptor agonist 121       

Norethynodrel progesterone receptor agonist 121       

Norgestimate progesterone receptor agonist 121       

Progesterone progesterone receptor agonist 121       

Ulipristal Acetate 
progesterone receptor agonist; 

progesterone receptor antagonist 
122 CLOUD027 0.78 3.9 

Mifepristone 
progesterone receptor antagonist; 

glucocorticoid receptor agonist 
123 CLOUD296 4.6 Not Tested 

Hydralazine prolyl hydroxylase inhibitor 124 CLOUD105 3.1 15.6 

Iloprost prostaglandin receptor agonist 125 CLOUD147 0.00021 0.0010 

Dinoprostone prostaglandin receptor agonist 125 CLOUD270 0.00014 Not Tested 

Alprostadil prostaglandin receptor agonist 125       

Carboprost prostaglandin receptor agonist 125       

Epoprostenol prostaglandin receptor agonist 125       

Misoprostol prostaglandin receptor agonist 125       

Treprostinil prostaglandin receptor agonist 125       

Bortezomib proteasome inhibitor 126 CLOUD024 0.31 1.6 

Artemether 
protozoal calcium transporting 

ATPase inhibitor 
127 CLOUD111 0.77 3.9 

Proguanil 
protozoal dihydrofolate reductase 

inhibitor 
128 CLOUD036 0.59 3.0 

Eflornithine 
protozoal ornithine decarboxylase 
inhibitor; ornithine decarboxylase 

inhibitor 
129 CLOUD207 319.5 79.9 

Nitazoxanide 
protozoal pyruvate ferredoxin 

oxidoreductase substrate 
130 CLOUD174 9.8 48.8 

Paromomycin protozoal ribosome inhibitor 131 CLOUD197 66.6 1.6 

Sunitinib 
receptor protein-tyrosine kinase 

inhibitor 
132 CLOUD071 0.15 0.70 

Imatinib 
receptor protein-tyrosine kinase 

inhibitor 
132 CLOUD114 2.8 14.0 

Gefitinib 
receptor protein-tyrosine kinase 

inhibitor 
132 CLOUD205 6.9 10.0 

Sorafenib 
receptor protein-tyrosine kinase 

inhibitor 
132 CLOUD219 16.4 105.5 

Pazopanib 
receptor protein-tyrosine kinase 

inhibitor 
132 CLOUD234 132.6 4.4 

Dasatinib 
receptor protein-tyrosine kinase 

inhibitor 
132       

Erlotinib 
receptor protein-tyrosine kinase 

inhibitor 
132       

Lapatinib 
receptor protein-tyrosine kinase 

inhibitor 
132       

Nilotinib 
receptor protein-tyrosine kinase 

inhibitor 
132       

Cilastatin renal dipeptidase inhibitor 133 CLOUD208 153.4 153.4 

Aliskiren renin inhibitor 134 CLOUD002 0.76 2.5 

Acitretin retinoic acid receptor agonist 135 CLOUD080 1.5 7.7 

Bexarotene retinoic acid receptor agonist 135       

Etretinate retinoic acid receptor agonist 135       



RESULTS 
 

 

 
98 
 

Isotretinoin retinoic acid receptor agonist 135       

6-Mercaptopurine 
ribonucleoside-diphosphate 

reductase inhibitor 
136 CLOUD102 2.0 9.9 

Hydroxyurea 
ribonucleoside-diphosphate 

reductase inhibitor 
136 CLOUD179 130.0 650.0 

Clofarabine 
ribonucleoside-diphosphate 

reductase inhibitor 
136 CLOUD209 1.5 7.5 

Cladribine 
ribonucleoside-diphosphate 

reductase inhibitor 
136       

Gemcitabine 
ribonucleoside-diphosphate 

reductase inhibitor 
136       

Nelarabine 
ribonucleoside-diphosphate 

reductase inhibitor 
136       

Dantrolene ryanodine receptor antagonist 137 CLOUD132 4.8 23.9 

Sumatriptan serotonin receptor agonist 138 CLOUD060 0.20 1.0 

Cisapride serotonin receptor agonist 138 CLOUD067 0.17 0.90 

Buspirone serotonin receptor agonist 138 CLOUD262 0.010 0.050 

Almotriptan serotonin receptor agonist 138       

Eletriptan serotonin receptor agonist 138       

Frovatriptan serotonin receptor agonist 138       

Methysergide serotonin receptor agonist 138       

Naratriptan serotonin receptor agonist 138       

Rizatriptan serotonin receptor agonist 138       

Tegaserod serotonin receptor agonist 138       

Zolmitriptan serotonin receptor agonist 138       

Palonosetron serotonin receptor antagonist 139 CLOUD283 0.0082 10.0 

Alosetron serotonin receptor antagonist 139       

Dolasetron serotonin receptor antagonist 139       

Granisetron serotonin receptor antagonist 139       

Nefazodone serotonin receptor antagonist 139       

Ondansetron serotonin receptor antagonist 139       

Methotrimeprazine serotonin receptor antagonist 139       

Ziprasidone serotonin receptor antagonist 139       

Cyclobenzaprine serotonin receptor antagonist 139       

Asenapine 

serotonin receptor antagonist; 
dopamine receptor antagonist; 

alpha adrenergic receptor 
antagonist 

140 CLOUD013 0.010 0.10 

Risperidone 

serotonin receptor antagonist; 
dopamine receptor antagonist; 

alpha adrenergic receptor 
antagonist 

140 CLOUD068 0.015 0.10 

Fluvoxamine serotonin transporter inhibitor 141 CLOUD033 0.79 3.9 

Sertraline serotonin transporter inhibitor 141 CLOUD037 0.65 3.3 

Trazodone serotonin transporter inhibitor 141 CLOUD134 4.3 21.5 

Citalopram serotonin transporter inhibitor 141 CLOUD198 0.62 3.1 

Escitalopram serotonin transporter inhibitor 141       

Fluoxetine serotonin transporter inhibitor 141       

Paroxetine serotonin transporter inhibitor 141       

Clomipramine serotonin transporter inhibitor 141       

Desvenlafaxine serotonin transporter inhibitor 141       

Duloxetine serotonin transporter inhibitor 141       

Milnacipran serotonin transporter inhibitor 141       

Sibutramine serotonin transporter inhibitor 141       
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Venlafaxine serotonin transporter inhibitor 141       

Chlorphentermine serotonin transporter substrate 142 Controlled 1.29 Not Tested 

Tiagabine 
sodium- and chloride-dependent 

GABA transporter inhibitor 
143 CLOUD108 0.53 2.7 

Digitoxin 
sodium-potassium transporting 

ATPase inhibitor 
144 CLOUD077 0.030 0.20 

Acetyldigitoxin 
sodium-potassium transporting 

ATPase inhibitor 
144       

Deslanoside 
sodium-potassium transporting 

ATPase inhibitor 
144       

Digoxin 
sodium-potassium transporting 

ATPase inhibitor 
144       

Dutasteride steroid 5-alpha reductase inhibitor 145 CLOUD070 0.0024 0.011 

Finasteride steroid 5-alpha reductase inhibitor 145       

Nateglinide sulfonylurea receptor agonist 146 CLOUD163 13.2 10.0 

Chlorpropamide sulfonylurea receptor agonist 146       

Glibenclamide sulfonylurea receptor agonist 146       

Glimepiride sulfonylurea receptor agonist 146       

Glipizide sulfonylurea receptor agonist 146       

Repaglinide sulfonylurea receptor agonist 146       

Tolazamide sulfonylurea receptor agonist 146       

Tolbutamide sulfonylurea receptor agonist 146       

Levetiracetam 
synaptic vesicle glycoprotein 2A 

modulator 
147 CLOUD274 217.4 1086.9 

Tetrabenazine 
synaptic vesicular amine 

transporter inhibitor 
148 CLOUD096 10.0 10.0 

Reserpine 
synaptic vesicular amine 

transporter inhibitor 
148       

Methyclothiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149 CLOUD050 0.10 0.50 

Diazoxide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149 CLOUD180 86.7 433.5 

Bendroflumethiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Benzthiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Chlorothiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Chlorthalidone 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Cyclothiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Hydrochlorothiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Hydroflumethiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Indapamide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Metolazone 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Polythiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Quinethazone 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Trichlormethiazide 
thiazide sensitive sodium-chloride 

cotransporter inhibitor 
149       

Argatroban thrombin inhibitor 150 CLOUD008 1.4 6.9 

Eltrombopag thrombopoietin receptor agonist 151 CLOUD279 16.5 82.5 

5-Fluorouracil thymidylate synthase inhibitor 152 CLOUD031 0.62 3.1 

Capecitabine thymidylate synthase inhibitor 152       

Floxuridine thymidylate synthase inhibitor 152       

Flucytosine thymidylate synthase inhibitor 152       
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Liothyronine thyroid hormone receptor agonist 153 CLOUD275 0.00003 0.00003 

Dextrothyroxine thyroid hormone receptor agonist 153       

Levothyroxine thyroid hormone receptor agonist 153       

Propylthiouracil thyroid peroxidase inhibitor 154 CLOUD175 18.0 90.0 

Methimazole thyroid peroxidase inhibitor 154       

Hydroxychloroquine toll-like receptor antagonist 155 CLOUD018 0.30 1.5 

Mitoxantrone topoisomerase inhibitor 156 CLOUD063 0.67 3.4 

Irinotecan topoisomerase inhibitor 156 CLOUD117 3.4 16.8 

Etoposide topoisomerase inhibitor 156       

Teniposide topoisomerase inhibitor 156       

Topotecan topoisomerase inhibitor 156       

Docetaxel tubulin depolymerization inhibitor 157 CLOUD139 4.5 22.7 

Cabazitaxel tubulin depolymerization inhibitor 157       

Ixabepilone tubulin depolymerization inhibitor 157       

Paclitaxel tubulin depolymerization inhibitor 157       

Vinblastine tubulin polymerization inhibitor 158 CLOUD152 0.020 0.12 

Colchicine tubulin polymerization inhibitor 158       

Griseofulvin tubulin polymerization inhibitor 158       

Vincristine tubulin polymerization inhibitor 158       

Vinorelbine tubulin polymerization inhibitor 158       

Metyrosine 
tyrosine 3-monooxygenase 

inhibitor 
159 CLOUD202 71.7 71.7 

Tolvaptan vasopressin receptor antagonist 160 CLOUD100 2.2 11.1 

Conivaptan vasopressin receptor antagonist 160       

Ganciclovir viral DNA polymerase inhibitor 161 CLOUD233 19.6 97.9 

Foscarnet viral DNA polymerase inhibitor 161 CLOUD265 887.0 10.4 

Aciclovir viral DNA polymerase inhibitor 161       

Cidofovir viral DNA polymerase inhibitor 161       

Didanosine viral DNA polymerase inhibitor 161       

Entecavir viral DNA polymerase inhibitor 161       

Famciclovir viral DNA polymerase inhibitor 161       

Lamivudine viral DNA polymerase inhibitor 161       

Telbivudine viral DNA polymerase inhibitor 161       

Valaciclovir viral DNA polymerase inhibitor 161       

Valganciclovir viral DNA polymerase inhibitor 161       

Zidovudine viral DNA polymerase inhibitor 161       

Ribavirin viral RNA polymerase inhibitor 162 CLOUD178 15.1 16.0 

Raltegravir viral integrase inhibitor 163 CLOUD211 4.5 10.0 

Amantadine viral matrix protein 2 inhibitor 164 CLOUD260 4.0 19.8 

Rimantadine viral matrix protein 2 inhibitor 164       

Oseltamivir viral neuraminidase inhibitor 165 CLOUD021 0.21 1.0 

Amprenavir viral protease inhibitor 166 CLOUD172 15.5 77.6 

Atazanavir viral protease inhibitor 166       

Darunavir viral protease inhibitor 166       

Fosamprenavir viral protease inhibitor 166       

Indinavir viral protease inhibitor 166       

Lopinavir viral protease inhibitor 166       

Nelfinavir viral protease inhibitor 166       
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Ritonavir viral protease inhibitor 166       

Saquinavir viral protease inhibitor 166       

Tipranavir viral protease inhibitor 166       

Zalcitabine 
viral reverse transcriptase 

inhibitor 
167 CLOUD078 0.47 2.4 

Abacavir 
viral reverse transcriptase 

inhibitor 
167 CLOUD146 13.5 55.7 

Efavirenz 
viral reverse transcriptase 

inhibitor 
167 CLOUD221 28.8 28.8 

Adefovir 
viral reverse transcriptase 

inhibitor 
167       

Delavirdine 
viral reverse transcriptase 

inhibitor 
167       

Emtricitabine 
viral reverse transcriptase 

inhibitor 
167       

Etravirine 
viral reverse transcriptase 

inhibitor 
167       

Nevirapine 
viral reverse transcriptase 

inhibitor 
167       

Stavudine 
viral reverse transcriptase 

inhibitor 
167       

Tenofovir 
viral reverse transcriptase 

inhibitor 
167       

Phenprocoumon 
vitamin K epoxide reductase 

inhibitor 
168 CLOUD167 12.8 64.2 

Anisindione 
vitamin K epoxide reductase 

inhibitor 
168       

Dicumarol 
vitamin K epoxide reductase 

inhibitor 
168       

Phenindione 
vitamin K epoxide reductase 

inhibitor 
168       

Warfarin 
vitamin K epoxide reductase 

inhibitor 
168       

Nisoldipine 
voltage-gated calcium channel 

blocker 
169 CLOUD059 0.0026 0.013 

Gabapentin 
voltage-gated calcium channel 

blocker 
169 CLOUD189 122.6 122.6 

Trimethadione 
voltage-gated calcium channel 

blocker 
169 CLOUD288 5588.9 Not Tested 

Amlodipine 
voltage-gated calcium channel 

blocker 
169       

Bepridil 
voltage-gated calcium channel 

blocker 
169       

Clevidipine 
voltage-gated calcium channel 

blocker 
169       

Diltiazem 
voltage-gated calcium channel 

blocker 
169       

Ethosuximide 
voltage-gated calcium channel 

blocker 
169       

Felodipine 
voltage-gated calcium channel 

blocker 
169       

Flavoxate 
voltage-gated calcium channel 

blocker 
169       

Isradipine 
voltage-gated calcium channel 

blocker 
169       

Nicardipine 
voltage-gated calcium channel 

blocker 
169       

Nifedipine 
voltage-gated calcium channel 

blocker 
169       

Nimodipine 
voltage-gated calcium channel 

blocker 
169       

Paramethadione 
voltage-gated calcium channel 

blocker 
169       

Pregabalin 
voltage-gated calcium channel 

blocker 
169       

Verapamil 
voltage-gated calcium channel 

blocker 
169       

Lubiprostone 
voltage-gated chloride channel 

activator 
170 CLOUD123 0.00013 0.00064 

Ibutilide 
voltage-gated potassium channel 

blocker 
171 CLOUD035 0.020 0.080 
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Bretylium Tosylate 
voltage-gated potassium channel 

blocker 
171 CLOUD140 9.9 84.1 

Amiodarone 
voltage-gated potassium channel 

blocker 
171       

Dofetilide 
voltage-gated potassium channel 

blocker 
171       

Sotalol 
voltage-gated potassium channel 

blocker 
171       

Dronedarone 

voltage-gated potassium channel 
blocker; voltage-gated sodium 
channel blocker; voltage-gated 

calcium channel blocker 

172 CLOUD049 0.26 1.3 

Lacosamide 
voltage-gated sodium channel 

blocker 
173 CLOUD145 49.9 217.8 

Lamotrigine 
voltage-gated sodium channel 

blocker 
173 CLOUD155 54.7 273.3 

Mephenytoin 
voltage-gated sodium channel 

blocker 
173 CLOUD181 68.7 343.8 

Benzonatate 
voltage-gated sodium channel 

blocker 
173       

Carbamazepine 
voltage-gated sodium channel 

blocker 
173       

Disopyramide 
voltage-gated sodium channel 

blocker 
173       

Ethotoin 
voltage-gated sodium channel 

blocker 
173       

Flecainide 
voltage-gated sodium channel 

blocker 
173       

Fosphenytoin 
voltage-gated sodium channel 

blocker 
173       

Indecainide 
voltage-gated sodium channel 

blocker 
173       

Mexiletine 
voltage-gated sodium channel 

blocker 
173       

Moricizine 
voltage-gated sodium channel 

blocker 
173       

Oxcarbazepine 
voltage-gated sodium channel 

blocker 
173       

Phenacemide 
voltage-gated sodium channel 

blocker 
173       

Phenytoin 
voltage-gated sodium channel 

blocker 
173       

Procainamide 
voltage-gated sodium channel 

blocker 
173       

Propafenone 
voltage-gated sodium channel 

blocker 
173       

Quinidine 
voltage-gated sodium channel 

blocker 
173       

Tocainide 
voltage-gated sodium channel 

blocker 
173       

Topiramate 
voltage-gated sodium channel 
blocker; ionotropic glutamate 

receptor antagonist 
174 CLOUD184 15.3 76.6 

Zonisamide 
voltage-gated sodium channel 
blocker; voltage-gated calcium 

channel blocker 
175 CLOUD235 141.4 141.4 

Allopurinol 
xanthine dehydrogenase-oxidase 

inhibitor 
176 CLOUD191 139.6 139.6 

Febuxostat 
xanthine dehydrogenase-oxidase 

inhibitor 
176 CLOUD215 35.6 177.9 

Chloroquine Unknown   CLOUD003 0.94 4.7 

Diphenidol Unknown   CLOUD029 0.52 2.6 

Pentamidine Unknown   CLOUD047 1.5 7.4 

Riluzole Unknown   CLOUD052 0.85 4.3 

Niclosamide Unknown   CLOUD083 1.1 5.3 

Diethylcarbamazine Unknown   CLOUD094 1.3 6.3 

Thalidomide Unknown   CLOUD121 3.9 19.4 
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Mefloquine Unknown   CLOUD129 2.6 13.2 

Lumefantrine Unknown   CLOUD130 17.0 82.3 

Trimethobenzamide Unknown   CLOUD131 5.2 25.7 

Ranolazine Unknown   CLOUD149 14.0 70.2 

Lithium Citrate Unknown   CLOUD150 1200.0 5783.4 

Praziquantel Unknown   CLOUD151 0.64 3.2 

Metaxalone Unknown   CLOUD153 7.7 40.7 

Mesalazine Unknown   CLOUD168 7.8 32.6 

Mitotane Unknown   CLOUD169 62.5 312.5 

Thiabendazole Unknown   CLOUD173 89.4 447.3 

Chlorphenesin Unknown   CLOUD183 83.9 444.2 

4-Aminosalicylic Acid Unknown   CLOUD194 130.6 130.6 

Halofantrine Unknown   CLOUD199 12.8 63.9 

Chlorzoxazone Unknown   CLOUD213 214.1 899.3 

Rufinamide Unknown   CLOUD217 202.1 50.5 

Mebutamate Unknown   CLOUD228 28.8 144.2 

Quinine Unknown   CLOUD232 21.6 107.9 

Glatiramer Acetate Unknown   CLOUD236 10.0 50.0 

Tinidazole Unknown   CLOUD238 192.9 192.9 

Felbamate Unknown   CLOUD239 205.7 205.7 

Auranofin Unknown   CLOUD255 1.5 7.3 

Phensuximide Unknown   CLOUD263 52.9 264.3 

Pyrvinium Chloride 
Dihydrate 

Unknown   CLOUD271 10.0 10.0 

Benzquinamide Unknown   CLOUD290 Unavailable Not Tested 

Piperacetazine Unknown   CLOUD291 Unavailable Not Tested 

Ethchlorvynol Unknown   Unavailable     

Ethinamate Unknown   Unavailable     

Pemoline Unknown   Unavailable     

 
 
Table S1.STEAM and CLOUD drugs  
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PRODRUG NAME 
PRODRUG 
CLOUD ID 

ACTIVE FORM NAME 
ACTIVE FORM 

CLOUD ID 
PLASMA 

[µM] 
SCREENING 

[µM] 

Cisapride CLOUD067 Norcisapride CLOUD014 0.080 0.30 

Olmesartan 
Medoxomil 

CLOUD093 Olmesartan CLOUD028 2.0 10.1 

Furazolidone CLOUD135 3-Amino-2-Oxazolidinone CLOUD034 9.8 49.0 

Spironolactone CLOUD072 Canrenone CLOUD048 0.73 3.0 

Tamoxifen CLOUD064 Endoxifen CLOUD101 1.4 6.8 

Artemether CLOUD111 Dihydroartemisinin CLOUD103 2.6 10.4 

Nitazoxanide CLOUD174 Tizoxanide CLOUD120 9.8 48.8 

Minoxidil CLOUD040 Minoxidil Sulfate CLOUD127 0.86 4.3 

Proguanil CLOUD036 Cycloguanil CLOUD128 0.59 3.4 

Flutamide CLOUD142 Hydroxyflutamide CLOUD136 5.4 27.1 

Ezetimibe CLOUD066 Ezetimibe Glucuronide CLOUD154 0.010 0.047 

Ribavirin CLOUD178 Ribavirin 5'-Triphosphate CLOUD176 6.6 33.0 

Leflunomide CLOUD243 Teriflunomide CLOUD203 66.6 66.9 

Metronidazole CLOUD170 Hydroxymetronidazole CLOUD210 58.4 58.4 

Clofibrate CLOUD247 Clofibric Acid CLOUD212 368.0 1840.1 

Oseltamivir CLOUD021 Oseltamivir Acid CLOUD220 2.3 10.0 

Irinotecan CLOUD117 
7-Ethyl-10-Hydroxy-

Camptothecin 
CLOUD237 5.0 25.1 

Pyrazinamide CLOUD245 Pyrazinoic Acid CLOUD248 604.4 604.2 

Buspirone CLOUD262 6-Hydroxybuspirone CLOUD257 0.010 0.050 

Disulfiram CLOUD062 
Sodium 

Diethyldithiocarbamate 
Trihydrate 

CLOUD259 2.7 13.2 

Amodiaquine CLOUD015 Desethylamodiaquine CLOUD268 0.15 Not Tested 

Zalcitabine CLOUD078 
Dideoxycytidine 5'-

Triphosphate 
CLOUD269 0.22 2.4 

Clofarabine CLOUD209 Clofarabine Triphosphate CLOUD282 3.0 10.0 

Isosorbide Dinitrate CLOUD007 Nitrosoglutathione CLOUD284 0.021 1.5 

Cytarabine CLOUD057 
Cytosine Arabinoside 

Triphosphate 
CLOUD294 10 Not Tested 

Abacavir CLOUD146 (-)-Carbovir Triphosphate Unavailable 
  

Azacitidine CLOUD115 Azacitidine Triphosphate Unavailable 
  

Thiotepa CLOUD277 Aziridine Unavailable 
  

Clopidogrel CLOUD019 Clopidogrel Acid Unavailable 
  

Dextromethorphan CLOUD287 Dextrorphan Unavailable 
  

Acetohexamide CLOUD240 Hydroxyhexamide Unavailable 
  

Trazodone CLOUD134 m-Chlorophenylpiperazine Unavailable 
  

Altretamine CLOUD182 N-(Hydroxymethyl)Melamine Unavailable 
  

Oxamniquine CLOUD289 Oxamniquine Sulfate Ester Unavailable 
  

Romidepsin CLOUD292 Romidepsin Reduced Unavailable 
  

 
 
Table S2. Prodrugs and active forms  
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CLOUD IDs DRUG NAMES DEVIATION 

CLOUD039, CLOUD136 Vecuronium Bromide, Hydroxyflutamide 1.00 

CLOUD014, CLOUD176 Norcisapride, Ribavirin 5'-Triphosphate 1.00 

CLOUD054, CLOUD195 Triamterene, Trilostane 0.99 

CLOUD214, CLOUD224 Sulbactam, Probucol 0.98 

CLOUD130, CLOUD162 Lumefantrine, Carglumic Acid 0.98 

CLOUD214, CLOUD154 Sulbactam, Ezetimibe Glucuronide 0.96 

CLOUD084, CLOUD123 Aripiprazole, Lubiprostone 0.96 

CLOUD237, CLOUD217 7-Ethyl-10-Hydroxy-Camptothecin, Rufinamide 0.95 

CLOUD051, CLOUD130 Testosterone, Lumefantrine 0.95 

CLOUD035, CLOUD244 Ibutilide, Probenecid 0.94 

CLOUD287, CLOUD035 Dextromethorphan, Ibutilide 0.92 

CLOUD278, CLOUD023 Orlistat, Dopamine 0.92 

CLOUD287, CLOUD153 Dextromethorphan, Metaxalone 0.91 

CLOUD285, CLOUD227 Pentolinium Tartrate, Acetohydroxamic Acid 0.88 

CLOUD287, CLOUD037 Dextromethorphan, Sertraline 0.86 

CLOUD280, CLOUD082 Ivermectin, Isoproterenol 0.86 

CLOUD167, CLOUD142 Phenprocoumon, Flutamide 0.85 

CLOUD285, CLOUD229 Pentolinium Tartrate, (+/-)-Sulfinpyrazone 0.85 

CLOUD286, CLOUD082 Nabilone, Isoproterenol 0.84 

CLOUD272, CLOUD164 Acamprosate, Temozolomide 0.83 

CLOUD175, CLOUD259 Propylthiouracil, Sodium Diethyldithiocarbamate Trihydrate -0.66 

CLOUD071, CLOUD165 Sunitinib, Mycophenolic Acid -0.67 

CLOUD054, CLOUD174 Triamterene, Nitazoxanide -0.70 

CLOUD114, CLOUD235 Imatinib, Zonisamide -0.72 

CLOUD006, CLOUD114 Maprotiline, Imatinib -0.73 

CLOUD165, CLOUD183 Mycophenolic Acid, Chlorphenesin -0.74 

CLOUD247, CLOUD062 Clofibrate, Disulfiram -0.77 

CLOUD041, CLOUD139 Busulfan, Docetaxel -0.77 

CLOUD114, CLOUD229 Imatinib, (+/-)-Sulfinpyrazone -0.77 

CLOUD114, CLOUD241 Imatinib, Dichlorphenamide -0.78 

CLOUD053, CLOUD252 Doxorubicin, Fosfomycin -0.81 

CLOUD013, CLOUD114 Asenapine, Imatinib -0.83 

CLOUD012, CLOUD114 Carbachol, Imatinib -0.84 

CLOUD114, CLOUD231 Imatinib, Novobiocin -0.84 

CLOUD133, CLOUD238 Epinephrine, Tinidazole -0.90 

CLOUD112, CLOUD066 Vorinostat, Ezetimibe -0.92 

CLOUD246, CLOUD165 Baclofen, Mycophenolic Acid -0.92 

CLOUD133, CLOUD235 Epinephrine, Zonisamide -0.94 

CLOUD211, CLOUD165 Raltegravir, Mycophenolic Acid -0.95 

CLOUD216, CLOUD259 Cefmenoxime, Sodium Diethyldithiocarbamate Trihydrate -0.96 

 
 
Table S3. Top 20 synergies and antagonisms   
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PRIMER 5´-SEQUENCE-3´ 

AR_flank_FW GAAAGCGACTTCACCGCAC 

AR_flank_RV AAAACATGGTCCCTGGCAGT 

AR_down_FW TGTACACGTGGTCAAGTGGG 

AR_down_RV TGTGCATGCGGTACTCATTG 

AR45_FW ACTCTGGCTTCACAGTTTGGA 

AR45_RV CGCACAGGTACTTCTGTTTCC 

KLK3_FW GGTGACCAAGTTCATGCTGTG 

KLK3_RV GTGTCCTTGATCCACTTCCG 

TMPRSS2_FW CTGCCAAGGTGCTTCTCATT 

TMPRSS2_RV CTGTCACCCTGGCAAGAATC 

KLK2_FW CTGTCAGAGCCTGCCAAGAT 

KLK2_RV GCAAGAACTCCTCTGGTTCG 

ACT_FW CTGTCTGGCGGCACCACCAT 

ACT_RV GCAACTAAGTCATAGTCCGC 

 
 
 
Table S4. RT-qPCR primers used
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DISCUSSION 

According to recent projections the number of individuals with a history of cancer will 

rise up to nearly 18,000,000 only in the United States by 2022 while currently one in 

two men or two in three women will develop cancer during their lifetime (Siegel et al, 

2012). Significant progress has been made in the understanding of cancer mechanisms 

and the development of treatments. However, current therapeutic regimens are not able 

to completely eradicate the disease in most of the cases. Moreover, genetic 

heterogeneity and the development of resistance have hampered the success of a limited 

arsenal of cancer drugs. Therefore, there is an urgent need for the development of more 

efficient and patient-tailored cancer therapeutics. 

Cancer genome profiling and new insights into the rewired cancer circuitry have 

revealed an evolving and complex disease that cannot be addressed with the relatively 

straightforward approaches successfully employed for the treatment of other diseases 

(i.e. the “magic bullet” approach) (Ehrlich, 1913). Malignant neoplasms are intricate 

molecular machines that have developed a range of powerful mechanisms to sustain 

their uncontrolled proliferation. Importantly, the redundant functional network of 

cellular processes confers the plasticity they need in order to survive under different 

conditions and respond to various external perturbations. These sophisticated machines 

have, however, their Achilles’ heels and can be disrupted by means of specific 

pharmacological regimens. It has been said that it is relatively easy to kill malignant 

cells; after all they are cells and even though control over proliferation seems to have 

gone awry in these systems, there is plenty of molecules that would extinguish them 

with ease. The problem is that most of these molecules are very likely to damage also 

healthy tissues and would never translate into safe drugs. Cancer therapy must 

specifically target malignant cells (Kaelin, 2005). Drugs approved over the last 15 years 

have started embodying this concept addressing those addictions (oncogene- or non-

oncogene-dependent) that are intrinsic to tumor cells. However, due to our limited 

knowledge about cancer heterogeneity and resistance mechanisms prior to the 

establishment of cost-effective next-generation sequencing technologies, most of these 

treatments did not meet the high expectations of both researchers and patients. There 

are many different driving mutations that can contribute to the tumorigenic process and 
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induce malignant transformation of cells belonging to the same tissue. We cannot 

address such a complex landscape with a handful of drugs: we need to expand the 

number of “druggable” targets and develop novel and more personalized treatments to 

deal with this plethora of genetic aberrations. Moreover, the evolving and redundant 

cancer network can easily circumvent the effect produced by single molecules and 

would be better addressed by multicomponent therapeutics. Here, we have applied 

longitudinal approaches to define novel targets and treatments with the intent to 

expand the therapeutic arsenal at our disposal against cancer. Our research has 

contributed to the draft of a precision cancer medicine global project (Collins & Varmus, 

2015). 

 

Targeting NOTCH1 breast cancer through inhibition of SUMOylation 

Current breast cancer therapies have been developed based on simplistic classifications 

of different tumor specimens relying on the expression of few biomarkers or general 

gene expression profiles. Recent comprehensive stratifications of breast cancer samples 

have revealed a much broader collection of driver mutations involving, among others, 

chromatin-related genes. These updated molecular portraits complicate the genetic 

landscape of the disease but offer at the same time an invaluable resource for the 

development of more personalized treatments. Notably, many breast cancer-causing 

genes are tumor suppressors or oncogenes that are intrinsically difficult to target with 

small molecules. Chromatin-related proteins control different cellular processes, are 

“capacitors” for synthetic lethal interactions and include “druggagle” enzymes. In an 

attempt to expand the number of cancer targets that could be pharmacologically 

modulated, we performed a loss-of-function screen on an in vitro breast cancer model. 

Due to their low genetic complexity, isogenic cell lines allow for more straightforward 

mechanistic interpretations of phenotypes and provide an ideal system for high-

throughput gene-gene interaction studies. In this regard, we used a collection of isogenic 

cell lines capturing the genetic heterogeneity of breast cancer and derived from the 

precursor MCF10A, a cell line that resembles more the healthy tissue of the breast 

(Soule et al, 1990). This isogenic model has been previously described and successfully 

employed for the identification of an important resistance mechanism in the context of 

breast tumors (Muellner et al, 2011). In particular, we made use of MCF10A cells 
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overexpressing oncogenes that have been previously linked to neoplasms of the 

mammary gland. These genes included AKT1, CCND1, FGFR1, HER2, IKBKE, MYC, MIR10B, 

NOTCH1, RHOC, TBL1XR1, and ZNF127 (Muellner et al, 2011). On this panel, we screened 

an epigenome-focused shRNA library opting for a multiplexed pooled approach that we 

established. By means of next-generation sequencing, we monitored the impact of 

chromatin-related protein knockdowns on the fitness of the cells retrieving hairpin 

abundance. With this approach, we analyzed in total more than 3000 gene-gene 

interactions. At first, we evaluated the performance of the screen and concluded that 

robust results can be obtained with two biological replicates per cell line (R2>0.7 in 

correlation plots) and that the technology had been successfully implemented. Using 

already described hit scoring criteria (Luo et al, 2008; Moffat et al, 2006), we then 

obtained a list of chromatin-related genes significantly depleted (i.e. impairing cellular 

fitness) in our isogenic cell lines. Among the top hits we prioritized those genes that 

could be directly targeted with available inhibitors and proceeded with single hairpin 

validation experiments. Some hits could not be validated in such experiments, as 

hairpins could not impair the cellular growth when tested separately or did not show 

significant differences between oncogene-expressing isogenic cell lines and the wild 

type MCF10A control. The source of such screening false positive remains unclear but 

could be ascribed to poor knockdown efficiency or intrinsic limitations of the technology 

(e.g. a given knockdown phenotype might be affected by factors secreted by neighboring 

cells in the pool where a different knockdown has occurred). However, using different 

experimental approaches we were able to validate the specific interaction between 

activation of the NOTCH1 signaling pathway (Kopan & Ilagan, 2009) and knockdown of 

UBE2I, the gene coding for the UBC9 E2 conjugating enzyme of the SUMOylation cascade 

(Geiss-Friedlander & Melchior, 2007). Activation of the NOTCH1 signaling pathway 

through mutations, translocations or overexpression of the receptor as well as through 

decreased expression of the negative regulator NUMB has been described in a fraction of 

breast cancer samples (Al-Hussaini et al, 2010; CGAN, 2012; Mazzone et al, 2010). 

MCF10A cells overexpressing the intracellular domain of the potent NOTCH1 oncogene 

(NOTCH1 cells) proliferate faster, and compete away the wild type line in co-cultures. 

However, we showed that upon knockdown of UBE2I, NOTCH1 cells lose their growth 

advantage. Recurrence of the phenotype using different shRNA sequences targeting the 

UBE2I gene validated the finding of the screen and ruled out off-target effects frequently 
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observed with RNAi technologies. Importantly, upon overexpression of an shRNA-

resistant UBC9 construct, we managed to rescue the growth impairment of NOTCH1 

cells underlining the specificity of the interaction. These experiments associate the 

SUMOylation cascade to the NOTCH1 signaling pathway for the first time and imply a 

therapeutic potential for the enzymes in the SUMOylation cascades. Indeed, among our 

screening hits we were particularly interested in the interaction between NOTCH1 

signaling and SUMOylation because small molecule inhibitors of this post-translational 

modification have already been described (Fukuda et al, 2009). Ginkgolic acid (GA) 

inhibits the SAE1/UBA2 E1 activating complex of the SUMOylation cascade and, 

similarly to knockdown of UBE2I, impaired the growth of NOTCH1 cells revealing a 

therapeutic window between the oncogene-expressing isogenic model and wild type 

MCF10A cells. We have used the SUMOylation inhibitor also in a -secretase-dependent 

NOTCH1 breast cancer model (Jarriault et al, 1995). Here, we could show a partial 

rescue of the phenotype upon treatment with a GSI, strengthening the link between 

NOTCH1 signaling activation and sensitivity to inhibition of the SUMOylation cascade. By 

means of gene expression profiling and cell cycle analysis we observed impairments in 

the S and G2/M phase of the cell cycle. Indeed, different proteins involved in the 

progression through these two distinct phases have been reported to be SUMOylated 

(Hay, 2005; Pfander et al, 2005). Given that we also observed prominent induction of 

apoptosis in NOTCH1 cells treated with GA, we concluded that inhibition of the 

SUMOylation cascade undermines the S and G2/M phase of the cell cycle eventually 

leading to cell death. Of note, a recent study observed sensitivity to inhibition of the 

SUMOylation cascade in MYC overexpressing breast cancer cells (Kessler et al, 2011). In 

this report, downregulation of a subset of MYC-regulated genes (SMS – SUMOylation-

dependent MYC switchers) upon knockdown of SAE1 induced G2/M arrest and cell 

death. MYC is a canonical target regulated by NOTCH1 signaling. However, we did not 

observe complete G2/M arrest or downregulation of SMS genes in NOTCH1 cells treated 

with GA. Moreover, the MYC cells of our isogenic panel showed only weak depletion of 

UBE2I hairpins. As reported in the study, sensitivity to SUMOylation inhibition 

correlates to MYC dependence providing a potential explanation for such differences.  

SUMOylation affects the cellular localization, activity and interaction partners of many 

nuclear (but also cytosolic) proteins (Gill, 2004; Seeler & Dejean, 2003). Notably, it plays 

many important roles in the maintenance of cellular homeostasis. Nevertheless, 
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NOTCH1 cells showed an exquisite sensitivity to GA compared to their wild type 

counterpart. Western blotting and immunofluorescence experiments revealed a 

dramatic decrease in global SUMOylation specifically in the NOTCH1 cells treated with 

the SUMOylation inhibitor, while wild type MCF10A were virtually unaffected. These 

changes in global protein SUMOylation prompted us to check the amount of 

unconjugated SUMO protein in our panel of isogenic cell lines. Strikingly, NOTCH1 cells 

were the only cell line of the panel showing depleted levels of unconjugated SUMO1 and 

SUMO2/3 isoforms. The -secretase-dependent NOTCH1 breast cancer model further 

emphasized the link with NOTCH1 signaling activation as levels of unconjugated SUMO1 

increased upon treatment with a GSI. From these experiments we hypothesized that 

activation of NOTCH1 signaling depletes unconjugated SUMO thereby conferring 

sensitivity to inhibition of the SUMOylation cascade. Notably, knockdown of SUMO1 or 

SUMO2/3 in wild type MCF10A cells increased sensitivity to inhibition of SUMOylation 

while SUMO3 overexpression rescued NOTCH1 cells from GA treatment corroborating 

our hypothesis. Isogenic models are genetically convenient systems that allow for an 

easier mechanistic dissection of molecular interactions. However, they do not perfectly 

mimic the genetic complexity or real tumors. For this reason, we evaluated the 

importance of our finding in a more clinically relevant context. We collected a series of 

patient-derived breast cancer cell lines recently reported to harbor genomic 

translocations involving NOTCH1 and NOTCH2 genes and activating the corresponding 

signaling (Robinson et al, 2011). These cell lines showed pronounced differences in the 

levels of unconjugated SUMO1 and SUMO2/3. Importantly, sensitivity to GA treatment 

correlated with levels of unconjugated SUMO validating our discovery in a genetic 

context closer to patients. Of note, activation of NOTCH1 signaling has been reported to 

be one of the major drivers of T-cell acute lymphoblastic leukemia (T-ALL) (Aifantis et 

al, 2008). We evaluated the effect of GA on a panel of T-ALL cell lines and measured 

levels of unconjugated SUMO. However, none of the cell lines showed depletion of SUMO 

or sensitivity to GA (data not shown). These observations endorse SUMO depletion upon 

activation of the NOTCH1 signaling pathway as a breast cancer specific event, also in 

light of the extremely context-dependent functions of the NOTCH1 pathway (Al-Hussaini 

et al, 2010). An interesting question that remains open to further investigations is 

whether other genetic alterations in different cancers result in similar depletions of 

unconjugated SUMO. 
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As to how exactly NOTCH1 activation depletes unconjugated SUMO, we cannot provide a 

definite answer. We attempted to investigate changes in protein SUMOylation by mass 

spectrometry; unfortunately, due to technical limitations, we could not perform these 

experiments. We can speculate that activation of the NOTCH1 signaling pathway induces 

the expression of SUMOylated proteins that would deplete the endogenous pools 

conferring sensitivity to further perturbations of the SUMOylation cascade (i.e. 

SAE1/UBA2 inhibition by GA or knockdown of UBE2I). Alterations in SUMO turnover 

could provide another potential explanation but the exact mechanism remains to be 

addressed by further research. 

Here, we have provided evidence that NOTCH1 activation in breast cancer depletes 

unconjugated SUMO and confers sensitivity to inhibitors of the SUMOylation cascade. GA 

is a natural compound contained in Ginko biloba leaf extracts, which are used as health 

supplements in the United States and Japan. The molecule has not been thoroughly 

profiled in vivo but physiological concentrations associated with the consumption of 

Ginko biloba extracts are unlikely to inhibit the SUMOylation cascade. Our research 

encourages the development of improved SUMOylation inhibitors and their evaluation 

in multicomponent therapy. 

 

A combination of approved drugs addressing resistance to flutamide 

in T877A AR prostate cancer 

Tumor heterogeneity and resistance to therapy have long hampered efficiency of cancer 

treatments. In line with the latest successful anti-HIV drugs, multicomponent 

therapeutics has been suggested as a valid strategy for the treatment of complex 

diseases such as cancer. In particular, combinations of approved drugs entail numerous 

advantages as they are chemically optimized molecules already profiled in the clinic. 

Repurposing of a combination of clinical compounds would only require evaluation of 

drug-drug interactions in vivo as the single entities have been already profiled in terms 

of adsorption, diffusion, metabolism, excretion and toxicity by themselves. Combinations 

of approved drugs are not easy to investigate systematically essentially because 

comprehensive libraries of clinical compounds are difficult to obtain but also because a 

pairwise combinatorial screen of 1,000 drugs (i.e. way less than currently approved 



DISCUSSION 
 

 

 
113 

 

small molecules) generates already 499,500 data points, overcoming the throughput of 

most screening platforms. We have defined and assembled a library of approved small 

molecules representative of the chemical and biological space covered by approved 

drugs. We named this non-redundant collection the CeMM Library of Unique Drugs 

(CLOUD). To generate the CLOUD we filtered all FDA-approved products retaining only 

systemically active small molecules. By means of clustering procedures only structurally 

unique compounds covering all biological activities addressed by FDA-approved drugs 

were kept. The addition of 35 approved molecules with unknown target as well as the 

active form of 35 prodrugs yielded a final collection of 309 CLOUD drugs. This library 

conveniently represents all FDA-approved small molecules and allows for combinatorial 

HTS. In order to investigate potential synergistic interactions between approved drugs, 

we performed a combinatorial screen on KBM7 cells, a near haploid CML cell line. We 

chose this system mainly because of a range of experimental possibilities provided by 

the ease to generate gene knockouts with a haploid cell line. Importantly, to maintain 

physiological relevance we screened all CLOUD drugs in the range of their maximal 

plasma concentration. In all, we tested 40,470 pairwise combinations of CLOUD drugs 

and collected 254 hits. A counter-screen narrowed the number of top hits down to 20 

synergies and 20 antagonisms that we validated in extended dose-response 

combinatorial matrices. Not all hits validated: specific compounds showed different 

effects in different screens, others resulted in multiple synergistic or antagonistic 

combinations. We reasoned these compounds might be either unstable or partly 

precipitated in the screening plate affecting their distribution over the screen. Other 

technical issues might have interfered with the readout such as unequal dispensing of 

viability detection reagents. However, the synergistic interaction between flutamide 

(Eulexin®) and phenprocoumon (PPC, Marcumar®) detected in our original screen 

robustly validated in all subsequent counter-screens. We therefore decided to follow up 

this combination and manually tested new batches of the two compounds in a dose-

response matrix performed with KBM7 cells. The combination showed a remarkable 

effect on cell viability and a strong synergistic interaction over a range of concentrations 

as assessed by the Bliss independence model. Flutamide is a non-steroidal antiandrogen 

targeting the AR and clinically used for the treatment of prostate cancer (Liao et al, 

1974). It competes with the endogenous ligand of the AR for the binding pocket of the 

receptor and behaves as an antagonist, inhibiting the activation of the pathway. PPC 
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binds to VKORC1 inhibiting γ-carboxylation of glutamic acid residues by the GGCX 

enzyme (Paikin et al, 2010). The importance of γ-carboxylation in the context of the 

blood coagulation cascade has led to the approval of PPC as an anticoagulant for the 

treatment of thromboembolic disorders. Increased resistance to the combination of 

these two drugs observed in AR knockout KBM7 cells supported the AR as an important 

player in the observed phenotype. The AR signaling pathway sustains neoplasms of the 

prostatic tissue and is the target of different drugs approved for the treatment of 

prostate cancer (Farooqi & Sarkar, 2015). Even though patients initially respond to 

pharmacological treatments, they inevitably develop resistance to drugs targeting AR 

signaling. Therefore, we evaluated the therapeutic potential of the synergistic 

interaction between flutamide and PPC in prostate cancer cell lines. Interestingly, the 

combination greatly impaired the viability of the androgen-dependent LNCaP cells but 

spared PC-3 cells, another prostate cancer cell line that expresses very low levels of AR 

(Alimirah et al, 2006). These results further endorsed the AR as a key target and 

indicated therapeutic relevance of the combination for prostate cancer stages expressing 

sustained levels of the receptor. Of note, we could show that flutamide and PPC induce 

apoptosis in LNCaP cells and that similar growth impairments are observed using other 

approved VKORC1 inhibitors (e.g. warfarin, Coumadin®) (Paikin et al, 2010) and 

antiandrogens (e.g. bicalutamide, Casodex®) (Feldman & Feldman, 2001) validating the 

concept behind the CLOUD. The sensitivity of LNCaP cells to the combination of 

flutamide and PPC has interesting therapeutic implications. LNCaP cells overexpress a 

mutated form of the AR carrying a T877A substitution in the ligand binding domain of 

the receptor (Veldscholte et al, 1992). This mutation has been observed in patients and 

has been linked to resistance to antiandrogens treatment (Gaddipati et al, 1994). In 

particular, it has been shown that flutamide behaves as an AR agonist upon binding of 

the T877A mutant and activates AR signaling. Notably, flutamide agonistic activity in 

LNCaP cells is lost upon co-administration of PPC as we have observed expression of 

canonical AR signaling targets such as KLK3 (also known as PSA) and KLK2 reduced 

almost down to vehicle treatment. Interestingly, treatment of LNCaP cells with the 

combination also led to downregulation of the AR at the mRNA and protein levels. As 

PPC did not alter AR signaling induced by the potent agonist R1881, we inferred that 

flutamide would also still bind to the receptor in the presence of PPC. We analyzed AR 

downregulation in detail and observed that the two drugs in combination affect 
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transcription of the AR itself without significantly interfering with mRNA stability. 

However, they also induce proteasomal degradation of the receptor as bortezomib could 

partly restore the levels of AR upon treatment with flutamide and PPC. We also 

monitored changes in protein turnover and observed faster degradation of AR upon 

treatment with the combination. We reasoned that the AR might incur into destabilizing 

conformational changes upon treatment with both flutamide and PPC. In particular, we 

hypothesized that the AR could be -carboxylated and that PPC might interfere with this 

post-translational modification. To corroborate this hypothesis we performed a cellular 

thermal shift assay (CETSA) for the AR in LNCaP cells treated only with PPC for two 

days. Indeed, treatment with PPC increased AR thermal stability supporting a role for γ-

carboxylation in the conformation of the receptor. Importantly, a 30 minutes treatment 

of LNCaP cell lysates with PPC could not induce the same increase in thermal stability 

arguing against direct binding of PPC to the AR. This experiment suggests that the AR is 

-carboxylated and that by preventing this post-translational modification PPC increases 

the thermal stability of the receptor. However, upon binding of flutamide the 

uncarboxylated AR would incur into further conformational changes jeopardizing its 

stability and leading to protein degradation. The loss of the receptor dictates eventually 

the death of AR-dependent LNCaP cells. To ultimately prove -carboxylation of the AR 

receptor we have designed mass spectrometry and 2D-gel electrophoresis experiments 

that are currently underway. Another important question that remains to be elucidated 

is the exact location of this modification on the AR as -carboxylation occurs on glutamic 

acid and the AR contains 55 of these residues. Up to date, only the structure of the 

ligand-binding domain of the AR has been solved. A full three-dimensional picture of the 

protein could further explain the importance of -carboxylation in the stability of the 

receptor and its interaction with flutamide. 

In summary, we have uncovered a synergistic interaction between two approved drugs 

targeting the AR. Both compounds have already been clinically profiled and their 

combination could be easily translated into a new multicomponent regimen for the 

treatment of prostate cancer patients harboring AR mutations such as T877A. 

Interestingly, recent clinical studies have evaluated the preventive effect of pre-

diagnosis use of anticoagulants on prostate cancer survival. However, contrasting 

results have been reported (O'Rorke et al, 2015; Sorensen, 2007; Tagalakis & Tamim, 

2010; Tagalakis et al, 2013). Overall, our approach defines an efficient strategy for 
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repurposing of approved drugs and has expanded the number of possible therapeutic 

cancer treatments. 

 

Conclusion & future prospects 

We made use of molecularly stratified and combinatorial approaches to unravel novel 

targets and develop alternative cancer treatments. Our findings entail exciting 

translational potential for a new breast cancer target and therapy as well as a novel 

multicomponent regimen for the treatment of prostate tumors. Our approaches aimed at 

more patient-specific considerations and, in this regard, provided evidence for more 

personalized treatments (i.e. for NOTCH1 breast cancer or T877A AR prostate cancer 

patients). Additional efforts will have to address the remaining challenges posed by 

cancer heterogeneity and we regard recently established genome editing approaches 

such as the CRISPR-Cas9 (Cong et al, 2013; Mali et al, 2013) system or more 

sophisticated experimental set ups (e.g. three-compound combinatorial screens) as 

promising tools for the consolidation of precision cancer medicine.  
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