
ETH Library

Synthetic lethal screening as a tool
to identify co-dependent pathways
for cancer cell survival

Doctoral Thesis

Author(s):
Helbling, Marianne Margrit

Publication date:
2010

Permanent link:
https://doi.org/10.3929/ethz-a-006118418

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-006118418
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


ETH-Diss.-Nr. 18957 

 

SYNTHETIC LETHAL SCREENING AS A TOOL TO IDENTIFY  

CO-DEPENDENT PATHWAYS FOR CANCER CELL SURVIVAL 

 

A dissertation submitted to ETH ZURICH 

for the degree of 

Doctor of Sciences 

 

Presented by 

MARIANNE MARGRIT HELBLING 

Dipl. Natw. ETH 

 

born on March 17th 1981 

citizen of Hedingen, Zürich 

 

 

Accepted on the recommendation of 

Prof. Dr. Wilhelm Krek 

Prof. Dr. Karl-Heinz Altmann 

 

 

2010  



2  

 

 

 

 

 

 

 

 

 

 

 

 

 

“The presence of the observer changes the observed.”  

Heisenberg’s uncertainty principle 

 

  



3  

1 TABLE OF CONTENTS 

1 Table of contents ............................................................................................................................. 3 

2 Abbreviations .................................................................................................................................. 5 

3 Abstract ........................................................................................................................................... 6 

4 Kurzfassung ..................................................................................................................................... 7 

5 Introduction ..................................................................................................................................... 9 

5.1 Synthetic lethality for drug discovery.................................................................................... 10 

5.2 The liver kinase B1 ................................................................................................................. 12 

5.3 LKB1 signaling ........................................................................................................................ 15 

5.3.1 LKB1 and cell metabolism.............................................................................................. 18 
5.3.2 LKB1 and cellular polarization (65, 66) .......................................................................... 18 
5.3.3 LKB1 in human disease .................................................................................................. 20 

5.4 Simvastatin, the mevalonate pathway and prenylation of proteins ..................................... 23 

5.4.1 Geranylgeranylated proteins ......................................................................................... 25 
5.5 The link between LKB1 and HIF ............................................................................................. 26 

5.5.1 The hypoxia inducible factor HIF ................................................................................... 26 
5.5.1.2 HIF in embryonic development and cancer ................................................................... 27 

6 Aim of this PhD thesis .................................................................................................................... 29 

7 Part I: Synthetic lethal approach for lung cancer .......................................................................... 30 

7.1 Results part I .......................................................................................................................... 31 

7.1.1 Assay development ....................................................................................................... 31 
7.1.2 Screening of 48,693 compounds in two isogenic cell lines ........................................... 34 
7.1.3 Follow up studies D10 ................................................................................................... 42 
7.1.4 Follow up studies simvastatin ....................................................................................... 45 

7.2 Discussion part I .................................................................................................................... 53 

7.2.1 Cell based high throughput screening ........................................................................... 53 
7.2.2 D10: The main screening hit with an unknown function .............................................. 54 
7.2.3 Simvastatin: A screening hit with a known target ......................................................... 54 

7.3 Conclusion part I .................................................................................................................... 57 

8 Part II: HIF regulation by LKB1 ....................................................................................................... 58 

8.1 Results part II ......................................................................................................................... 59 

8.2 Discussion part II ................................................................................................................... 62 

8.3 Conclusion part II ................................................................................................................... 64 

9 Joint discussion .............................................................................................................................. 65 

10 Joint conclusion ............................................................................................................................. 66 



4  

11 Materials and methods ................................................................................................................. 67 

11.1 Materials ................................................................................................................................ 67 

11.1.1 Compounds and chemicals ............................................................................................ 67 
11.1.2 Antibodies and fluorescent stains ................................................................................. 67 
11.1.3 Cell lines ......................................................................................................................... 68 
11.1.4 Gene and short hairpin expression vectors ................................................................... 69 

11.2 Methods ................................................................................................................................ 70 

11.2.1 Cell culture ..................................................................................................................... 70 
11.2.2 Biochemistry .................................................................................................................. 71 
11.2.3 Cell Biology .................................................................................................................... 73 
11.2.4 High throuput – high content screening ....................................................................... 75 
11.2.5 In vivo studies ................................................................................................................ 76 

12 Acknowledgements ....................................................................................................................... 79 

13 References ..................................................................................................................................... 81 

14 Curriculum vitae ............................................................................................................................ 89 

15 Appendix ........................................................................................................................................ 91 

15.1 Acapella script ....................................................................................................................... 91 

15.2 Profiles from compounds selected for hit profiling .............................................................. 96 

15.3 Final hit list ............................................................................................................................ 99 

 

  



5  

2 ABBREVIATIONS 

ACC acetyl-CoA carboxylase 
AICAR 5-aminoimidazole-4-carboxamide-1-β-d-

ribofuranoside 
AMP adenosine mono phosphate  
AMPK AMP-activated protein kinase 
AMPK-RT AMPK related kinases 
CoA Coenzyme A 
APC adenomatous polyposis coli 
aPKC atypical protein kinase C 
ARK5 AMPK-related protein kinase 5 (=NUAK1) 
ARNT aryl hydrocarbon receptor nuclear 

translocator (=HIF1β) 
ASIP atypical PKC isotype-specific interacting 

protein 
CA9 carbonic anhydrase 9 
CaMKK calmodulin-dependent kinase kinase 
ccRCC clear cell renal cell carcinoma 
Cdc42 cell division cycle 42 
COX2 cyclooxygenase 2 
CRIB Cdc42/Rac interactive binding 
DRAQ5 deep red anthraquinone Nr. 5 
DUBs deubiuitinating enzymes 
dLKB1 D. melanogaster LKB1 
EGFR epidermal growth factor receptor 
ELM1 elongated mitochondria 1 
EPAS1 endothelial PAS domain-containing protein 1 
FLICA fluorescent labeled inhibitors of caspases 
FOH farnesol 
FOXO forkhead-box-protein O 
FPP farnesylpyrophosphate 
FTase farnesyl transferase 
FTI farnesyl transferase inhibitor 
GGOH geranylgeraniol 
GGPP geranylgeranylpyrophosphate 
GGTase I geranylgeranyl transferase I 
GGTase II geranylgeranyl transferase II (=Rab GGTase) 
GGTI geranylgeranyl transferase inhibitor 
Glut1 glucose transporter 1 
GSK3β glycogen synthase kinase 3β 
HCS high content screening 
HDAC histone deacetylase 
HEF1 human enhancer of filamentation 1 (=Nedd9) 
HIF1α hypoxia inducible factor 1 alpha 
HIF1β hypoxia inducible factor 1 beta (=ARNT) 
HIF2α hypoxia inducible factor 2 alpha (=EPAS1) 
HMG 3-Hydroxy-3-Methylglutaryl 
HMGCR HMG-CoA reductase 
HTS high throughput screening 
HUNK hormonally up regulated Neu-associated 

kinase 
JAM junctional adhesion molecule 
LATS1 large tumor suppressor homologue 1 
LDF live/dead fixable 
LKB1 liver kinase B1 
MARK microtubule-affinity-regulating kinase 
MEFs mouse embryonic fibroblasts 

MELK maternal embryonic leucine zipper kinase 
c-Myc cellular myelocytomatosis viral oncogene 

homolog 
NIM1 noninducible immunity 1 
NSCLC non-small cell lung carcinoma 
NUAK1 nuclear AMPK-related kinase 1(=ARK5) 
NUAK2 nuclear AMPK-related kinase 2 (=SNARK) 
p27 cyclin-dependent kinase inhibitor 1B (=KIP1) 
p53 Kirsten rat sarcoma viral oncogene homolog 
PAK1  p21 activated kinase 1 (=SAK1) 
PALS protein associated with Lin-7 
PAR partitioning-defective 
PARP poly(adenosine diphosphate [ADP]–ribose) 

polymerase 
PATJ pals1-associated tight junction 
PEA3 polyomavirus enhancer activator-3 
PHD prolyl hydroxylase 
PI3K phosphatidylinositol 3-kinase 
PJS Peutz-Jeghers syndrome 
PKB protein kinase B (=Akt) 
PTEN phosphatase and tensin homolog deleted on 

chromosome 10 
QIK qin-induced kinase (=SIK2) 
QUIN quinacrine 
QSK (=SIK3) 
Ras rat sarcoma viral oncogene homolog 
K-Ras Kirsten rat sarcoma viral oncogene homolog 

(=v-Ki-ras2) 
Rab RAS associated binding 
Rac1 Ras-related C3 botulinum toxin substrate 1 
REP Rab escort protein 
Rheb Ras homolog enriched in brain 
RhoA Ras homolog gene family, member A 
SAK1 SNF1 activating kinase 1 (=PAK1) 
SAR structure activity relationship 
sd standard deviation 
SIK1 salt inducible kinase 1 
SIK2 salt inducible kinase 2 (=QSK) 
SIK3 salt inducible kinase 3 (=QIK) 
SNF1 suchrose non fermenting 1 
SNRK SNF related kinase 
SSTK small serine/threonine kinase 
STK11 serine/threonine kinase 11 
STS staurosporine 
TAK1 transforming growth factor-β-activated 

kinase 1 
TBC1D1 tre-2/USP6, BUB2, cdc16 domain family 

member 1 
mTOR mammalian target of rapamycin 
TOS3 Snf-activating kinase TOS3 
TSSK1 testis-specific serine kinase 
UBA ubiquitin associated 
VEGF vascular endothelial growth factor 
pVHL von Hippel-Lindau protein 
Wnt wingless-type 
XEEK1 xenopus egg and embryo kinase 
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3 ABSTRACT  

Cancer arises from our own body cells. The only difference between a normal body cell and a cancer 

cell lies in the mutations that are adopted by the cancer cell during tumor development. These 

genetic alterations can be exploited to specifically harm cancer cells. Therefore, different strategies 

have evolved in the past, one of which is synthetic lethality. Synthetic lethality describes the relation 

between two genes if disruption of either individual gene is compatible with viability, but loss of both 

causes death. It follows that a drug that is synthetic lethal to a cancer associated mutation should kill 

only the mutated cancer cells and spare normal cells and thus be superior to most 

chemotherapeutics used in clinic today. 

The goal of this thesis was the identification of novel drug candidates that display a synthetic lethal 

interaction with the cancer-associated mutation of the liver kinase B1 (LKB1) that occurs in more 

than 30% of human lung adenocarcinomas, as a proof of concept study.  

A cell-based high-content screen for cell death was carried out with 48,693 small molecule 

compounds on an isogenic cell line pair that only differed in its status of LKB1 (wild type versus 

mutant). Next to two other compounds with unknown targets we identified simvastatin, an inhibitor 

of HMG-CoA reductase (HMGCR) and widely used cholesterol-lowering drug, as one of the main hits. 

Other statins in the screening set, such as lovastatin and compactin, displayed similar activity.  

Follow-up experiments confirmed the synthetic lethal interaction between simvastatin and LKB1-

deficiency. Simvastatin could even specifically inhibit LKB1-negative tumor growth in a xenograft 

model in nude mice, indicating its potential value for the treatment of LKB1 negative cancer.  

Thus, our data confirm the convenience of high content synthetic lethal screening in a mammalian 

system leads for the discovery of novel tumor genotype specific cancer drugs to open the door for 

personalized medicine in the cancer field.  

A second part of this thesis describes a novel function of LKB1, to regulate the HIF-α isoforms, which 

was discovered in the course of the assay development. While reintroduction of LKB1 into a cancer 

cell line lacking it resulted in up-regulation of HIF-1α, HIF-2α protein levels were markedly decreased. 

These data establish a key role for LKB1 in the regulation of HIF and suggest a function of HIF-2α in 

LKB1 negative tumors.  

Taken togehther this work provides new insight into LKB1 function and novel drug candidates for the 

treatment of LKB1 negative cancer.  
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4 KURZFASSUNG 

Krebs entsteht aus unseren eigenen Körperzellen. Der einzige Unterschied zwischen einer normalen 

Körperzelle und einer Krebszelle liegt in den Mutationen, die in den Krebszellen während der 

Tumorentstehung auftreten. Diese genetischen Veränderungen können ausgenutzt werden, um 

spezifisch den Krebszellen zu schaden. Dafür wurden in der Vergangenheit verschiedene Methoden 

entwickelt; eine davon ist synthetische Letalität. Synthetische Letalität beschreibt die folgende 

Beziehung zwischen zwei Genen: eine Zelle überlebt die einzelne Störung zweier Gene, stirbt jedoch 

wenn beide Gene gleichzeitig mutiert sind. Daraus folgt, dass ein Medikament, welches mit einer mit 

Krebs verbundenen Mutation synthetisch letal ist, nur die mutierten Krebszellen angreift und die 

normalen Zellen schont. Damit wäre dieses Medikament den meisten Chemotherapeutika, welche 

heutzutage verwendet werden, überlegen.  

Das Ziel dieser Arbeit war eine „Proof-of-Concept“-Studie für die Identifizierung neuer Wirkstoffe, 

welche eine synthetisch letale Interaktion mit der krebsassoziierten Leber Kinase B1 (LKB1)-Mutation 

zeigen. LKB1 ist ein Tumorsuppressorgen welches in mehr als 30% aller menschlichen 

Lungenadenokarzinomen mutiert ist.  

Ein zellbasierter Screen für Zelltod wurde mit 48,693 niedermolekularen Wirkstoffen auf einem 

isogenen Zelllinienpaar durchgeführt. Dieses Zelllinienpaar unterscheidet sich nur im Status des LKB1 

Tumorsuppressors (Wildtyp versus Mutante). Neben zwei anderen Wirkstoffen mit unbekannten 

Targets, konnten wir Simvastatin als Wirkstoff identifizieren, welcher die mutierten Zellen stärker 

angreift als diejenige ohne LKB1-Mutation. Simvastatin ist ein Hemmstoff der HMG-CoA-Reduktase 

(HMGCR) und ein weit verbreiteter Cholesterinsenker. Anderen Statine wie Lovastatin und 

Fluvastatin, welche im Screeningset mit dabei waren, zeigten eine ähnliche Wirkung.  

Folgeexperimente konnten die synthetisch letale Wechselwirkung zwischen Simvastatin und LKB1-

Defizienz bestätigen. Simvastatin konnte sogar das Wachstum von LKB1-negativen Tumoren in einem 

Xenograft Modell in Nacktmäusen hemmen, was den potentiellen Wert von Simvastatin für die 

Therapie von LKB1-negativem Krebs bestätigt.  

Unsere Daten bestätigen somit den Nutzen eines „high-content“ synthetisch letalen Screens mit 

Säugetierzellen für die Entdeckung neuer Tumorgenotyp-spezifischer Krebsmedikamente und öffnen 

die Tür für personalisierte Medizin im Krebsbereich.  

Ein zweiter Teil dieser Arbeit beschreibt die Regulation der HIF-α Isoformen als eine neuartige 

Funktion von LKB1. Die Wiedereinführung eines Wildtyp-LKB1-Genes in eine Krebszelllinie, welche 



8  

kein LKB1-Protein mehr herstellt, führte gleichzeitig zu einer Hochregulation des HIF-1α-Proteins und 

zu einer Erniedrigung der HIF-2α-Proteinlevels.  

Zusammengefasst gewähren die Ergebnisse dieser Arbeit einen neuen Einblick in die Funktion von 

LKB1 und zeigen mögliche Wirkstoffkandidaten für die Behandlung von LKB1-negativem Krebs. 
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5 INTRODUCTION 

Unlike infectious diseases where the body is attacked from the outside, cancer evolves from our own 

body cells. In a stepwise progression from early dysplastic lesions to primary tumors and further to a 

metastatic malignancy the normal body cell acquires a set of genetic alterations that make 

oncogenes (genes that induce cancer progression) more active and inhibit the function of tumor 

suppressor genes (genes that inhibit cancer progression). Although the evolving cancer cell shows 

many novel features (1), it is still closely related to its progenitor, the normal body cell, and this may 

be the cause of failure to cure cancer so far.  

Figure 1A shows the as an example the development of a lung cancinoma. The stepwise progression 

from a normal lung epithelial cell into an aggressive lung adenocarcinoma starts with the 

transformation of a single cell that divides and acquires more and more mutations to form a primary 

tumor (adenocarcinoma in-situ) that is still localized to the tissue of origin. If the tumor however gets 

more malignant, crosses the basal lamina and invades other tissues to form metastases we talk about 

an invasive adenocarcinoma. To reach this invasive grade every tumor has to acquire a set of 

functional capabilities that are called the six hallmarks of cancer (Figure 1B and (1)). First the cell has 

to be able to grow and proliferate without any external signals, second the potential for proliferation 

has to become limitless as in stem cells, third they have to evade apoptosis, forth angiogenesis has to 

be induced to maintain the nutrient levels high enough in the tumor, fifth external anti-growth 

signals have to be overrun and sixth they have to invade other tissue.  

Figure 1: Lung cancer development. (A) A lung epithelial cell (yellow) has to acquire several mutations to transform into a 
cancer cell (red). These mutations are either spontaneous or environment induced (e.g. smoking). The affected single cell 
then proliferates to form a benign adenocarcinoma in situ by excess proliferation. By acquiring the ability to cross the basal 
lamina (green) the invasive adenocarcinoma invades other tissues and metastasizes through the lymph and blood stream to 
form metastases. (B) The six hallmarks of cancer that a cell needs to acquire to develop into a malignant cancer cell were 
described by Hanahan and Weinberg (1). Recently tumor inflammation was describes as the 7th hallmark (2).  
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These novel capabilities are provoked by the acquisition of several mutations. These mutations 

happen either spontaneous or especially in the case of lung cancer are often induced by 

environmental factors like smoking. However, not every cell that is struck by a mutation develops 

into a malignant cancer. On the one hand the mutation has to affect the behavior of the cell and on 

the other hand the cell is prone to cell death, tumor regression or the attack of the immune system 

at every step of tumor progression. Therefore, more and more mutations are needed to gain all the 

hallmarks for proper tumor establishment.  

Many small organic molecules, including the drugs used to treat cancer patients today are specifically 

engineered to fight cancer cell growth and survival. The failure of these agents in clinical applications 

stems largely from their lack of selectivity between cancer cells and normal body cells. Not that they 

are unable in killing cancer cells, but because of the narrow therapeutic index they also harm normal 

body cells already at low doses leading to major side effects like for example neurotoxicity for many 

antineoplastic agents (3).  

Thus, we are in need of finding new ways for the identification of more specific anti-cancer drug 

candidates that eliminate cancer cells without harming the normal body cells.  

5.1 SYNTHETIC LETHALITY FOR DRUG DISCOVERY 

The term synthetic lethal was first used by Theodor Dobzhansky in 1946 to describe complementary 

lethal systems in wild-type populations of Drosophila pseudoobscura. He induced synthetic lethality 

by recombining two homologous chromosomes of different origin that had been perfectly viable as 

homozygotes. “Certain genes, born by each original chromosome, were now on the same 

chromosome and interacted to produce a recessive lethal effect” (4).  

Nowadays, we know that synthetic lethality occurs between two otherwise non lethal gene 

mutations which together result in a non viable cell. Hence, two genes are said to be ‘synthetic 

lethal’, if disruption of either individual gene is compatible with viability, but loss of both causes 

death (5). 

In 1997 Hartwell et al. integrated the concept of synthetic lethality known from flies for drug 

discovery in yeast by combining different loss of function alleles with each other to identify novel 

drug targets (Figure 2) or with a compound library to identify directly novel drugs (6). Having had an 

approach to identify drugs that target the cell with the mutant gene, but not the wild type, it was 

possible to discover new drugs for tumors with specific gene alterations. Either the mutation or the 

drug alone could not kill. Thus, putting them together, the cancer cell died (7-9). 
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Compared to targeted cancer therapeutics by for example inhibiting specific known oncogenes, the 

synthetic lethal approach is much more specific to kill the cancer cell and can also identify novel 

cancer drug targets in an unbiased manner. The inhibited oncogene may also be crucial in normal 

cells leading to major side effects or even redundant, at least partially, for the cancer cell, thus the 

inhibitor may have no therapeutic benefit at all or soon lead to the induction of resistance. 

Figure 2: From synthetic lethality in flies and yeast to personalized medicine. The term synthetic lethality was coined by 
Theodor Dobzhansky in 1946 (4) to describe complementary lethal systems in wild-type Drosophila populations. The next 
50 years many synthetic lethal interactions were identified in fly, yeast and worms but it was not before 1997 when 
Hartwell started to use deletion mutant and drug libraries in yeast to identify novel drug targets or even drugs for the use in 
human cancer. The step to human tumor cells was not a big one anymore and by screening with siRNAs or drugs for 
conditions that would kill a mutant cell but not its wild type counter partner many cancer related synthetic lethal 
interactions were identified also in a human background. Application of this knowledge and the identified drugs has proven 
to be valuable in clinic and synthetic lethality is therefore one means to reach the area of personalized medicine in cancer 
therapy.  

One great example of a novel cancer drug arising from the concept of synthetic lethality is Olaparib, a 

potent poly (adenosine diphosphate [ADP]–ribose) polymerase (PARP) inhibitor. Two groups found 

that PARP inhibition is lethal to specific DNA-repair defects including those arising in carriers with 

BRCA1 or BRCA2 mutations (10, 11). A clinical phase I trial with Olaparib followed and had only few 

adverse side effects compared to conventional chemotherapeutics although it showed anti-tumor 

activity (12).  

With the concept of synthetic lethality, personalized medicine does not seem so far-fetched 

anymore. A drug identified to kill cancer cells only with a specific mutation, could be used in cancer 

patients with tumors carrying this specific gene alteration (Figure 2).  
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5.2 THE LIVER KINASE B1  

The liver kinase B1 (LKB1) also called serine/threonine kinase 11 (STK11) is a serine threonine kinase 

that is ubiquitously expressed during all stages of development (13, 14). The STK11 gene located on 

the short arm of human chromosome 19 (19p13), is conserved among multicellular organisms. LKB1 

has been discovered as a tumor suppressor since mutations in this gene are responsible for an 

inherited cancer disorder: the Peutz-Jeghers syndrome (15). 

Human LKB1 encodes a 433 amino acid protein of approximately 48kDa (15). It consists of a main 

catalytic kinase domain (residues 50–337), similar to the AMP-activated protein kinase (AMPK) 

family, and a putative carboxyl—terminal regulatory domain with a CAAX box, a known consensus 

sequence for prenylation that in case of LKB1 leads to attachment of a farnesyl residue at cystein 430 

(16). Furthermore, two potential nuclear localization signals are located between amino acids 38–43 

and 81–84 (Figure 3A and (16)). Despite many other kinases LKB1 does not need any activating 

phosphorylation, but depends on the binding of two protein cofactors, namely STRAD (17) and Mo25 

(18). Together with this proteins LKB1 forms a hetero-trimeric complex in order to allow a 

conformational change of its activation loop (Figure 3B). Key to this is the interaction of Phe204 from 

the LKB1 activation loop with a hydrophobic pocket on the concave surface of MO25 whereby STRAD 

assists MO25 in binding LKB1 (19). This interaction also leads to the cytoplasmic localization of LKB1 

that elsewhere resides in the nucleus due to its nuclear localization signal.  

Furthermore, several phosphorylation sites have been identified, and are reviewed in (13), that 

influence the binding of the co-factors. The main phosphorylation site is serine 428 (serine 431 in 

mouse) that is phosphorylated by PKA (20, 21) and RSK (22) and was shown to be necessary for axon 

initiation in neurons (23) and growth suppression of G361 cells in a colony formation assay (22). Like 

the prenylation site this phosphorylation site is also highly conserved (Figure 3A).  

The mutations in the LKB1 gene, that are the main cause of the Peutz-Jeghers syndrome (5.3.3.1), 

have also been mapped to the different LKB1 domains. At least 51 missense mutations have been 

found in the kinase domain and the C-terminal flanking tail (CFT) that interacts with STRAD and the 

majority of these mutations are residues important for the structural integrity of LKB1 (Figure 3B and 

(19)), indicating that the kinase activity is crucial for the tumor suppressor function of LKB1.  
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Figure 3: LKB1 structure. (A) Domain structure and posttranslational modification of LKB1. Sequence analysis from human 
(hLKB1), mouse (mLKB1), xenopus (XEEK1) and drosophila (dLKB1) shows the conservation of the main phosphorylation site 
at Ser428 and the Cys430 farnesylation site. (B) Structure of the LKB1 (pink)- STRAD (green)- MO25 (blue) complex. Cancer 
causing mutations present on the LKB1 surface are colored purple (19). 

One of the best known phosphorylation substrate of LKB1 is AMPK (24), which is activated by LKB1 in 

response to low cellular energy levels. AMPK exists as a heterotrimeric complex comprising a 

catalytic α subunit and regulatory β and γ subunits. In mammals, each subunit is encoded by multiple 

genes (α1, α2, β1, β2, γ1, γ2, γ3). AMPK itself phosphorylates and activates a diverse set of proteins 

regulating carbohydrate, lipid and protein metabolism as well as cell growth and apoptosis.  

AMPK is the principal member of a whole protein kinase class that was identified by sequence 

alignment of the catalytic domain of the human kinome (Figure 4A and (25)). The AMPK-related 

protein kinase family consists of 22 kinase that can be divided into six subgroups (Figure 4B).  

Besides AMPKα1 and α2 additional 12 other AMPK-related kinases (AMPK-RK) are also 

phosphorylated by LKB1, namely NUAK1/ARK5, NUAK2/SNARK, BRSK1/SAD-1, BRSK2/SAD-2, 

SIK/SIK1, QIK/SIK2, QSK/SIK3, MARK1, MARK2, MARK3, MARK4 (26) and SNRK (27). For the remaining 

family members (MELK, NIM1, TSSK1, TSSK2, TSSK3, TSSK4, SSTK, and HUNK) there is no evidence for 

LKB1 regulation. However, MELK, NIM1, and TSSK have the ability to autophosphorylate themselves 

and may therefore not be regulated by LKB1 (27). Interestingly, the 14 AMPK subfamily kinases that 

are phosphorylated and activated by LKB1 all possess a Leu residue at the –2 position from the T-loop 

Thr (Figure 4B).  
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Figure 4: Regulation of the AMPK protein family by LKB1 (adapted from (13)). (A) Dendrogram based on sequence analysis 
of the catalytic domain for the AMPK-related protein kinase subfamily (AMPK-RK). (B) Overview of the six subclasses of the 
AMPK-RK with definitions of abbreviations. (C) Multiple sequence alignment of the T-loop sequences of the AMPK-RK, 
including LKB1. The stong green shadow indicates identical residues, and the light green shadow corresponds to residues 
conserved in more than 50% of the aligned sequences. The T-loop threonine and serine residues are indicated with an 
asterisk, and the –2 leucine that is thought to be required for LKB1 phosphorylation (28) is marked with an arrowhead.  
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5.3 LKB1 SIGNALING 

The best known signaling network, where LKB1 plays a crucial role is the downstream signaling of 

receptor tyrosine kinases (RTK) that activate the phosphoinsoitide-3-kinase (PI3K) pathway. This 

signaling network integrates diverse external signals into cellular responses that are critical for the 

cellular adaptation to these external cues (Figure 5). LKB1 and AMPK control that network by 

inhibiting the mammalian target of rapamycin (mTOR) through the tuberous sclerosis complex (TSC).  

Interestingly, LKB1 is not the only tumor suppressor in this network. A tumor suppressor function 

was also shown for phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (29), TSC 

(30), the von Hippel Lindau protein (pVHL) (31), p53 (32) and ataxia telangiectasia mutated (ATM) 

(33). This indicates a major role in tumorigenesis of this network and the tumor suppressors PTEN, 

TSC and LKB1 collaborate to inhibit oncogenic PI3K signaling at different levels. LKB1-AMPK signaling 

can thereby even block upstream signaling from activated PI3K and protein kinase B (PKB/Akt) by 

activating the tuberous sclerosis complex (TSC). This was shown in PTEN +/- mice, where PKB is 

hyperactive due to partial lack of its inhibitor PTEN. Drug induced AMPK activation reduced tumor 

growth in these mice in an LKB1 dependent manner (34).  

Figure 5: The LKB1 AMPK signaling axis with in a complex network. A signaling network that regulates critical cell functions 
like proliferation metabolism or cell death is by external cues like growth factor or oxygen, amino acid or energy availability. 
Blue: HIF signaling pathway activated by low oxygen tension, read: mTOR signaling pathway regulated by the upstream 
growth factor signaling and amino acid availability, green: LKB1-AMPK pathway activated by low energy, yellow: p53 
signaling to induce cell death activated by DNA breaks and inhibited by growth factor signaling trough PKB, orange: PI3K 
signaling activated by receptor tyrosine kinases.  
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Thus, it has to be stated, that LKB1 is not the only kinase that phosphorylates AMPK leading to its 

activation. In yeast the 3 kinases SAK1/PAK1, TOS3 and ELM1 are known to activate sucrose non-

fermenting like kinase 1 (SNF1), the yeast homologue of AMPK (24). Next to LKB1 also 

Ca2+/calmodulin-dependent protein kinase kinase-beta (CAMKKβ) could be identified as an 

upstream kinase of AMPK (35-37) and recent data also suggest transforming growth factor-β-

activated kinase 1 (TAK1) is able to activate AMPK (38).  

Adding another level of complexity in LKB1 signaling, AMPK is not the only LKB1 target, but as 

described above, most members of the AMPK-RK are also phosphorylated and activated by LKB1 

(Figure 4B), leading to diverse downstream signaling (Figure 6 and reviewed in (39, 40)). Currently, it 

is not known to what extent also CaMKKβ and TAK1 can activate the AMPK-RK, but other kinases like 

TAO1, PKA, AKT2 and CaMK have been identified to regulate their activity (40).  

Figure 6: The LKB1-AMPK-RK signaling network (adapted from (39)). LKB1 complexed with its two regulatory subunits, 
STRAD and MO25, directly phosphorylates and activates a family of 14 AMPK-RK. In turn, these kinases phosphorylate 
several downstream substrates to mediate effects on cell polarity, metabolism and growth control. There are 6 subgroups 
of AMPK-RK. AMPK: AMPKα1, AMPKα2; SIK: SIK1/2/3; MARK: MARK1/2/3/4; BRSK/SAD: SAD1/2; NUAK: NUAK1/2; SRNK: 8 
members but only SRNK is a LKB1 target. They all have very specific and diverse functions although some targets are even 
shared by several family members. An arrow means phosphorylation that can lead to activation or inhibition of the targeted 
protein. Abbreviations: ACC, acetyl-CoA carboxylase ; BRSK, brain specific kinase; Dvl, dishevelled; FOXO3; forkhead box O3; 
HDAC5, histone deacetylase 5; HMGCR, HMG-CoA reductase; HNFα, hepatocyte nuclear factor-α; IRS1, insulin receptor 
substrate 1; KSR1, kinase suppressor of Ras1; LATS1, large tumor suppressor, homolog 1; MAP, microtubule-associated 
protein; MARK, microtubule affinity-regulating kinase; MYPT1, myosin phosphatase- targeting subunit 1; NUAK, nuclear 
AMPK-related kinase; PAR3, partitioning defective 3; PFKFB3, 6-phosphofructo- 2-kinase/fructose-2,6-biphosphatase 3; 
PGC1α, PPAR-γ coactivator 1α; raptor, regulatory-associated protein of mTOR; SIK, salt-inducible kinase; SNRK, SNF-
related kinase; TBC1D1, tre-2/USP6, BUB2, cdc16 domain family member 1; TORC2, transducer of regulated cAMP response 
element-binding protein; TSC2, tuberous sclerosis complex 2 

The best studied subgroup of the AMKP-RK next to AMPK itself are the microtubule affinity-

regulating kinase (MARK) isoforms, which regulate anterior-posterior cell polarity at the one-cell 
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stage of embryonic development in Caenorhabditis elegans (41) and Drosopila melanogaster (42) as 

well as gastrulation in Xenopus laevis (43). Chapter 5.3.2 describes the function of LKB1 in cellular 

polarization.  

The brain specific kinases (BRSK) are almost exclusively expressed in the brain with low levels in the 

pancreas and the testis (44). They play a major role in neuronal polarity by phosphorylation of Tau 

(45) and act downstream of LKB1 to establish axon specification (46). Furthermore BRSK1 may also 

have a role in cell cycle regulation (47).  

The nuclear AMPK-related kinase 1 (NUAK1) was shown to suppress apoptosis induced by different 

stimuli, including nutrient starvation (48) and it plays a major role in the regulation of ploidy and 

senescence by regulating LATS1 (49). Moreover, cells with reduced expression of NUAK2 displayed 

lower motility and invasiveness in response to CD95 (Fas) engagement (50).  

On the basis of sequence homology, the salt-inducible kinases SIK1 (SNF1LK), SIK2 (SNF1LK2, QIK) and 

SIK3 (QSK) constitute another subfamily of AMPK-RK that are activated by LBK1. Whereas SIK1 and 2 

both seem to regulate metabolism by phosphorylating some of the same substrates like AMPK 

including the CREB-regulated transcription coactivator 2 (TORC2) (51, 52) and histone deacetylases 

(HDAC) of the class II family, the Drosophila homologue of SIK3, QSK was shown to be important for 

proper spindle assembly and chromosome segregation (53).  

The SNF1 relates kinase (SNRK) family consists actually of 8 members (NIM1, SNRK, TSSK1, TSSK2, 

TSSK3, TSSK4, SSTK and HUNK) that are related to AMPK. Thus only SNRK itself has been identified to 

be regulated by LKB1, NIM 1 and TSSK1 where shown not to be activated (27). SNRK is highly 

expressed in the testis and was recently identified to be involved in multiple steps of angioblast 

development in zebrafish (54). Further studies have to be conducted to elucidate the role of SNRK in 

the mammalian system.  

Besides the AMPK-RK, there are even more LKB1 targets and important downstream mechanisms. It 

was shown that LKB1 can phosphorylated and thereby activate PTEN (55) as well as bind to and 

stabilize P53 in the nucleus (56). Furthermore, AMPK itself phosphorylates P53 at serine 15 (57) 

which leads to the weakening of MDM2 binding to P53 and consequent P53 stabilization (58).  
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5.3.1 LKB1 and cell metabolism 

AMPK, a serine/threonine kinase that is phosphorylated and thereby activated by LKB1, is a key 

regulator of cellular energy metabolism (59, 60). It was identified as an inhibitor of HMG-CoA 

reductase (HMGCR) (61) and shown to phosphorylate and inhibit as well acetyl-CoA carboxylase 

(ACC) (62) leading to the inhibition of sterol and isoprenoid synthesis as well as to the inhibition of de 

novo fatty acid synthesis and stimulation of β-oxidation.  

Current data also suggest, that only AMPKα1 and AMPKα2 and no other AMPK related kinases are 

activated in low ATP conditions (63, 64). This strengthens the thesis that AMPK is the main sensor of 

cellular energy levels. Metformin, an oral biguanide that is one of the most widely prescribed 

therapeutics for type 2 diabetes worldwide, lowers blood glucose and lipid contents in an AMPK 

dependent manner (59). These therapeutic effects are abolished in mice harboring a liver specific 

deletion of LKB1 (60). Furthermore, it was found that LKB1 loss in the liver causes hyperglycemia and 

increases gluconeogenic and lipogenic gene expression. The activation of AMPK and as well SIK by 

LKB1 results in the phosphorylation of TORC2 on Ser171 leading to its sequestration into the 

cytoplasm by 14-3-3 adaptor proteins. Consequently, the gluconeogenic transcription program is 

shut down. In addition, AMPK phosphorylates HNF4 to inhibit the activation of PGC1α target gene 

expression, HMGCR to shut down cholesterol synthesis and inhibits lipid metabolism by 

phosphorylating acetyl-CoA carboxylase (ACC) and hormone sensitive lipase (HSL) (65).  

To sum up, LKB1 controls cellular metabolism through phosphorylation of AMPK and SIK, by 

enhancing glucose uptake, glycolysis, and fatty acid oxidation and by inhibiting energy-consuming 

anabolic processes (13). 

5.3.2 LKB1 and cellular polarization (66, 67) 

LKB1 regulates cellular polarization in various contexts. The involvement of LKB1 in polarized and 

asymmetric cell division has thoroughly been studied in the model organisms C. elegans and D. 

melanogaster. Whereas C. elegans PAR4, sharing 42% homology with the mammalian LKB1 kinase 

domain(68), is one of 6 so-called partitioning-defective (PAR) genes identified in a genetic screen for 

regulators of anterior–posterior polarity during the first two divisions of the C. elegans zygote (69), 

drosophila LKB1 (dLKB1), sharing 66% amino acid identity, is essential for the development of early 

anterior–posterior polarity in the fly oocyte (20). Table 1 shows a summary of the PAR protein family 

in worms, flies and mammals. Up to date however, the role of LKB1 as a master regulator of 

asymmetric cell division in mammalian cells is not proven.   
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Caenorhabditis 
elegans 

Drosophila 
melanogaster 

Mammals Domain or function (in mammals) 

PAR1 PAR1 MARK1/PAR1C 
MARK2/PAR1B/EMK 
MARK3/PAR1A/CTAK-1 
MARK4/PAR1D/MARKL1 

Serine/threonine kinase 
Phosphorylates PAR3 
Regulates microtubule dynamics 
 

PAR2 no homologue no homologue Ring finger domain 
ATP-binding domain 

PAR3 PAR3/Bazooka PAR3/ASIP 
PAR3β 

PDZ domain 
Binds PAR6, aPKC, JAM-1 
Required for tight junction formation 

PAR4 dLKB1 LKB1 Serine/threonine kinase 
Phosphorylates and activates PAR1 

PAR5 14-3-3є 
14-3-3ξ 

14-3-3ξ 14-3-3 domain 
Binds phosphorylated PAR3 

PAR6 PAR6 PAR6A 
PAR6B 
PAR6C 
PAR6D 

PDZ domain, CRIB domain 
Binds PAR3 and aPKC 
Binds CDC42 and Crumbs–PALS–PATJ 
Required for tight junction formation 

Table 1: The PAR protein family in worms, flies and mammals (adapted from (70)). Compilation of the highly conserved 
PAR family proteins. Homologues are shown for C. elegans, D. melanogaster and mammals with information on protein 
domains and function in mammals.  

However, drosophila LKB1 was not only identified to be necessary for the formation of the anterior-

posterior axis, but also to be crucial for the establishment of epithelial polarity (20). Furthermore, 

LKB1 activation by the induced expression of STRAD leads to cell autonomous polarization in human 

intestinal epithelial cells (71) indicating that at least the epithelial polarity role of LKB1 is conserved in 

mammals. Surprisingly, the epithelial polarization seems to be mediated by AMPK and not the MARK 

proteins as AMP-activated protein kinase was found to regulate the assembly of epithelial tight 

junctions in an LKB1 dependent manner (72, 73). Thinking of the role LKB1 has in cancer this function 

is not surprising. Most tumors, including lung adenocarcinomas, where LKB1 mutations are 

frequently found (see chapter 5.3.3.2), arise from epithelial cells that have lost their polarization and 

differentiation (74).  

LKB1 was not only identified to suppress the formation of primary tumors, but its loss was also 

associated with an increased risk for metastasis in lung cancer (75). Furthermore, LKB1 can inhibit 

migration and invasion of breast cancer cells (76) as well as the invasive potential of lung cancer cells 

by inhibiting the COX-2 activator PEA3 (77). This data suggest an additional function of LKB1 in 

polarized migration.  

Recent studies have also demonstrated the direct involvement of LKB1 in axon specification of 

neurons. They showed that phosphorylation of LKB1 on Ser431 by PKA was necessary for the 

neuronal outgrowth of axons (23). This phosphorylation event lead to the downstream activation of 

BRSK1 and 2 which then phosphorylated microtubule associated proteins like tau (46). 
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5.3.3 LKB1 in human disease 

After the discovery that LKB1 mutations are the cause of the Peutz-Jeghers syndrome (PJS) in 1989 

(15, 78), a lot of effort was put not only into the analysis of the different germline mutations of LKB1 

in PJS but also into its role as a tumor suppressor and the understanding of LKB1 mutations in 

sporadic tumors and the underlying mechanism. It was not until AMPK was identified as a 

phosphorylation target in 2003 (24) that LKB1 was also associated with the metabolic syndrome and 

diabetes (79). In 2007 LKB1 was found to be critical for neuronal differentiation and axon initiation 

(23, 46), as described above, linking it also to neurodegenerative diseases and brain tumors. 

Furthermore, a short splice variant of LKB1 was discovered (80). The lack of this splice variant in mice 

leads to sterile males with non-motile sperms that have abnormal morphology, indicating that LKB1 

could also play a role in fertility.  

5.3.3.1 The Peutz-Jeghers syndrome 

Dr. Johannes Peutz, a Dutch physician first described in 1922 a familial syndrome of gastrointestinal 

polyposis with pigmentation (81) after Connor (82) and Hutchinson (83) reported and illustrated a 

case to identical twins with melanotic macules in 1895 and 1896. One of the sisters later died from 

intestinal obstruction, the other from breast cancer. The observed condition further characterized by 

Harold Jeghers and co-workers in the 1940ies (84, 85), was later named the Peutz-Jeghers syndrome 

(PJS). A history of the PJS has been published by Josbert J. Keller et al in 2001 (86). 

Figure 7: The early days of the Peutz-Jeghers syndrome. (A) It appears likely that the identical twin sisters with dark 
pigment spots on their lips and oral mucosa, reported by Connor in 1895 (82) were the first patients with the Peutz-Jeghers 
syndrome reported in literature. (B) Dr. Johannes Peutz. After publishing a report on a Dutch family with gastrointestinal 
polyposis and distinctive pigmentation of the skin and mucous membranes in 1921 (81) he inspired his pupil van Wijk to 
write his thesis, subtitled ‘Peutz Disease’, about the original family with this disease. (C) Dr. Harold Jeghers. Working at the 
Department of Medicine at Boston University he saw many patients with intestinal polyps and abnormal skin pigmentation 
and published his detailed description in the New England Journal of Medicine (84).  

Nowadays it is known that the PJS is an autosomal dominant inherited disorder caused by a mutation 

in the LKB1 gene STK11 located on chromosome 19p13.3 (15, 78). The incidence of this disease is 

about 1 in 100,000 in western Europe and the US (87) and it is associated with benign 
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hamartomatous polyps mainly in the intestinal tract and cutaneous pigmentation of the mucous 

membranes.  

Furthermore, about 93% of all PJS patients suffer from malignant tumors not only in the 

gastrointestinal tract, but also at several other sites in the body (88). The risk for cancer development 

is therefore 15 times higher than in the normal population. Table 2 (89) shows the cumulative risk for 

different cancer types according to the age. 

 To age 30 To age 40 To age 50 To age 60 To age 70  
Overall cancer risks 5-6 17-18 31 41-60 67-85 
Overall gastrointestinal cancer risks 1 9-12 15-24 33-34 63 
Colorectal - 3 5 15 39 
Pancreas - 3 5 7 11 
Uterine, ovary or cervix 1 3 8-13 18 18 
Breast cancer - 5-8 13 31 45 
Lung - 1 4 13 17 

Table 2: Cancer risk for Peutz-Jeghers patients (89). Next to hamartomatous polyps Peutz-Jeghers patients also have an 
overall 15 times higher risk for the development of malignant tumors compared to the average population. The cumulative 
cancer risk (cases in Peutz-Jeghers population/cases in normal population) is shown for different cancer types according to 
the age of the patients.  

Interestingly, LKB1 mutations are not the only germline mutation leading to a PJS-like syndrome. The 

clinical symptoms of PJS are very similar to those of patients affected by Cowden's disease due to 

germline mutations in PTEN and also with tuberous sclerosis due to germline mutations in TSC1 

and/or TSC2. All 3 diseases are associated with the development of histologically similar 

hamartomas. Even though the tissues of origin vary, all of these hamartomas show enhanced 

activation of mTOR, as these tumor suppressors operate in the same pathway (Figure 5). Due to this 

common downstream effector mTOR, it is hypothesized that rapamycin analogues could be useful 

for the treatment of these diseases (90, 91). 

5.3.3.2 Sporadic cancer 

LKB1 is frequently mutated in sporadic human lung cancer, particularly in several non-small cell lung 

carcinoma (NSCLC) subtypes, where up to 50% of all cases bear a mutation in LKB1 (92). In a study 

analyzing somatic mutations of lung adeocarcinomas LKB1 even scored as one of the top 4 mutations 

together with p53, K-RAS and EGFR (93).  

Additionally, LKB1 is somatically mutated in 20% of cervical carcinomas, making it the first known 

recurrent genetic alteration for this tumor type (94). Somatic inactivating mutations in LKB1 have 

also been reported in approximately 5% of pancreatic cancers and melanomas, and in single 

specimens of prostate cancer and breast cancer (95-102). Furthermore, LKB1 protein expression is 

absent or decreased in a significant number of breast cancer cells and primary tumors, which 

correlates with poor prognosis (103). 
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Functionally, the tumor suppressor role of LKB1 is indicated by its ability to suppress the growth of 

tumor cells (104) or to induce apoptosis in a p53-dependent manner (105). On the one hand his 

mechanisms can be explained with the physical interaction between LKB1 and p53 (105). On the 

other hand it is however known that AMPK can induce a p53-dependent cell cycle check point upon 

glucose starvation (57) and that SIK1 is required for LKB1 mediated and p53-dependent anoikis and 

suppression of anchorage-independent growth, matrigel invasion and metastatic potential (106).  

Furthermore, LKB1 has also been implicated in angiogenesis and embryonic development, as LKB1-

deficient mice die at mid gestation showing neural tube defects, mesenchymal cell death, and 

vascular abnormalities(107), as well as in the regulation of cyclooxygenase 2 (COX2) levels through 

the regulation of the transcription factor PEA3 (108). 
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5.4 SIMVASTATIN, THE MEVALONATE PATHWAY AND PRENYLATION OF PROTEINS 

Simvastatin, identified as one of the main hits in the LKB1 synthetic lethal screen (see 7.1.2.5), is a 

member of the statin drug family of hypolipidemic agents consisting of two sub groups.  

Type I statins (lovastatin, simvastatin and pravastatin) have a substituted decalin-ring structure that 

resemble the first statin ever discovered, the natural compound mevastatin/compactin isolated from 

Penicillium citrinum. However, mevastatin had toxic side effects and it was never used in clinical 

applications, but it is still used today as an important source for the production of pravastatin. 

Lovastatin, that only differs from mevastatin in a single methyl group was launched by Merck as the 

first statin used in clinical applications in 1987. 

Type II statins (fluvastatin, cerivastatin, atorvastatin and rosuvastatin) are entirely synthetic 

compounds and have larger groups to form a tighter interaction with their target.  

Statins are inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) which 

catalyses the rate limiting step in the mevalonate pathway (isoprenoid production) that is critical for 

cholesterol synthesis (Figure 8 and (109)). HMGCR is not only inhibited by statins, but is one of the 

most regulated proteins. While sterols inhibit the transcription of the gene the non-sterol products 

from the mevalonate pathway regulate its translation (109). Both products also influence the protein 

stability (109) and its activation can furthermore be inhibited by the phosphorylation on serine 872 

by AMPK (110). 

For their inhibiting effect on HMGCR statins are used in clinic to treat hypercholesterolemia, induce 

however many other changes in a cell because of the general lack of isoprenoids. Most of these so 

called ‘pleiotropic’ effects are cholesterol independent like improvement of the endothelial function, 

effects on the risk of dementia, induction of apoptosis and anti-proliferative effects result from the 

lack of specific isoprenoids that are needed for the prenylation of proteins. Generally statins are very 

well tolerated, but they have been associated with muscle pain and liver toxicity. 

Due to their anti-proliferative and apoptosis inducing effect statins are also implicated in cancer 

therapy. Although there is a never ending discussion if statins could also induce cancer (111), they 

have clear beneficial impact in colorectal cancer, skin cancer (melanoma), prostate cancer and breast 

cancer (112). It was found that statins are cytostatic at lower concentrations and cytotoxic at higher 

concentrations, leading to the hypothesis that low dose statins in combination with other 

chemotherapeutics could result in superior treatment. Figure 8B summarizes the statin effects on 

cancer malignancies showing that statins cannot only induce apoptosis and inhibit proliferation but 

also restrict inflammation, angiogenesis as well as metastasis and moreover induce the 
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differentiation of cancer stem cells (112). The mechanisms of these actions are mostly poorly 

understood especially for angiogenesis and the anti-inflammatory and immunomodulatory functions. 

Metastasis may be regulated by the Rho family of proteins as they induce the metastatic potential 

(113) and statins reduce the invasive potential of breast carcinoma cells in a Rho family dependent 

manner (114). A major mechanism for statin induced apoptosis has not been described yet as the 

sensitivity differs highly between tumor types and many different mechanisms have been described 

(115, 116). Interestingly, a recent study indicated that statins specifically target abnormal stem cells 

like cancer stem cells but not normal human embryonic stem cells (117). For proliferation it is known 

that statins induce a G1 arrest by up-regulation of cell cycle inhibitors. These effects may be 

dependent on protein prenylation as the addition of mevalonate and in some cases 

farnesylpyrophosphate (FPP) or geranylgeranylpyrophosphate (GGPP) could rescue the effects.  

Figure 8: The mevalonate pathway and the statin effect in cancer. (A) Scheme for the mode of action of simvastatin. 
Simvastatin inhibits the HMG-Coa reductase (HMGCR) that carries out the rate limiting step in the mevalonate pathway, 
namely the reduction from HMG-CoA to mevalonate. Thereby simvastatin leads the inhibition of several downstream 
pathways like the cholesterol synthesis, protein prenylation and synthesis of heme A, dolichol and ubiquinone. (B) Statins 
induce diverse changes in a tumor cell. Not only do they alter protein synthesis and gene expression but clearly influence 
various features of tumor malignancy like metastasis, proliferation, inflammation, metastasis and apoptosis. These effects 
are mostly mediated by the ‘pleiotropic’ effects that are cholesterol independent, including protein prenylation.  

Prenylation leads to the covalent attachment of either a farnesyl (C15) or a geranylgeranyl (C20) lipid 

group. The pyrophosphates (FPP and GGPP) of these lipids are produced in the mevalonate pathway 

and specific enzymes are needed for their transfer to proteins. Farnesyl transferase (FTase) catalyzes 

the addition of the C15 farnesyl group to a subset of CAAX sequences, when X is either serine, 
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methionine, cysteine, alanine, or glutamine. Geranylgeranyl transferase I (GGTase I) catalyzes the 

addition of the more hydrophobic geranylgeranyl group to CAAX sequences where X is either leucine 

or isoleucine and geranylgeranyl transferase type II (GGTase II), also called Rab geranylgeranyl 

transferase, transfers two geranylgeranyl groups from GGPP to the two cysteine residues of either 

XCCXX, XXCXC, XXCCX, XXXCC, XCXXX, or CCXXX motifs at the carboxyl terminus of Rab proteins 

bound to the Rab Escort Protein (REP) (118).  

Normally proteins are either farnesylated or geranylgeranylated. However there are a few exceptions 

like for example Ras which can be geranylageranylated in case of the lack of farnesylation caused by 

farnesyltransferase inhibitors (FTIs) (119).  

Inhibition of protein prenylation is one of the mostly observed effects of statins in cell culture as 

normal growth medium contains cholesterol and therefore only the ‘pleiotropic’ effects of statins can 

be observed or special cholesterol free growth medium has to be used.  

5.4.1 Geranylgeranylated proteins 

There is a big range of geranylgeranylated proteins. Most of them belong to the Ras homolog (Rho) 

gene family of Ras like small GTPases. Currently there are about 20 members known for this family 

(120), whereas Rho, Rac and Cdc42 are the best functionally characterized proteins of this family. 

Interestingly, the localization and/or activity of only RhoA, RhoC, Rac1, Rac2, Rac3, Cdc42 were 

shown to be dependent on the geranylgeranyl transferase whereas the others could also be 

farnesylated if the geranylgeranyl transferase was inhibited (121).  

Furthermore, the GGTase II (also called Rab geranylgeranyl transferase) transfers the geranylgeranyl 

residues to the Rab proteins. The Rab protein family consists of more than 60 proteins and therefore 

forms the largest family of the Ras superfamily of small GTPases. Rab proteins are important 

regulators of organelle biogenesis and vesicular transport (122). As proper localization to different 

membrane compartments within the cell is critical for these functions, Rab proteins need to be 

geranylgeranylated on either one or two cysteine residues in their carboxyl terminus in order to be 

functional. However, the influence of statins on their activity still remains to be investigated.  
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5.5 THE LINK BETWEEN LKB1 AND HIF 

Recently, it was shown that mouse embryonic fibroblasts (MEFs) deficient for LKB1 or AMPK and 

intestinal polyps in a Peutz-Jeghers mouse model (LKB1+/- mice) show a dramatic increase in hypoxia 

induced factor (HIF) 1α that could be suppressed by rapamycin treatment (123). Earlier data already 

suggested a role for HIF and vascular endothelial growth factor (VEGF) in familial harmatoma 

syndromes like PJS or Tuberous Sclerosis (124). Although rapamycin suppresses HIF-1α up-regulation 

and polyp formation, it still has to be revealed whether HIF-1α activation is the cause of these polyps. 

Furthermore, it was shown that HIF-2α mRNA was up-regulated in K-RAS/LKB1 induced NSCLC model 

in mice and the authors suggest that some of the phenotypic and transcriptional effects of LKB1 loss 

may also increase expression of HIF-2α (125). It has to be stated here, that most data suggest that 

hamartomas do not undergo malignant transformation and therefore do not give rise to carcinomas. 

Thus the roles of LKB1 in suppressing polyp formation of carcinogenesis may have a different 

mechanisms (126).  

5.5.1 The hypoxia inducible factor HIF 

HIF is a heterodimeric transcription factor that comes in different flavors. In addition to the best 

studied isoform HIF-1α, two further isoforms could be identified by sequence homology. HIF-1α 

homologues are HIF-2α (also known as EPAS1, HLF, HRF or MOP2) and HIF-3α. HIF-1α and HIF-2α are 

closely related, and both activate HRE dependent gene expression after dimerization with HIF-1β and 

subsequent nuclear translocation (127). HIF-3α is more distantly related to the two other isoforms 

and, in certain splice variants, encodes a polypeptide that antagonizes HRE-dependent gene 

expression.  

HIF-1α is expressed in most, if not all, human and rodent tissues (128, 129). It regulates the 

adaptation to and survival at low oxygen tension by activating the transcription of genes encoding 

proteins that play key roles in angiogenesis, vascular reactivity and remodeling, glucose and energy 

metabolism, cell proliferation and survival, erythropoiesis and iron homeostasis (130). 

In contrast, the HIF-2α shows a more restricted expression pattern. Therefore, it is assumed that HIF-

1α is a general regulator of oxygen tension and HIF-2α shows more specific functions in only certain 

organs or tissues. Thus, not uncommonly, both isoforms are expressed within a given cell type, and 

the results of several studies suggest that HIF-1α and HIF-2α may have overlapping but distinct 

transcriptional targets (131, 132).  
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5.5.1.1 HIF regulation 

While the β-isoform of HIF is not regulated, its α-isoforms are generally prone to degradation by the 

proteasome. However, HIF-α degradation requires the enzymatic hydroxylation of two proline 

residues by prolyl hydroxylases (PHDs) that serve as binding recognition motifs for the von Hippel-

Lindau protein (pVHL), which is part of the E3 ubiquitin ligase complex VCB (VHL, Elongin B/C, Cullin2) 

complex and responsible for target recognition. As long as the two prolines are hydroxylated, HIF-α is 

ubiquitinated by the VCB complex, and subsequently degraded by the proteasome (Figure 9).  

During hypoxia, molecular oxygen, the substrate for the PHDs, has a too low tension and HIF-α is 

therefore not hydroxylated. Thus, pVHL cannot bind and target HIF-α for degradation anymore, HIF-α 

remains stable and induces together with the HIFβ-isoform the transcriptional program that 

regulates the cellular response to hypoxia (Figure 9).  

pVHL is a tumor suppressor that the cause of the familial VHL cancer syndrome, due to inherited 

germline mutations of the VHL gene, that is associated with multiple cancers in different organs 

(133). In addition, biallelic inactivation of the VHL gene is also found in about 75% of sporadic clear 

cell renal cell carcinomas (ccRCC).  

Next to this typical degradation, oxygen- and VHL-independent pathways for HIFα regulation have 

been reported. It has for example been shown, that overexpression of glycogen synthase kinase 3β 

(GSK3β) or forkhead-box-protein O4 (FOXO4) as well as treatment with histone deacetylase (HDAC) 

or heat shock protein 90 (Hsp90) inhibitors led to the degradation of HIF-1α in a VHL and oxygen 

independent manner (134-137).  

Figure 9: Oxygen dependent HIF regulation. The HIF-α isoforms are regulated in an oxygen dependent manner. Oxygen 
availability and consequent hydroxylation by PHDs leads to binding of the VHL E3 ligase, ubiquitination and degradation by 
the proteasome. Absent hydroxylation caused by the lack of oxygen in hypoxia stabilizes HIF-α and leads to the activation of 
HIF target genes.  

5.5.1.2 HIF in embryonic development and cancer  

HIF-1 is required for the establishment of key physiological systems during development. Mice with a 

homozygous loss-of-function mutation in the HIF-1α gene arrest in their development by day 9 of 

gestation (E9.0) and die because of severe cardiovascular and neural tube defects and massive cell 
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death by E10.5 (138-140). Heterozygous mice develop normally although adaptation to long-term 

hypoxia is significantly impaired (141). In contrast, HIF-2α-deficient embryos die between E13.5 and 

E16.5 or sometimes even survive postnatally, suggesting that the two HIF-α isoforms play separate 

but essential roles during embryonic development.  

This crucial system which allows survival and adaptation to low O2-levels can on the other hand also 

facilitate tumor growth. Due to the fact that HIF helps cells to survive at low oxygen levels by 

inducing growth factors and inhibiting apoptosis, tumor cells with overexpressed HIF have a selective 

survival advantage. The overexpression is not only due to tumoral hypoxia, but can also be due to 

pVHL, p53 or PTEN loss-of-function, SRC gain of function or increased PI3K/AKT/mTOR signaling.  

A recent survey looking at HIF-1α and HIF-2α expression in malignant and normal tissues found both 

isoforms to be commonly increased in a variety of human tumors, including bladder, breast, colon, 

glial, hepatocellular, ovarian, pancreatic, prostate, and renal tumors (142). However, elevated 

expression of HIF-1α correlates with poor patient outcome in head and neck cancer, nasopharyngeal 

carcinoma, colorectal, pancreatic, breast, cervical, osteosarcoma, endometrial, ovarian, bladder, 

glioblastoma, and gastric carcinomas, while elevated HIF-2α expression correlates with poor 

prognosis in hepatocellular, colorectal carcinoma, melanoma, ovarian, and non-small cell lung 

cancers (143).  

Although, in cancer cell lines, HIF-1α and HIF-2α seem to be similarly regulated by hypoxia (144), a 

growing body of evidence suggests a different biological role of the two isoforms also in cancer. In 

VHL-negative ccRCCs HIF-α isoforms display unexpected suppressive interactions with enhanced 

expression of HIF-2α suppressing HIF-1α leading to two main subtypes that either express HIF-1α and 

HIF-2α or HIF-2α only (145, 146). Especially the role of HIF-2α is caught increasing interest as for 

example in pVHL deficient tumor cells HIF2α is both necessary and sufficient to maintain tumor 

growth. Furthermore HIF-2α induces transcription of OCT4, a transcription factor that inhibits 

differentiation and is also used as a cancer stem cell marker (147).  
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6 AIM OF THIS PHD THESIS 

The aim of this thesis was the identification of small molecule compounds that display a synthetic 

lethal interaction with the cancer-associated LKB1 mutation. Achieving this objective would be a 

proof of concept of synthetic lethality as a strategy for genotype specific cancer drug development 

and would furthermore unravel novel LKB1 functions by studying the molecular mechanism of the 

synthetic lethal interaction.  

The results, discussion and conclusion are divided into two parts. Part I describes the synthetic lethal 

screen with the follow up analysis. Part II focuses on the discovery of novel downstream targets of 

LKB1. The two parts are then followed by a joint discussion and conclusion.  
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7 PART I: SYNTHETIC LETHAL APPROACH FOR LUNG CANCER 

Lung cancer is the most common cause of cancer-related death among men and women worldwide. 

About 1.2 million new cases are diagnosed every year (148) and prognoses are poor. Lung 

adenocarcinoma is the most common form of lung cancer and has a 5-year survival rate of 15% (149). 

Despite aggressive local management of patients diagnosed with early-stage disease, more than half 

of patients who have undergone surgical resection will die from complications caused by recurrence 

of the lung cancer, since there is a lack for later-stage treatment.  

LKB1, together with p53, K-RAS and EGFR, are the most frequent mutations found in human lung 

adenocarcinomas (93) and newer data also suggest a role of LKB1 in other cancers, where LKB1 may 

not simply be mutated but also regulated at a posttranscriptional level leading to a reduction of LKB1 

protein levels (see 5.3.3.2).  

We decided to apply the concept of synthetic lethality (5) to exploit the lack of LKB1 in lung cancer. 

Using two isogenic cell lines that only differ in respect to their LKB1 status we wanted to identify 

novel cancer drug candidates that specifically kill the LKB1 negative cell line.  

The ultimate goal of using this novel strategy to develop novel anticancer drugs or combinations 

thereof is to strike the cancer cell’s phenotypic Achilles heel resulting from a specific genetic 

alteration. We therefore expect to kill tumors with that specific alteration at clinically achievable 

concentrations, with therapeutic indices that are higher than those of classic cytotoxic agents or 

targeted therapeutics.  
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7.1 RESULTS PART I 

7.1.1 Assay development  

For the assay development we first had to establish a cellular system. The cell line of choice was the 

A549 cell line that originated from a lung adenocarcinoma harboring a mutation in the LKB1 gene 

leading to the lack of LKB1 protein expression. Retroviral vectors were used to generate isogenic cell 

lines differing only in the LKB1 status: A459 cells stably expressing functional LKB1 (A549 LKB1) and a 

control cell line with the empty expression plasmid (A549 NULL) (Figure 10A). The resulting 

difference of the two cell lines could not only be shown in their differential LKB1 expression, but also 

in the ability of the reintroduced LKB1 to phosphorylate AMPK at threonine 172 (Figure 10B).  

Figure 10: Development of the screening system. (A) Preparation of isogenic cell lines. A549 lung adenocarcinoma cells 
lacking LKB1 were stably transfected by retroviral infection with empty pBabe vector (NULL) or pBabe expressing human 
wild type LKB1 (LKB1). (B) Western blot analysis of whole-cell lysates of A549 NULL and A549 LKB1 lung carcinoma cells 
using anti human phospho-AMPK(Thr172), AMPK and LKB1 antibodies. Probing against CDK2 served as a loading control. 

With this isogenic cell pair a high content, high throughput fluorescent microscopy assay with 

automated image analysis was developed to score differential cell death upon treatment with a small 

molecule compound library (Figure 11A). Each test compound was added to a well in a 384-well 

format containing either A549 NULL or A549 LKB1 cells and incubated for 24 h before scoring the 

plate for cell death, number and morphology using 3 different staining methods on the same cells: 1) 

fluorescent labeled inhibitors of caspases (FLICA), which bind to activated caspases and indicate 

therefore apoptotic cells; 2) live/dead fixable (LDF), which cannot pass the plasma membrane and 

therefore only stains cells that do not have an intact plasma membrane like necrotic and sometimes 

also late apoptotic cells; 3) deep red anthraquinone Nr. 5 (DRAQ5), a DNA dye that gives a bright 

signal for the nucleus and a weaker signal for the cytoplasm, to assess the cell number and nuclear 

morphology as well as the cell border.  

The same concentration of dimethyl sulfoxide (DMSO) as in the compound wells was used as a 

negative control and for normalization. As positive, cell death inducing, controls staurosporine (STS), 

a protein kinase inhibitor, and quinacrine (QUIN), an anti-malaria drug, were used. While STS mainly 

induces apoptotic cell death by induction of caspase activity, QUIN induced mainly necrosis with 

minor caspase activation (Figure 11B).  
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Simultaneously to the image acquisition the images were processed with a customized Acapella 

software script and the output was saved in text files that could be loaded into the A+ database from 

Evotec. A detailed description of the image analysis can be found in Figure 11C, materials and 

methods section 11.2.4 and the Acapella script for image analysis that is printed in the Appendix on 

page 91.  

Figure 11: Assay development (A) Workflow for the high content assay to detect cell death. On day 1 6,000 A459 NULL or 
LKB1 cells were seeded per well into 384-well plates The next day compounds and controls, were added to the cells. At day 
3 the cells were stained with LDF for cell membrane integrity, FLICA for caspase activity and DRAQ5 for nuclear morphology 
and total cell number and fixed with formaldehyde. Pictures at each wavelength were taken automatically with the Opera 
System. (B) Representative images of the control wells after 24 h incubation. Images from the FLICA LDF and DRAQ5 
channel are shown for negative control 0.25% dimethylsulfoxide (DMSO), 1 µM positive control 1 staurosporine (STS) and 3 
µM positive control 2 quinacrine (QUIN). (C) The 3 representative pictures from the different stains were analyzed with help 
of the Acapella image analysis software. First the algorithm detected the nuclei on the DRAQ5 image (colors are only to 
distinguish the masks from different nuclei and are chosen randomly). Then the percentages of nuclei rounder than a 
threshold and smaller than a threshold were calculated (white borders). LDF and FLICA positive cells were then identified by 
merging the 3 images, expanding the nuclear masks to the merged signal and setting a threshold for the mean intensity 
within the new mask on the FLICA and LDF images. Percentages of cells positive for the different features were also 
calculated. For analysis the values were normalized to the DMSO control wells by subtracting the median of control values 
of the whole screen from the sample values. 

As a proof of principle experiment and to test the assay for stability and reproducibility a set of 80 

kinase inhibitors was applied exactly in the way the screen should be carried out with the large small 

molecule compound library. This test screen could be repeated with high reproducibility, proofing 

the robustness of the assay. Unfortunately, no clear differential hit could be identified although the 

compounds showed reproducible activity for all readouts (data not shown).  
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A pilot screen was performed to upscale from only 80 kinases to a screen with 28 384-well plates on 

2 consecutive days to test if the assay was also stable in a high throughput format. Also this upscaling 

showed a high stability and robustness at least for DRAQ5 and FLICA. A problem emerged for the LDF 

signal score. A very intense background signal was observed in some wells, most probably from air 

bubbles in the immersion water which affects the LDF signal most due to the low wavelength (405 

nm) for signal detection. To overcome this problem the immersion water was degassed in all future 

experiments before use. 
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7.1.2 Screening of 48,693 compounds in two isogenic cell lines 

7.1.2.1 Summary 

The screening of the compound library was performed in several steps outlined in Figure 12. In the 

primary screen the cells were incubated with the 48,693 compounds at a concentration of 10 µM for 

24 h before analysis, which lead to an identification of 240 primary hits. Further hit profiling, 

structure activity relationship analysis (SAR) and compound validation could narrow down the hit list 

to 38 hits (Figure 12). Among those are 27 compounds that specifically kill LKB1 negative cells (NULL 

hits) and 11 compounds that had the opposite effect (LKB1 hits). The 6 main hits, 3 NULL hits, 

structures shown on the right panel of Figure 12, and 3 LKB1 hits, were mostly different in cell death 

induction for the 2 cell lines. In the set of the 3 main NULL hits is the known drug simvastatin, a drug 

widely used in the clinic to lower blood cholesterol. The two other main NULL hits, D10 and A01, are 

novel compounds, of which neither a function nor a target is known.  

Figure 12: Overview and hits from the screen. In the primary screen 48,693 compounds were tested in A459 NULL and 
LKB1 cells at a concentration of 10 µM for 24 h (left panel). The identified 240 primary hits were then tested in hit profiling. 
An 11 point dilution series was used to analyze the dose dependency (second left panel). 173 compounds still showed 
activity and were fed into the structure activity relationship analysis and together with structurally similar compounds from 
the primary screen they were clustered into 138 structural groups (middle panel). 66 groups were then chosen for 
compound validation and tested in a 5 point dilution series at the 3 indicated time points (second right panel). In total 38 
hits, 27 compounds that specifically kill LKB1 negative cells (NULL hits) and 11 compounds that had the opposite effect 
(LKB1 hits), could be identified. The structure of the 3 main NULL hits identified are shown (right panel). Next to the known 
drug simvastatin (HP-AQ001008-B03) there are two novel structures HP-AH001164-D10 (D10) and HP-AD005014-A01 (A01) 
that do not have any attributed activity yet  

7.1.2.2 Primary screen  

In the primary screen 48,693 compounds were selected from the third party compound library at 

Evotec AG to get a set of maximal diversity. These compounds were mainly novel structures without 

any known function or molecular target; in addition around 2,000 bioactive molecules that are 

already approved drugs in humans or have defined biological activity were added.  

From each compound plate (384-well format) the compounds were transferred into a 384-well plate 

containing A549 NULL cells and to another containing A549 LKB1 cells to reach a final compound 

concentration of 10 µM in the cell plates. After 24 h of compound incubation the cells were stained 

and fixed before fluorescent pictures of each well were automatically taken, processed and analyzed. 
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The data was then fed into the A+ database from Evotec. Due to good reproducibility no Z’ limits (Z’=1-

3*(SDsignal+SDbackground)/(|Msignal-Mbackgtound|)) were considered for quality assessment of the single screening 

plates, but the performance of the single plates was assessed visually with spotfire. While screening, 

protein lysates from the A549 cells were prepared regularly and checked by western blotting for 

LKB1 expression to ensure proper isogenic difference between the cell lines (data not shown).  

Figure 13: Data and analysis from the primary screen. (A) Example profile for the D10 compound from the primary screen. 
The different readouts for each compound and cell line were put together into a profile chart in ‘Spotfire Decision Site’. (B) 
Profile analysis for different cell death phenotypes. The shape of the produced profiles are very characteristic for the 
activity of the compound and do not only show the specificity for the cell line for A459 NULL (NULL>LKB1) or LKB1 
(NULL<LKB1) but give also a hint on the cell death phenotype. (C) The compound profiles from the primary screen were 
clustered by K-means with the data analysis software Spotfire decision site for high throughput hit identification. The 240 
profiles underlined with green are identified hits that were further used for hit profiling. 
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For hit identification a profile for each compound with all readouts was produced with ‘Spotfire 

Decision Site’ (Figure 13A). The profiles from all hit compounds from the primary screen are compiled 

in the Appendix (Figure 32 on page 96). Depending on the shape of these profiles a cell death 

phenotype and the specificity for the cell line could be identified (Figure 13B). Not all compounds 

showed a typical profile, but surprisingly most profiles could be explained physiologically.  

To handle the huge amount of profiles for hit identification, the profiles were clustered into 50 

groups with similar profile shape (Figure 13C). Interestingly, more than 40,000 compounds ended up 

in cluster 1 that didn’t show any signal above 10% and also clusters 2-25 showed only low activity. 

The remaining 25 clusters were then analyzed by hand and clusters with an overall interesting or 

potential interesting profile were chosen for hit profiling (Figure 13C). For some clusters there was 

also a manual selection for single interesting profiles.  

7.1.2.3 Hit profiling 

240 compounds were identified as primary hits and further tested for a dose response activity. 

Therefore an 11 point dose response series with a dilution factor of 2 and a top concentration of 30 

µM was used.  

Figure 14A shows representative images for the top 5 concentrations of one of the main hits from 

the primary screen HP-AH001164-D10 (D10). The cell number of the A549 NULL cells was already 

deceased at a concentration of 1.9 µM. At 7.6 µM a great induction of caspases and little necrosis 

was observable that both increased at 15.2 µM and decreased again at 30 µM when already most 

cells were detached from the well bottom (Figure 14A). For A549 LKB1 cells apoptosis only started at 

15.2 µM with caspases activity for some cells as well as a change of nuclear morphology of the same 

cells in the DRAQ5 channel. Induction of necrosis and a clear morphological change for most cells 

could be observed only at 30 µM (Figure 14A).  

Image analysis of the same data as above including also the lower concentrations resulted in two 

separated dose response curves for all readouts with the biggest difference at 7.6 µM (Figure 14B). 

Remarkably, the readouts for FLICA positive cells and small nuclei were at around 80% at a 

concentration of 7.6 µM in the NULL cells while the LKB1 cells showed no activity in this readouts at 

that concentration.  

Besides D10, 172 compounds could be identified manually by comparing the dose response curves 

that showed differential activity in a dose dependent manner for the two isogenic cell lines. Some 

compounds were active already at very low concentrations in a low but differential way did however 
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not show any dose dependency. These compounds, including also taxol, a microtubule stabilizing 

agent, had to be discarded.  

Figure 14: Hit profiling for HP-AH001164-D10. (A) Representative images from the hit profiling of HP-AH001164-D10. A549 
NULL and LKB1 cells were incubated for 24 h with indicated concentrations of D10 and analyzed with the assay described in 
Figure 11. (B) Data for 4 different readouts are shown from image analysis of the above samples: FLICA positive cells, LDF 
positive cells, small nuclei and round nuclei. Dose response curves were fitted to the data from 3 independent experiments 
(replica 1: +, replica 2: | and replica 3: ∆) with a fixed baseline at zero. 
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7.1.2.4 Structure activity relationship 

For the 173 remaining hit compounds a SAR analysis was carried out in silico. Therefore, all 

compounds from the primary screen which were structurally similar to the 173 hit compounds were 

taken back into the compound set resulting in 596 compounds. These compounds were clustered 

into 74 structural series and 64 singletons (Figure 15). Some series showed a clear structure activity 

correlations, whereas many series did not show a unique activity profile.  

Therefore the series and singletons were rated according to their performance and 33 series and 33 

singletons were chosen for compound validation, resulting in a set of 300 compounds.  

Figure 15: Structure activity relationship analysis: The example of the statins. (A) Arbitrary 2D molecular property space 
for the structural analysis of 173 hits from profiling and their structural neighbors (85% Tanimoto similarity) from the 
primary screen. Color and sizes of dots indicate the screening performance of the compound. Series 41 is highlighted and 
shows the 3 related statins that were in the screening set: simvastatin (red circle), lovastatin and compactin (blue dots in 
the simvastatin circle). (B) Activity profiles for the 3 statins in the screening set. Data are shown as percentages of FLICA 
positive cells, LDF positive cells, cells with small nuclei and cells with round nuclei for simvastatin (red line), lovastatin 
(green line) and compactin (blue line). Structures of these compounds are shown in C. (C) The structures of the tree type I 
statins in the screening set and fluvastatin, a type II statin that was later used in the follow up.  

Worthwhile to point out is the series 41. This series consists of 3 known drugs from the same drug 

class, the statins (introduced in section 5.4). Because of the differential activity of simvastatin in the 

primary screen and hit profiling lovastatin and compactin were brought back into the screening set. 

Although they clearly show activity similar to simvastatin their performance in the primary screen 

was not as good as for simvastatin (Figure 15B). Figure 15C shows the structures of the 3 type I 

statins contained in the screening set: simvastatin, lovastatin and compactin and the type II statin 
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fluvastatin that was used later in the follow up assays (Figure 21D). No type II statin was within the 

screening set.  

7.1.2.5 Compound validation 

For compound validation another plate layout was used (Figure 31) to achieve a 6 point dilution 

series for the 300 remaining compounds. Because most compounds did not show any activity below 

1 µM, a dilution factor of 2 was used again and a 6 point dilution series was enough to capture the 

whole range of differential activity. For a special set of compounds with low dose effects a dilution 

step was introduced before the actual dilution series to achieve lower concentrations than for the 

other compounds. Additionally to the 24 hour time point an earlier (8 h) and a later (48 h) time point 

was introduced.  

Figure 16: The main hits after compound validation. Structures of the 6 main hits from the synthetic lethal screen. 3 hits 
were identified that selectively kill LKB1 negative cells including D10, A01 and the known drug simvastatin (B03). 3 other 
hits were identified that are selective for LKB1 positive cells including F03 and also two known drugs pyrithione zinc (D09) 
and celastrol. Column 1: shortened compound ID from the Evotec library, column 2: compound structure, column 3: series 
in SAR, column 4: compound library, column 5: name for known compounds, column 6: function. 

With this modification we could identify 38 hits. 27 compounds were selective for LKB1 negative cells 

and 11 compounds were selective for LKB1 positive cells. The 38 hits were also subdivided into 6 

main hits (Figure 16), 4 minor hits and 30 potential hits. All hit structures and further information is 

outlined in the appendix, section 15.3.  
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From the 6 main hits 3 are selective LKB1 negative cells and 3 are selective for LKB1 positive cells 

(Figure 16). Interestingly, there are known drugs in both of these groups. In the first group there is 

simvastatin, a 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) inhibitor used against 

hypercholesterolemia. In the second group there are pyrithione zinc, an antibacterial/fungal drug 

used in anti-dandruff shampoos, and celastrol, a potent antioxidant and anti-inflammatory drug.  

Although the main goal of the screen was to identify compounds from the first group, the 

compounds from the second group could also have a clinical indication. Although these compounds 

may not be potential cancer therapeutics they may be useful for the treatment of other LKB1 

associated diseases, like neurodegenerative diseases, the metabolic syndrome or infertility (see 

5.3.3). They may not be needed to induce cell death in LKB1 positive cells, but may for example 

enhance the self renewing potential of neuronal stem cells that is inhibited by LKB1 (150). 

Importantly, one of the main hits of that group, celastrol (Figure 16), is a potential treatment for 

Alzheimer’s disease (151), fortifying our claim of therapeutic importance of this hit group. 

Furthermore, the knowledge of the compound targets gives a valuable and unbiased insight into the 

function of LKB1 in these diseases and its role in cell death induction as a tumor suppressor. 

The compounds selected for the screen were derived from different compound libraries with specific 

structural properties and corresponding potential function. 3 special libraries were as well 

represented: 1) The diverse islands, containing compounds without a potential function but 

structurally very distinct from known compounds, 2) the known drugs containing a set of compounds 

that were already used in clinics and 3) the annotated compound library (ACL) containing compounds 

that had shown biological activity in other tests.  

Figure 17: Compound distribution. Pie charts for the proportion of compounds from different compound libraries at 
different screening stages. The compounds selected for the primary screen belonged to different compound libraries 
classified according to compound structure with potential functions: diverse islands= structure particularly different from 
other classes; GPCG=potenial function to regulate G-protein coupled receptors; protein protein=regulation of protein 
complexes; ion channels=regulation of ion channels, kinases=regulation of kinases, proteases=regulation of proteases, 
known drugs, annotated compounds=special library set with compounds that have a biological activity.  
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Looking at the proportion of compounds from the different library sets at different stages of the 

screening process there is an obvious increase of the known drug fraction (orange) from 3.2% on the 

primary screen to 50% of the main hits (Figure 17). This result demonstrates the high value of already 

known drugs for the use in drug screening. Moreover the identification of a known drug for a novel 

application can also lead to a direct translation into in vivo preclinical studies and clinical trials 

without running the risk for adverse effects, as it was shown for prostate cancer (152). Likewise, 

simvastatin could be directly tested in the xenograft model without prior toxicological and 

pharmacokinetic studies. However, leaving out novel structures also leads to the loss of novel 

therapeutic targets that may have a higher potency for a certain disease.  

In the course of this thesis D10 and B03 follow up studies were performed that could confirm their 

synthetic lethality with LKB1 (see sections 7.1.3 and 7.1.4). The other hit compounds especially the 

ones with selectivity for LKB1 positive cells remain to be evaluated in secondary assays.  
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7.1.3 Follow up studies D10 

D10 was the main hit in the screen with an acceptable therapeutic window that opened up further at 

48 h in the compound validation, where all 4 readouts showed differential output (Figure 18A). The 

difference was not only dose dependent, but the general activity increased over time and the 

therapeutic window opened up. This is especially visible at concentrations lower than 10 µM. While, 

there is no activity or difference at 24 h, the NULL cells increase the cell death readouts to 50% or 

more at 48 h, whereas in the LKB1 cells the compound is still inactive. Looking at images from the 

Opera system, this clear difference is visible already before image analysis at 7.6 µM D10 for 48 h 

(Figure 18B). Especially the nuclear morphology is clearly different. Unfortunately, for D10 there was 

no target known, nor could we get any hint on the function with structural analysis as it is a member 

from the diverse island library not being annotated to any specific class.  

Figure 18: Screening results from HP-AH001164-D10. (A) Data from the compound validation of D10. A549 NULL and LKB1 
cells were treated with indicated concentrations of D10. The assay was done as described in Figure 11; however, with 
different incubation times as indicated. 4 different readouts are shown: FLICA positive cells, LDF positive cells, small nuclei 
and round nuclei. Dose response curves were fitted to the data from 3 independent experiments (replica 1: +, replica 2: | 
and replica 3: ∆) with a fix ed baseline at zero. (B) Representative pictures from an extract of the above samples after 
treatment with 7.6 µM D10 for 48 h. 

To ensure that this observed difference of our best hit D10 was really due to a viability change, 

another assay was performed. We therefore did an MTT assay to reveal the fitness of the cells in an 

unrelated experiment with freshly ordered and diluted compound (Figure 19A). Although there was a 
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clear effect window visible in the isogenic A549 NULL and LKB1 cell line pair as well as in another 

isogenic lung carcinoma cell line (H23 NULL and LKB1), only small differences could be shown with 

the MTT assay. Furthermore, the IC50 that was around 10 µM in the screen, dropped to less than 1 

µM.  

Figure 19: Follow up D10. (A) MTT assay for A549 NULL and LKB1 cells (left) and H23 NULL and LKB1 cells (right) treated 
with indicated increasing concentrations of D10 for 24 h. Data are expressed as mean +/- sd, n = 3. (B) The same cells 
treated as above were stained with Höchst and for each condition 3 images were taken from different wells with the BD 
Pathway. Stained nuclei from the 3 images were automatically counted with Cell Profiler to define the cell number. Data are 
shown as mean +/- sd, n=3 images from different wells. (C) The same cell lines as above were stained with CFSE and then 
treated with 1 µM D10 for the indicated time. Cells were trypsinised and CFSE intensity was measured at the FACS. Data are 
shown as mean from 20,000 cells. 

Regarding the cell number, the difference between the NULL and LKB1 cell lines was bigger than in 

the MTT assay (Figure 19B) and proliferation was also different in the A549 cells when analyzed with 

CFSE fluorescence (Figure 19C). Unfortunately, this experiment did not work so well for H23 cells as 

they seem to generally proliferate really slow, especially when seeded.  
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Looking at the structure, D10 does not seem to be an attractive compound for clinical use. It contains 

a quinone group and could therefore have a high toxicity (Figure 20). Quinones are known to 

covalently bind biological molecules and induce reactive oxygen species (ROS) by reducing molecular 

oxygen to superoxide (153). Especially for its ability to form adducts with DNA or RNA, quinones are 

on the one hand said to be carcinogenic. On the other hand quinones are widely used as anti-cancer 

chemotherapeutics, like for example doxorubicin (Figure 20), since their DNA modification based 

cytotoxicity mainly affects fast dividing cells (154). Furthermore, quinones were also shown to inhibit 

cancer growth and angiogenesis (155) although the molecular mechanism remains unknown. 

Figure 20: D10 structure. Structures of D10, a quinone group (a six-membered unsaturated ring to which two oxygen atoms 
are bonded as carbonyl groups (−C=O)) contained in the D10 structure and doxorubicin, a quinone containing 
antineoplastic chemotherapy drug widely used in clinic against diverse cancers. It intercalates with DNA and thereby 
inhibits topoisomerase II.  
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7.1.4 Follow up studies simvastatin 

Figure 21: Simvastatin induces cell death in LKB1 negative cells. (A) Screening results from the compound validation after 8 
and 24 h simvastatin treatment for 4 different readouts: FLICA positive cells, LDF positive cells, small nuclei and round 
nuclei. Assay was done as described in figure 1B; however, with different incubation times as indicated. Dose response 
curves were fitted to the data from 3 independent experiments (replica 1: +/ replica 2: | and replica 3: ∆) with a fixed 
baseline at zero. (B) Representative DIC pictures of A549 NULL and LKB1 cells treated either with 0.1% DMSO or 10 µM 
simvastatin for 5 d. (C) Growth curves for A549 NULL and LKB1 cell lines treated with 0.1% DMSO (control) or with 10 µM 
simvastatin for the indicated time. Data are expressed as mean +/- sd, for n = 3 independent experiments. (D) MTT assay for 
the above mentioned cell lines treated 48 h with the different type 1 statins simvastatin (left) and lovastatin (middle) and 
the synthetic type 2 statin fluvastatin for indicated concentrations. Data normalized to the DMSO-only-treated controls are 
expressed as mean +/- sd, for n = 3 independent experiments.  

Not only did simvastatin show a highly distinct effect on the different cell lines during the screening 

process, but also two other statins, namely lovastatin and compactin, that are structurally related to 

simvastatin, showed the same activity pattern (7.1.2.4 Structure activity relationship). Thus the 

difference between the two cell lines was not as pronounced as for simvastatin. This is probably the 
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reason why these two compounds did not score in the primary screen. Also in the compound 

validation simvastatin showed a typical pattern for apoptosis with caspase activity and the 

morphological change to round nuclei that were both concentration and time dependent (Figure 

21A).  

In the follow up this synthetic lethality was first tested again with fresh compound. After incubation 

with the compound for 5 days all A549 NULL cells were dead, whereas significantly more A549 LKB1 

cells survived (Figure 21B). In addition, cell proliferation was more reduced in the NULL cells 

compared to the LKB1 cells (Figure 21C). Viability was also assessed with an MTT assay and the 

biggest differences could be observed between a concentration of 6 and 20 µM after 48h for 

simvastatin (Figure 21D). Furthermore, also lovastatin, another type 1 statin, and fluvastatin, a 

synthetic type 2 statin, showed both differential cell death (Figure 21D). Just as in the screen, 

lovastatin showed a less intense differential effect than simvastatin.  

7.1.4.1 LKB1 negative cells depend on HMGCR 

Simvastatin influences the production of cholesterol and other non-sterol metabolites. Through 

inhibition of HMGCR, it decreases the production of mevalonate, a critical metabolite of the 

mevalonate pathway that is needed for the production of cholesterol and other non-sterol 

metabolites like dolichol, heme A and ubiquinone as well as for the prenylation of diverse proteins 

(Figure 8). If the synthetic lethality was mediated due to the lack of HMGCR activity, mevalonate 

could rescue this observed effect. Indeed, addition of mevalonate to the A459 NULL cells could fully 

rescue the synthetic lethality (Figure 22A). However, there was a non specific cell death at 

simvastatin concentrations higher than 14 µM that could not be rescued with mevalonate, indicating 

that there is an HMGCR independent effect of statins on cell death and that both cell lines have the 

same sensitivity for this off-target effect.  

Since we had observed that LKB1 is synthetic lethal with HMGCR, we wondered whether LKB1 was 

regulating HMGCR. We therefore looked at HMGCR protein levels by western blot. While HMGCR 

was almost not detectable in NULL cells, LKB1 cells expressed much more of the protein (Figure 23B). 

As already described in literature (109), exposure to simvastatin enormously elevated HMGCR 

protein levels, but the LKB1 cells still expressed more protein (Figure 23B). Not surprisingly, 

additional mevalonate could lower the levels almost back to the control levels (Figure 23C). 

Since the above data indicate that the simvastatin sensitivity may depend on HMGCR protein levels, 

we directly tested this effect with transient down-regulation of HMGCR by siRNA. Indeed, down-

regulation of HMGCR increased the cell death inducing effect of simvastatin in both cell lines (Figure 



47  

22C), indicating that the dose of simvastatin induced cell death could depend on the basic HMGCR 

protein expression.  

Figure 22: LKB1 negative cells depend on HMGCR. (A) MTT assay for NULL and LKB1 cells treated with indicated 
concentrations of simvastatin alone or together with 200 μM mevalonate. Data normalized to the DMSO-only or DMSO + 
mevalonate-treated controls are expressed as mean +/- sd, for n=3 independent experiments. (B) A549 NULL and LKB1 cells 
were treated with 0.1% DMSO as a control or 10 µM simvastatin for 24 h. Whole cell lysates were precipitated with TCA 
(see methods) and used for western blot analysis using antibodies against human phospho-ACC (Ser79), HMGCR and LKB1. 
(C) A459 NULL and LKB1 cells treated with 0.1% DMSO, 10 μM simvastatin or 10 μM simvastatin + 200 μM mevalonate. 
Whole cell lysates were precipitated with TCA (see methods) and used for western blot analysis using antibodies against 
HMGCR, and LKB1. Probing against CDK2 served as a loading control. (D) MTT assay for NULL and LKB1 cells were 
transfected with either non-silencing or HMGCR siRNA 24 h before treatment with indicated concentrations of simvastatin 
alone or together with 200 μM mevalonate. Data normalized to the DMSO-only or DMSO + mevalonate-treated controls are 
expressed as mean +/- sd, for n=3 independent experiments. 

To verify these results we also tested simvastatin in another system where LKB1 was stably depleted. 

Isogenic cell lines were engineered by stable transfection with lentiviral vectors expressing different 

small hairpin-RNA (shRNA) against LKB1 or a non-silencing control in Hek293T cells (Figure 23A). The 

down-regulation of LKB1 protein levels using 5 different shRNAs resulted in an increase in sensitivity 

to simvastatin (Figure 23). Although most of the LKB1 hairpins seemed to work we did not manage to 

produce a stable knock-down in an LKB1 positive lung cancer cell, as the cells induced either a cell 
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cycle arrest or apoptosis after LKB1 depletion (data not shown). The same phenomenon was 

observed in mouse embryo fibroblasts where we knocked-out the floxed alleles of LKB1 with a 

lentiviral vector expressing Cre-Recombinase. No proper experiment could be performed with the 

dying cells (data not shown).  

Figure 23: Down-regulation of LKB1 in Hek293T cells sensitizes to simvastatin. (A) Hek293T cells were stably transfected 
with plasmids expressing non silencing (ns) short hairpin (sh) RNA or different shRNAs targeting LKB1 (#6 to #10) using a 
lentiviral system. Whole cell lysates were used for western blot analysis using antibodies against human LKB1 and CDK2 as a 
loading control. (B) MTT assay for the above cell lines treated with indicated concentrations of simvastatin and mevalonate 
for 48h. Data normalized to the DMSO-only or DMSO + mevalonate-treated controls are expressed mean, n=3 biological 
replica.  

7.1.4.2 Geranylgeranylated proteins are critical for the viability of LKB1 negative cells 

Knowing that mevalonate was needed for LKB1 negative cells we wanted to further elucidate the 

critical branch of the mevalonate pathway that led to the differential cell death depending on LKB1 

status. A lack of cholesterol could not be the cause of cell death since there was an excess of 

cholesterol in the cell culture medium. We therefore focused on protein prenylation that was already 

implicated for cancer therapy. Many prenylated proteins, including the monomeric GTPases RAS, 

Rheb, RhoA, Cdc42, Rac1 have indeed oncogenic functions (156) and their inhibition may lead to 

cancer cell death. To check if prenylation was really involved, we tested if either farnesylation or 

geranylgeranylation could rescue this observed differential cell death. Interestingly, the addition of 

geranylgeraniol, a precursor substrate for geranylgeranylation, but not farnesol, a precursor 

substrate for farnesylation, could rescue the synthetic lethal phenotype. This data indicates that the 

lack of geranylgeranylated effector proteins could be the reason for the synthetic lethality of 

simvastatin with LKB1.  
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Figure 24: LKB1 negative cells depend on geranylgeranylation for viability. MTT assay for NULL and LKB1 cells treated with 
indicated concentrations of simvastatin, geranylgeraniol (GGOH) and farnesol (FOH). Data normalized to the DMSO-only, 
DMSO + GGOH or DMSO + FOH-treated controls are expressed as mean +/- sd, for n=3 independent experiments.  

7.1.4.3 A possible mechanism downstream of protein geranylgeranylation for the LKB1-

simvastatin synthetic lethality 

Knowing that geranylgeranylation was critical for the synthetic lethality, the next goal was to unravel 

what was downstream of geranylgeranylation.  

Previous studies report that lovastatin induced a cell cycle arrest and cell death in lung cancer cells by 

up-regulating the cell cycle inhibitor p27 (116) and this effect was dependent on geranylgeranylation 

and might be controlled by RHOA, as it was demonstrated that active and geranylgeranylated RHOA 

lead to p27 degradation (157).  

Hence, a cell cycle analysis with FACS was performed (Figure 25A). While mevalonate alone did not 

influence the cell cycle, simvastatin increased the fraction of cells in G1 and subG1 phase. The subG1 

population, indicating the dead cells, was more increased in NULL cells consistently with the previous 

observation of increased cell death in these cells compared to LKB1 positive cells (Figure 25A). 

Calculating the cell cycle index (cells in S/G2/M-phase divided by cells in G1/G0 or dying) showed that 

non treated LKB1 cells have generally a lower index. However it does not drop as much as in NULL 

cells after simvastatin treatment (data not shown). Mevalonate could rescue all effects of simvastatin 

on the cell cycle. Furthermore we tested the induction of p27 protein levels by western blot. 

Surprisingly, p27 levels were already higher in NULL cells than in LKB1 cells before treatment and 

simvastatin treatment induced also the levels in NULL cells much more (Figure 25B). The maximal 

difference in p27 was at 48 h with 10 µM simvastatin which is also the condition with the maximal 

difference between the two cell lines in the MTT assay. At higher concentrations also LKB1 cells 

induced their levels to a higher extent, which is consistent with the loss of viability in the MTT assay 

(Figure 21D).  
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Figure 25: Simvastatin regulates p27 and the cell cycle. (A) A549 NULL (blue) and LKB1 (red) cells were treated with 0.1% 
DMSO only (DMSO), 200 µM mevalonate (m), 10 µM simvastatin (s) or simvastatin and mevalonate together (s/m) for 48 h. 
The cells were stained with propidium iodide (PI) for cell cycle analysis with fluorescence-activated cell sorting (FACS). 
Percentages of cells in the different cell cycle stages (G1, S, G2 or M, and subG1) are indicated with different hues and 
expressed as mean +/- sd, for n=3 biological replica. (B) A549 NULL and LKB1 cells were treated with 0.1% DMSO or 
indicated concentration of simvastatin for indicated time. Whole cell lysates were used for western blot analysis using 
antibodies against human phospho-ACC (Ser79), ACC, phospho-AMPK (Thr172), LKB1 and p27.  

7.1.4.4 Simvastatin reduces LKB1 negative tumor growth in nude mice 

To test the synthetic lethality of simvastatin with LKB1 in an in vivo model and its potential for a 

clinical application, a xenograft study in nude mice was performed. Although it was shown before, 

that LKB1 positive cells grow slower than xenografts compared to their negative counter partners 

(158), we wanted to check if simvastatin treatment would abolish or slow down specifically the LKB1 

negative tumors. Therefore, we injected each mouse in one flank with A549 NULL cells and on the 

other flank with A549 LKB1 cells and let the tumors establish and grow for 10 days without any 

treatment. After that time all xenotransplanted cells engulfed and formed subcutaneous tumors of 

about the same size. Although the NULL cells needed more time to establish tumor growth than the 

LKB1 cells, once established the tumor grew faster and reached the same size as the LKB1 cell 

xenografts after about ten days (data not shown).  

After this time period of tumor initiation and growth to reach equal tumor size, half of the mice 

carrying A549 NULL and LKB1 tumor cell xenografts in each flank were treated orally with a daily 

dose of 50 mg/kg simvastatin. Although the non-treated A549 NULL tumors grew much faster than 

the A549 LKB1 tumors, treatment with simvastatin could decrease the tumor growth to the growth 

rate of A549 LKB1 tumors (Figure 26). The A549 LKB1 tumors already growing slower were however 

not growth inhibited by simvastatin treatment, confirming the LKB1-simvastatin synthetic lethality 
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also in vivo. Two outliers indicated in Figure 26 had to be removed from the data set for statistical 

analysis.  

Figure 26: A549 NULL and LKB1 cell tumor xenografts in nude mice. Growth curves of A549 NULL and LKB1 tumor cell 
xenografts. 8 weeks old female Balb/c nude mice were injected with 2.5 million cells and treated from day 10 with 50 
mg/kg/day simvastatin or 0.5% methylcellulose alone by oral gavage over a time period of 28 days. Data are expressed as 
one line for each mouse. Outliers are indicated with an arrow.  

While the non-treated A549 NULL xenografts were significantly different from the simvastatin 

treated already after 10 days of simvastatin treatment (d20), as indicated by asterisks, there was no 

significant difference between the other 3 groups (NULL simvastatin, LKB1 control and LKB1 

simvastatin) over the whole experiment (Figure 27A).  

The difference in tumor size was also clearly visible at day 38, when the untreated A549 NULL tumors 

had approximately double the size than the tumors from the other 3 groups (Figure 27B). Histological 

analysis of the tumors revealed a necrotic core that increased with the size of the tumor (data not 

shown). No metastases were observed since the tumors were very well encapsulated and only in 

some cases the tumors infiltrated the overlying epidermis leading to minor exulceration of these 

tumors (data not shown). Western blot analysis of the tumor samples showed a consistent increase 

of HMGCR protein levels with simvastatin treatment and higher levels in LKB1 tumors as already seen 

in cell culture (Figure 22B). 
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Figure 27: The simvastatin-LKB1 synthetic lethality in xenografts in nude mice. (A) Growth curves of A549 NULL and LKB1 
tumor cell xenografts. 8 weeks old female Balb/c nude mice were injected with 2.5 million cells and treated from indicated 
time point with 50 mg/kg/day simvastatin or 0.5% methylcellulose alone by oral gavage over a time periode of 28 days. 
Data are expressed as means +/- confidence interval (95%), for n=15 mice per condition (two outlier tumors indicated in 
Figure 26 were not used for statistical analysis). Significance between all the groups was tested with a statistical analysis of 
variance between groups (ANOVA) and a post hoc Tukey’s test. Asterisks indicate the significance for the difference 
between control and simvastatin treated A549 NULL cell xenografts (*: p<0.05, **: p<0.01, ***: p<0.005). (B) Images from 4 
representative mice from each group at day 38 from the above experiment. (C) Representative tumor samples from the 
above experiment were lysed in RIPA buffer and analyzed by western blot using antibodies against human HMGCR, 
phoshpo-AMPK (Thr172), AMPK and LKB1.  
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7.2 DISCUSSION PART I 

7.2.1 Cell based high throughput screening 

Using a cell-based high-throughput screen we could identify three main hits from 48,693 small 

molecule compounds that were synthetic lethal to the loss of LKB1.  

During the whole screening process the high content assay was relatively stable, reliable and 

reproducible. The weakest element in the assay was clearly the FLICA readout. As the signal was 

generally not very strong it was hard to dissociate it from the background. Additionally, cells in the 

M-phase of the cell cycle that were rounded also often gave a positive signal due to higher FLICA 

intensity.  

The stability of the assay could be also proved with 5 compounds that appeared twice in the 

screening set having almost identical profiles in the primary screen (data not shown). Furthermore, 

many compounds that were measured multiple times during the screening process also showed 

mostly the same effects (data not shown). We therefore concluded that by having such a stable assay 

and several readouts the number of false negative compounds could be minimized.  

38 hits could be identified from 48,693 compounds in the primary screen, leading to a final hit rate of 

0.08%. The initial hit rate from the primary screen, where 240 hits could be identified, was 0.49% and 

the hit to lead fraction was 15.83%. These numbers were in the same range as observed in literature 

for high content screening (HCS) (159) and might result from the very diverse compound set as well 

as from the reliability of the assay that there were not many false positives.  

The use of a cell based HCS has several advantages to normal high throughput screens as it provides 

much more information on the potential of the hits to be used in clinic, as for example cytotoxic 

effects and non specific binding of the compound are already challenged in this complex system. One 

major drawback is the nature of the cell type used for screening, as they are often transformed and 

show remarkable differences to the normal body cells. The use of primary cells or artificial tissue 

would be a possibility to increase the impact of HCS screening. In our screening approach we looked 

at two isogenic cell lines that only differed in the function of a single gene and selected for 

differential cell death induction. Hence, we expect a therapeutic window in diverse cell types 

between normal and LKB1 mutant cells. Though there would be a fatal effect of the hit compounds 

on cell types that do not express LKB1. Up to date cancer cells were the only cell type where a lack of 

LKB1 expression could be demonstrated (160).  
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In addition to all the data received already from the screening set, a lot of data could still be 

extracted from the images taken in the primary screen. Since LKB1 has a considerable impact on cell 

polarity and cytoskeletal organization the analysis of cell shape, size, distance and many more 

readouts could be analyzed to identify compounds with a differential impact on the isogenic cell line 

pair.  

7.2.2 D10: The main screening hit with an unknown function 

D10 was identified in the synthetic lethal screen for LKB1 as the main hit (Figure 18). Already in the 

primary screen its typical apoptotic profile, with caspase activity and morphological changes in the 

nucleus, showed a large difference between the two cell lines (Figure 18A). After a great 

performance also in the hit profiling and compound validation, that revealed differential cell death in 

a time and dose dependent manner, the compound was tested in a MTT assay as a part of the follow 

up study (Figure 19A). Although the differential effect in the MTT assay was not as pronounced as in 

the screening assay, the synthetic lethality could be confirmed also in another cell line (Figure 19A 

and B) and proliferation was also decreased specifically in the A549 NULL cell line.  

Interestingly, the active dose in the follow up assays was at 1 µM instead of 10 µM in the screen. One 

reason for this could be the assay selection as changes in metabolic activity, cell number or 

proliferation do not necessarily arise at the same concentration and time as caspase activation or 

morphological changes. Another reason could be the loss of compound activity after longer storage 

in DMSO.  

Because D10 contains a quinone group (Figure 20), it would be interesting to test if the synthetic 

lethal effect of D10 is due to this group, or if the potentially toxic quinone group could be substituted 

by another group without affecting the specificity. However, to reach this goal a whole SAR 

development of D10 would be necessary and we did not have the resources nor the time for this. An 

alternative approach would be to test other quinones for synthetic lethality with LKB1.  

The lack of a known target, the narrow therapeutic window and the huge efforts it would have taken 

to identify a target or to do a SAR were in the end the reasons why we mainly put our energy into 

further characterization of simvastatin instead of D10.  

7.2.3 Simvastatin: A screening hit with a known target 

Although simvastatin was not the main screening hit it was yet the most interesting. With simvastatin 

as a known drug not only an active structure was identified but also its target the HMGCR and its 

mechanism of action (Figure 8A) were already known and there was a lot of literature around on 
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statins and cancer (Figure 8B). The rescue of the LKB1-simvastatin synthetic lethality by mevalonate 

then also showed that HMGCR was the simvastatin target that is responsible for the synthetic lethal 

effect (Figure 22A). Thus, not all simvastatin induced cell death could be rescued with mevalonate. 

Both cell lines showed drops in viability at concentrations higher than 14 µM even with mevalonate 

addition. This indicates that there is an off-target effect of simvastatin that leads to HMGCR 

independent cell death. Getting rid of this side effect could also open the therapeutic window for 

LKB1 negative cancer as LKB1 positive cells should be much less sensitive to such an inhibitor.  

The use of statins as prevention against cancer has been discussed for years while some studies find 

a reduction for example in lung cancer incidence (161), other studies do not show any correlation at 

all (162). This kind of studies are however very difficult to evaluate as they are done in retrospect or 

have a biased start, like for example the recruitment of patients taking statins is already biased as 

they might have already a higher cancer risk because of hypercholesterolemia.  

Besides their controversial role in cancer prevention the use of statins as anti-cancer drugs becomes 

more and more attractive because of their diverse anti-cancer effects (Figure 8B). An ongoing clinical 

trial in Korea is even testing the effect of gefitinib with or without simvastatin for non-small cell lung 

cancer treatment. However, preliminary data suggest that there is no benefit of using simvastatin in 

addition to gefitinib. Maybe, separating the patients into two groups according to their LKB1 status 

might still show an effect. A recent publication from the performer of the above clinical trial, showed 

that lovastatin can overcome gefitinib resistance in NSCLC cell lines with mutated RAS (163). 

Interestingly, the set of cell lines that was resistant to gefitinib and but sensitive to the combination 

with lovastatin was also deficient in LKB1, whereas the other cell lines where not.  

The confirmation of the synthetic lethality in tumor cell xenografts in nude mice (Figure 27) indicates 

that there is a clinically achievable dose of simvastatin that leads to specific inhibition of LKB1 

negative tumors in vivo. The dose used in the xenograft studies (50 mg/kg/day) results in a 3 times 

higher exposure level according to the surface area (mg/m2) than the dose used in humans for 

cholesterol lowering (40 mg/day) (164), which was also used for the above clinical trial. High doses of 

simvastatin (80 mg/day) have been shown to slightly increase the risk for myopathy but generally 

show relative safe profiles (165). Whether or not a dose of 120 mg/day is tolerated and needed for 

the synthetic lethal effect on LKB1-loss remains to be investigated.  

Coming to the molecular mechanism of the LKB1-simvastatin synthetic lethality, protein 

geranylgeranylation was shown to be the critical for the specific action of simvastatin. From the data 

acquired up to date, there are two main mechanisms that could explain this effect:  
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First, HMGCR protein levels are lower in A549 NULL cells than in A549 LKB1 (Figure 22C), which could 

simply lead to a higher sensitivity to statins in a dose dependent manner. Inhibition of protein 

geranylgeranylation would in this case be lethal to both cell lines, but LKB1 positive cells survive 

because the inhibition with simvastatin is leaky and protein geranylgeranylation can still take place to 

some extent. This mechanism is supported by the fact that HMGCR siRNA reduces the survival of 

both cell lines and indicating that HMGCR protein levels correlate with simvastatin sensitivity (Figure 

22D). However, nothing is known about the activity of HMGCR and because AMPK phosphorylates 

and inactivates HMGCR we could consider the higher levels in A549 LKB1 cells as a compensation for 

lower activity.  

Second, if the LKB1 effect on HMGCR protein levels does not on influence the activity of the 

mevalonate pathway, LKB1 has to act downstream. By influencing the signaling, activity, localization 

or interaction of one or more geranylgeranylated protein, LKB1 would induce resistance to the 

inhibition of protein geranylgeranylation. Preliminary data on the effect of a geranylgerayltransferase 

I inhibitor (GGTI-298) indicate a lethal, but not a synthetic lethal activity of this inhibitor (data not 

shown).  

The differential increase of p27 protein levels that was observed with simvastatin treatment could fit 

both those mechanism Figure 25B. Although we see a huge difference in p27 protein we do not know 

yet if p27 is the death causing effect and have still not identified the geranylgeranylated protein that 

is responsible for p27 regulation and the synthetic lethal effect.  

There are more than 50 proteins with a CAAX motive known that are at least potentially 

geranylgeranylated but not farnesylated (166). This set of proteins and the family of Rab proteins 

that also depend on geranylgeranylation for activity could be tested for synthetic lethality with LKB1. 

This could be realized with a small scale siRNA screen for cell death.  

Another way for the identification of the synthetic lethal effector protein could be an educated 

guess. While active and geranylgeranylated RHOA leads to p27 degradation (157), LKB1 is needed for 

localization and activation of CDC42 to the leading edge of a migrating lung cancer cells (167) and 

that simvastatin paradoxically activates Rac1 and LKB1 in an AMPK dependent manner (168).  

This discussion could go on and on, but the key to find the real mechanism is to first identify the main 

mechanism of action by measuring HMGCR activity, the regulation of the mevalonate pathway and 

the activity of downstream geranylgeranylated effector proteins.   
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7.3 CONCLUSION PART I 

Recapitulating the work that has been done on the LKB1 synthetic lethality, a successful small 

molecule compound screen was carried out and 6 main hits could be identified. 2 of the hits, D10 and 

simvastatin were tested in follow up assays and their synthetic lethality with LKB1 could be 

confirmed in vitro. Simvastatin could even specifically inhibit LKB1 negative tumor growth in an in 

vivo tumor xenograft model and is ready to be tested in a clinical trial.  

The mechanism of the synthetic lethality is completely unknown for D10. For simvastatin the 

inhibition of geranylgeranylated proteins through the lack of mevalonate has appeared to be critical 

for LKB1 negative cell death but the further downstream mechanism remains to be investigated.  
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8 PART II: HIF REGULATION BY LKB1 

During the establishment of the A549 isogenic cell line pair (A549 NULL and A549 LKB1) different 

potential downstream targets were tested for their regulation by LKB1. Many previousely identified 

targets like AMPK, human enhancer of filamentation 1 (HEF1) (75), p53 (56) and glycogen synthase 

kinase 3β (GSK3β) (169) were also regulated in A549 cells (Figure 10B and data not shown). As it was 

shown previously that mTOR can induce HIF translation (170) and HIF2α levels correlate with poor 

prognosis in lung cancer, we tested HIF-2α levels in normoxia (21% O2) and hypoxia (1% O2) in both 

cell lines (Figure 28). Interestingly, HIF-2α protein levels as well as its target carbonic anhydrase 9 

(CA9) were down-regulated upon reintroduction of LKB1.  

Figure 28: LKB1 induces differential regulation of HIF-1α and HIF2α. A549 NULL and LKB1 cells were cultured for 16 h 
either in normoxia or in hypoxia. Protein levels were analyzed by western blot using antibodies against human P-ACC 
(Ser79), HIF-2α and CA9.  
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8.1 RESULTS PART II 

Having made this novel observation that LKB1 regulates HIF-2α (Figure 28) we also wanted to find 

out about the impact of LKB1 on HIF-1α. Surprisingly the opposite behavior, namely an up-regulation 

of HIF-1α in LKB1 positive cells was observed (Figure 29A).  

As it is known that HIF protein levels are not only differentially regulated by acute hypoxia but also 

during chronic hypoxia leading to a time dependent decrease in HIF-1α protein (171, 172), we 

wanted to investigate the impact of LKB1 on HIF in prolonged hypoxia. HIF-1α levels increased in 

early hypoxia quite dramatically in both NULL and LKB1 cells. Upon prolonged hypoxia HIF-1α protein 

levels dropped faster in LKB1 negative cells (Figure 29B). HIF-2α levels peaked at 7 h hypoxia in both 

cell lines and over the whole time course there was a big difference in HIF-2α protein levels between 

NULL and LKB1 cells (Figure 29B). A decrease of HIF-2α protein was observed after 14 h hypoxia.  

One mechanism for this differential regulation could be a naturally occurring antisense transcript of 

HIF-1α (asHif-1α) that was discovered in human renal cancer (173) and recently shown to be 

expressed in the kidney, liver, testis, brain, lung, spleen, heart and skeletal muscle of rodents (174). 

The expression of this transcript is induced by HIF-1α and HIF-2α and leads to the degradation of HIF-

1α mRNA in prolonged hypoxia (175).  

Figure 29: LKB1 induces differential regulation of HIF-1α and HIF2α. (A) A549 NULL and LKB1 cells were cultured for 16 h 
either in normoxia or in hypoxia. Whole cell lysates were analyzed by western blot using antibodies against human HIF1-α, 
HIF-2α, LKB1 and CDK2 as a loading control.(B) A549 NULL and LKB1 cells were incubated for indicated times in hypoxia. 
Western blot analysis was done as described above.  

To investigate if the asHIF-1α is responsible for the differential regulation of the HIF isoforms by 

LKB1, mRNA levels were analyzed using quantitative real-time PCR. While HIF-1α mRNA levels do not 

seem to be regulated by LKB1, HIF-2α mRNA is clearly down-regulated in A549 LKB1 cells (Figure 

30A). 
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Figure 30: Unraveling the differential regulation of HIF-1α and HIF2α. (A) A549 NULL and LKB1 cells were cultured for 16 h 
either in normoxia or in hypoxia. RNA was isolated and analyzed by quantitative real time PCR with primers for HIF-1α, HIF-
2α, LKB1 and 18s as control. Data are shown as means of relative mRNA concentration normalized to 18s +/- ds, for n=3 
technical replica. (B) A549 NULL and LKB1 cells were cultured in hypoxia for 16 h. For the last hour DMSO as a control, 15 
µM actinomycin D (ActD) or 20 µM cycloheximide (CHX) were added. Whole cell lysates were analyzed by western blot 
using antibodies against human HIF1-α, HIF-2α, LKB1 and CDK2 as a loading control. (C) A549 NULL and LKB1 cells were 
cultured in normoxia or hypoxia for 16 h and either treated with 50 µM MG132 or DMSO as a control. Whole cell lysates 
were analyzed by western blot using antibodies against human HIF1-α, HIF-2α, LKB1 and CDK2 as a loading control. (D) 
A549 NULL and LKB1 cells were transfected by either non-silencing siRNA, AMPKα1 and AMPKα2A siRNAs or AMPKα1 and 
AMPKα2B siRNAs. 24 h after transfection cells were incubates in hypoxia for 16 h. Whole cell lysates were analyzed by 
western blot using antibodies against human HIF1-α, HIF-2α, AMPK and LKB1 and CDK2 as a loading control. 

Knowing from the mRNA levels, that only HIF-2α but not HIF-1α transcripts are regulated by LKB1, 

the impact of transcription and translation inhibitors on the HIF protein levels was investigated. 

Treatment of the cells with actinomycin D, a transcriptional inhibitor, did not change the protein 

abundance of HIF-1α and even increased HIF-2α in the LKB1 negative cells, indicating that the mRNAs 

were stable (Figure 30B). Interestingly, the translation inhibitor cycloheximide almost abolished HIF-

1α and HIF-2α levels in both cell lines (Figure 30B). This data suggests both HIF-α proteins not stable 

and depend on ongoing translation. While the difference of HIF-2α is however generated by 

disparate mRNA levels, HIF-1α translation or protein stability may be regulated by LKB1.  

HIF-1α degradation is mainly executed by the ubiquitin-proteasome pathway (Figure 9). The impact 

of this pathway on the LKB1 dependent regulation of HIF-1α was therefore investigated. Treatment 

with a proteasome inhibitor lead to increased HIF-1α levels in both cell lines and in normoxia and 

hypoxia. Whereas in normoxia HIF-1α protein levels increased to the same level in both cell lines, in 

hypoxia A549 LKB1 cells had still higher HIF-1α levels (Figure 30C). This indicates that LKB1 could 

regulate either translation or a proteasome independent degradation of HIF-1α in an oxygen 
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dependent manner. For HIF-2α the proteasome inhibitor only increased the levels in A549 NULL cells, 

supporting the assumption that LKB1 inhibits HIF-2α production.  

Since AMPK is the best described target of LKB1 we wanted to test if the regulation of the two HIF 

isoforms was also dependent on AMPK. Therefore, we down-regulated the α1 and α2-isoform of 

AMPK to reach a functional knock-down (Figure 30D). LKB1 mediated stabilization of HIF-1α was 

dependent on AMPK. HIF-2α suppression of LKB1 was not abolished by down-regulation of AMPK. On 

the contrary, siRNA directed against AMPK even seemed to enhance the inhibitory effect of LKB1 on 

HIF-2α (Figure 30D).  
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8.2 DISCUSSION PART II 

We could show that HIF-1α and HIF-2α are differentially regulated by LKB1 (Figure 29A). While LKB1 

may induce HIF-1α translation or stabilize the HIF-1α protein, it decreases the transcription of the 

HIF-2α gene. Interestingly, only the effect on HIF-1α depends on AMPK and down-regulation of 

AMPK even enhances the inhibitory effect of LKB1 on HIF-2α indicating that the lack of AMPK 

increases the capacity of LKB1 to execute AMPK independent functions. The underlying molecular 

mechanism of this distinct regulation of the HIF-α isoforms thus remains to be further investigated.  

The model of LKB1 as a regulator of HIF-2α is consistent with the finding that HIF-2α expression and 

loss LKB1 both cooperate with K-Ras to increase lung cancer malignancy (75, 125) and that HIF-2α is 

up-regulated in a specific subset of K-Ras and LKB1 induced lung cancer in mice (125).  

LKB1 deficient mice die at mid gestation showing neural tube defects, mesenchymal cell death, and 

vascular abnormalities (107). The vascular abnormalities are caused by an overexpression of VEGF 

with a marked increase in VEGF mRNA and the authors suggest that this effect is independent of HIF-

1α, due to the lack of changes in HIF-1α or glucose transporter 1 (Glut1) expression (107). HIF-2α as a 

regulator in this setting was however never tested although it was recently shown that HIF-2α can 

also regulate VEGF depending on the cell type (176). Furthermore, the polyp formation in the LKB1 

+/- setting showed an mTOR dependent up-regulation of HIF-1α protein and target gene expression 

(123). Most data propose however a different mechanisms for polyp formation and the development 

of malignant tumors in Peutz-Jeghers patients (126), fitting the role of HIF-1α in polyp formation and 

HIF-2α in tumor progression.  

We therefore suggest that depending on the dominant HIF isoform and the malignancy of the tumor, 

LKB1 may have different impacts the HIF isoforms by regulating either transcription, mRNA stability, 

mTOR dependent or independent translation or protein stability.  

Interestingly, LKB1 was found to be crucial for differentiation of certain cells (150, 177, 178) and to 

influence the differentiation of cancer stem cells (75), while HIF-2α promotes stemness by inducing 

the transcription of OCT-4, a stem cell marker. These data, together with the notion that metformin 

inhibits the growth of cancer stem cells (179), indicates that loss of LKB1 and the induction of HIF-2α 

could result in the stabilization of cancer stem cells and promote tumor progression. This hypothesis 

is furthermore fortified by the role of LKB1 to inhibit wingless-type (Wnt) signaling (180) and to 

modulate Notch signaling (177).  
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It would be very interesting to analyze the impact of HIF and LKB1 on cancer stem cells and see if 

knock-down or overexpression could change the proportion of cancer stem cells in cell lines or in a 

tumor in vivo.  

To unravel if HIF-2α is the cause of malignancy in LKB1 negative tumors it would be interesting to 

knock-down HIF-2α in tumor xenografts and test if LKB1 negative cells still had a growth advantage. 

Furthermore, a tissue microarray for the LKB1 involved cancer types would be crucial to test if the 

two HIF isoforms are also regulated by LKB1 in human cancers.  
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8.3 CONCLUSION PART II 

Taken together, our work describes a very distinct regulation of HIF-1α and HIF-2α by LKB1. 

Reintroduction of LKB1 into human lung adenocarcinoma cells naturally lacking LKB1 expression 

resulted in an increase in HIF-2α and a decrease of HIF-1α. Specific regulation of either HIF-1α or HIF-

2α was reported before, but this thesis reports the first case of differential regulation of the HIF-

isoforms in the same cell line by one and the same protein.  
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9 JOINT DISCUSSION 

Tumor suppressors are critical to inhibit cancer development and are therefore become mutated 

when a tumor evolves. Mutations in the LKB1 tumor suppressor are the cause for the Peutz-Jeghers 

syndrome and are frequently observed in lung adenocarcinomas and to a lesser extent in other 

tumor types.  

To unravel the diverse LKB1 functions in order to fight LKB1 negative cancer and provide a treatment 

for Peutz-Jeghers patients, we used a two part approach. On the one hand we conducted a synthetic 

lethal screen on an isogenic cell line pair, which only differed in LKB1 status (wild type versus mutant) 

for the identification of cancer drugs that would specifically kill LKB1 negative tumor cells. On the 

other hand we also used the same isogenic cell line pair to look into differential downstream effects.  

The known drug simvastatin, which was identified in the screen as one of the main hits, next to other 

compounds with unknown functions, gave us directly new insight into LKB1 function. Moreover, the 

identification of HIF-1α and HIF-2α as LKB1 downstream targets indicates a novel tumor suppressor 

mechanism for LKB1. In renal cell carcinomas down-regulation of HIF-1α and simultaneous up-

regulation of HIF-2α are associated with cancer progression (145) and might in case of LKB1, which 

has exactly that effect on the HIF-isoforms, induce to the same outcome.  

Thrillingly, simvastatin has not only been shown to induce HIF-1α expression (181), but statins have 

also been implicated in differentiation and inhibition of cancer stem cells (117) and may thereby 

counteract the HIF-2α stemness function. Thus, a connection of these findings with the synthetic 

lethal interaction of LKB1 with simvastatin remains to be investigated.  
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10 JOINT CONCLUSION 

This work provides novel drug candidates for the treatment of LKB1-negative cancer, which were 

identified by synthetic lethal screening. It is therefore another proof of concept for the discovery of 

novel tumor genotype specific cancer drugs by applying the concept of synthetic lethality. Hence, our 

results also open the door for personalized medicine in the cancer field.  

Furthermore, novel functions of LKB1 could be unraveled. The synthetic lethal link between LKB1 and 

the target of simvastatin, HMGCR, indicates a function for LKB1 in or downstream of the mevalonate 

pathway. Moreover, HIF-1α and HIF-2α were identified as LKB1-regulated proteins and could 

therefore be involved in a yet unknown tumor suppressor function of LKB1.  
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11 MATERIALS AND METHODS 

11.1 MATERIALS 

11.1.1 Compounds and chemicals 

Most compounds were diluted at 1,000x working concentration in DMSO and stored in aliquots for 

single use at -20°C.  

Compound Target/Pathway Company Working Dilution  Stock 
     actinomycin D transcription inhibitor  16 µM 16 mM in DMSO 
compound C AMPK inhibitor Sigma ~1 µM 10 mM in DMSO 
cycloheximide translation inhibitor Sigma 20 µM 20mM in DMSO 
D10 T0508-1932 Enamine 1  10 mM in DMSO 
DMSO  Sigma <1%  
farnesol farnesyl transferase Sigma-Aldrich 10 µM 10 mM in DMSO 
fluvastatin HMGCR Alexis 10 µM 10 mM in DMSO 
geranylgeraniol Geranylgeranyl transferase Sigma-Aldrich 10 µM 10 mM in DMSO 
lovastatin HMGCR Tocris 10 µM 10 mM in DMSO 
mevalonate mevalonate pathway Sigma-Aldrich 200 µM 200 mM in DMSO 
MG132 proteasome inhibitor Sigma 50 µM 50 mM in DMSO 
quinacrine (QUIN) antibiotic Sigma 5 µM 5 mM in DMSO 
simvastatin HMGCR Mepha 10 µM 10 mM in DMSO 
staurosporine (STS) tyrosine kinases LC laboratories 1 µM 1 mM in DMSO 

Table 3: Compounds. Table summarizing the compounds used only including the screening compounds that were followed 
up. Information for the other screening hits can be found in the Appendix (Table 8).  

11.1.2 Antibodies and fluorescent stains 

Antibodies were stored either at 4°C or -20°C and diluted in 5% milk or 5% BSA prior to use. Some 

antibody dilutions were reused several times and stored at 4°C or -20°C.  

The fluorescent stains for the screen were ordered from one batch and diluted freshly for every use. 

Table 4 specifies the different antibodies and statins that were used during this doctoral thesis.  

Antibody/Stain Reactivity Host  Source Number Dilution WB Dilution IF 
       Primary       
ACC H, M, R rabbit Cell Signaling 3662 1:1000  
ACC (P-Ser79) H, M, R rabbit Cell Signaling 3661 1:1000  
AMPKa H, M, R rabbit Cell Signaling  1:1000  
AMPKa (P-Thr172) 49H9 H, M, R rabbit Cell Signaling 2535 1:1000  
CA9 M75 H, M mouse Jan Zavada (182) 1:1000  
Catenin beta H mouse BD Bioscience 610154 1:2000  
CDK2 (M2) H rabbit Santa Cruz Sc-163 1:700  
CT-VHL H rabbit self made  1:700  
CT-VHL H rabbit self made  1:500  
GSK3b (P-Ser9) H, M, R rabbit Cell Signaling 9336 1:1000  
HEF1/Nedd9 H mouse Abcam ab18056 1:2000  
HIF-1a M mouse Novus  1:700  
HIF1a (clone54) H mouse BD Transduction  1:500  
HIF2a  H rabbit Abcam(Novus) ab199 1:1000  
HMGCR H rabbit homemade (183)   
Lamin A/C H, M mouse  Santa Cruz  1:2000  
LKB1 (Ley 37D/G6) H mouse Santa Cruz sc-32245  1:2000  
p27 (c-19) H, M rabbit Santa Cruz sc-528 1:1000  
PTEN H mouse Santa Cruz sc-7974 1:1000  
TSC2 H, M, R rabbit Cell Signaling 3612 1:1000  
TSC2 (P-Thr1462) (5B12) H, M, R rabbit Cell Signaling 3617 1:1000  
Tubulin H, M rat Selfmade YL1/2  1:100 1:100 
Tubulin (acetyl. 6-11-B1) H, M, R mouse Sigma T6793 1:500  
Secondary       
r HRP  donkey Amersham  1:2500  
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m HRP  sheep Amersham  1:2500  
g HRP  rabbit Zymed  1:2500  
r FITC   Jackson Lab.   1:500 
m FITC   Jackson Lab.   1:500 
r Texas Red   Jackson Lab.   1:500 
m Texas Red   Jackson Lab.   1:500 
Stains       
CFSE   Invitrogen    
DRAQ5   Biostatus   1:1000 
Höchst       
LDF violett   Invitrogen   1:800 
sulforhodamine FLICA   Axxora   1:400 

Table 4: Antibodies and stains. Table summarizing the primary and secondary andibodies used for western blot (WB) and 
immunofluorescence (IF) and the stains used for high throughput microscopy. (M = mouse; R = rabbit; H = human, WB = 
western blot, IF = immuno fluorescence) 

11.1.3 Cell lines 

Cell lines 

All cell lines were expanded when received and several vials were frozen and kept as a stock in liquid 

nitrogen. With retrovirus- and lentivirus infected cell pools were selected with appropriate antibiotic, 

expanded and also frozen in aliquots. Table 5 lists the cell lines and established isogenic pools that 

were used during this doctoral thesis.  

Name Subclone/Pool LKB1 PTEN TSC VHL  Remarks 

Hela YK pt -/-   +/+ Yuko Mimori-Kiyosue, Kyoto 
 pBabe puro -/-   +/+  
 pBabe puro-FLAG LKB1 +/+   +/+  
 pBabe puro-FLAG kd-LKB1 -/-   +/+  
 pBabe puro-LKB1 +/+   +/+  
 pBabe puro-kd-LKB1 -/-   +/+  
HeLa K (Kyoto) pt -/-   +/+ Prof. Shuh Narumiya, Kyoto 
 pBabe puro -/-   +/+  
 pBabe puro-LKB1 +/+   +/+  
 pLMP VHL puro -/-   -/-  
 pLMP puro -/-   +/+  
LinX For retrovirus production     From open Biosystems 
Hek293T Pt +/+   +/+  
 shLKB1 #6 kd   +/+  
 shLKB1 #7 kd   +/+  
 shLKB1 #8 kd   +/+  
 shLKB1 #9 kd   +/+  
 shLKB1 #10 kd   +/+  
H522 pt +/+    ATCC 
H23 pt -/-   +/+ ATCC 
 pBabe puro -/-   +/+  
 pBabe puro-LKB1 +/+   +/+  
 pBabe puro-kdLKB1    +/+  
A549 pt -/-   +/+ ATCC (from Oncology USZ) 
 pBabe puro -/-   +/+  
 pBabe puro-LKB1 +/+   +/+  
 pBabe puro-kdLKB1 kd   +/+  
MEFs LKB1 floxed     See 11.2.5 

Table 5: Cell lines. The name of each cell line and the subclone/subpool are indicated (pt=parental/original cell line, 
kd=kinase dead, sh= short hairpin, puro=puromycin selection marker). Furthermore information is given on tumor 
suppressor status if known (kd=knock-down). The remarks column indicates the origin of the cell line or links to the section 
that describes the cell preparation.  
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11.1.4 Gene and short hairpin expression vectors 

For the preparation of the different cell line pools different plasmids were used. First the protein 

expression plasmids or plasmids for short hairpin RNA expression, second the plasmids for lentiviral 

transfection of the hairpin vectors and third the Cre expressing plasmids to knock out the LKB1 floxed 

allele from the mouse embryo fibroblasts. Table 6 specifies all these plasmids.  

Name Vector Inserts Organism Restriction 
site 5'-3' Markers Remarks Origin 

pLMP non sci. pLMP -   amp/puro hairpin Bioconcept 

pBabe puro pBabe -  
multiple cloning 

sites amp/puro expression vector Bioconcept 

pcDNA3-FLAG-
LKB1 pcDNA3 h LKB1 human EcoRI-XbaI Amp/neo EcoRI between flag 

and LKB1 Addgene 

pcDNA3-FLAG-
kdLKB pcDNA3 h kdLKB1 human EcoRI-XbaI Amp/neo 

Kd mutant 
EcoRI between flag 

and LKB1 
Addgene 

pBabe FLAG-LKB1 pBabe 
puro FLAG-LKB1 human -SalI amp/puro  Addgene 

pBabe puro FLAG-
kdLKB1 

pBabe 
puro FLAG-kdLKB1 human -SalI amp/puro  Addgene 

pBabe puro LKB1 pBabe 
puro LKB1 human EcoRI-SalI amp/puro  selfmade 

pBabe puro 
kdLKB1 

pBabe 
puro kdLKB1 human EcoRI-SalI amp/puro  selfmade 

pBabe neo pBabe neo -  
multiple cloning 

sites amp/neo expression vector Plasmid Krek 

psPAX2  lentiviral protein 1 viral    Ian Frew 

pMD2G  lentiviral protein 2 viral    Ian Frew 

pLKO.1 ns ns       
pLKO.1-puro 
shLKB1 #6 

pLKO.1-
puro shLKB1 #6 human  amp/puro SHGLYC-

TRCN0000000407 Sigma 

pLKO.1-puro 
shLKB1 #7 

pLKO.1-
puro shLKB1 #7 human  amp/puro SHGLYC-

TRCN0000000408 Sigma 

pLKO.1-puro 
shLKB1 #8 

pLKO.1-
puro shLKB1 #8 human  amp/puro SHGLYC-

TRCN0000000409 Sigma 

pLKO.1-puro 
shLKB1 #9 

pLKO.1-
puro shLKB1 #9 human  amp/puro SHGLYC-

TRCN0000000410 Sigma 

pLKO.1-puro 
shLKB1 #10 

pLKO.1-
puro shLKB1 #10 human  amp/puro SHGLYC-

TRCN0000000411 Sigma 

pMMP wt cre GFP pMMP wt Cre   amp Dan Silver Ian Frew 
pMMP mut cre 
GFP pMMP mut Cre   amp Dan Silver Ian Frew 

tripz-puro/zeo 
shp27 

tripz 
inducible shp27 human  amp/puro   

tripz-puro/zeo tripz 
inducible empty   amp/puro   

pBabe neo wt 
LKB1 pBabe neo LKB1 human EcoRI-SalI amp/neo   
pBabe neo mut 
LKB1 pBabe neo kdLKB1 human EcoRI-SalI amp/neo   

Table 6: Plasmids and shRNAs. Table summarizing the different expression plasmids for protein or short hairpin (sh) 
expression. ns, non silencing; amp, ampicillin; puro, puromycin; neo, neomycin; zeo, zeozin; kd, kinase dead; GFP, green 
fluorescent potein.  
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11.2 METHODS 

11.2.1 Cell culture 

Culturing 

For all experiments, except for the screening, all cell lines used were cultured in GIBCO Dulbecco’s 

MEM, high glucose from Invitrogen (10938-025) with additional 10% inactivated GIBCO FCS 

(Invitrogen), 1% GIBCO L-glutamine (Invitrogen) and 1% GIBCO penicillin-streptomycin (Invitrogen).  

Splitting and freezing cells 

Before splitting cells were washed once with PBS (Instamed PBS Dulbecco from Biochrom AG was 

dissolved and autoclaved) and trypsinised with 1.5 ml GIBCO trypsin-EDTA (Invitrogen) per 10 cm 

plate for 5 min. Some medium was added and cells were distributed to plates already containing 

warm medium.  

For freezing, the trypsinised cells were centrifuged at 180g for 3 min, medium was aspirated and cells 

were resuspended in 0.9 ml medium + 0.1 ml DMSO per cryo vial, distributed into the vials and 

slowly frozen at -80°C before putting them into liquid nitrogen the next day.  

Retropools 

The packaging cell line (LinX) was transfected with Fugene (Roche) using 15 µg Plasmid in 30 µl 

Fugene per 10 cm dish. The medium was changed the next day with 10 ml fresh medium and one day 

later the virus containing supernatant was filtered with a syringe (0.45 µm, Minisart) and 4 ml 

supernatant were put on a 10 cm plate containing 50% confluent target cells (A549). 24 h after 

infection, selection with 2 µg/ml puromycin started for at least one week before the pools were 

checked for expression and frozen in aliquots.  

Lentiviral infection of short hairpin (sh) RNAs 

For the infection of the LKB1 short hairpins 3 µg envelope plasmid (pMD2G), 6.5 µg packaging 

plasmid (psPAX2) and 10 µg of the pLKO-1 hairpin were transfected with calcium phosphate into 

HEK293T cells. The further steps were done as described above for the retropools.  

siRNA transfection 

siRNA transfection was done with lipofectamine according to the manufacturers protocol. For 

western blot samples, siRNA was directly added to 6 cm plates 16-24 h before treatment. For MTT 

assays, cells were transfected in 6 cm or 10 cm plates and 6-7 h later split into the assay format.  
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11.2.2 Biochemistry 

Western blot 

For whole cell lysates, cells were washed once with PBS (BIOCHROM AG) and scraped in 200 µl (for 

6cm plates) TNN lysis buffer (50 mM Tris pH=7.5; 500 mM NaCl; 5 mM EDTA; 0.5% NP-40; 50 mM 

NaF; 0.2 mM Na3VO4, 1 mM DTT, 2ug/ml aprotinin, 1 mM PMSF). Samples were centrifuged for 10 

min at 15,700 g. Protein concentration of the supernatant was analyzed by Bradford assay (Protein 

assay, Biorad) and approximately 30 µg protein were diluted in 5x Lämmli buffer. The samples were 

then boiled for 5 min at 100°C and loaded on 6-15% acryl amide gels. Mini Gels were run for 2 h at 

120 V and proteins were transferred minimal 90 min at 400 mA on nitrocellulose membranes 

(Optitran BA-S 3 reinforced NC, Schleicher & Schuell). Big gels were run 4 h at 250 V or 16 h at 80 V 

and the transfer was done over night at 400-600 V.  

The blots were blocked in 5% milk in PBS-T (0.1% Tween 20 (Sigma) in PBS) for at least one hour, 

before incubation of the primary antibody in 5% milk in PBS-T or 5% BSA for more than one hour at 

room temperature or overnight at 4°C. Then the blots were washed 2x short and 2x 5 min in PBS-T on 

a shaker. Incubation of the secondary antibody was carried out in 5% milk for at least 1 h. Protein 

signals were obtained with ECL (Amersham) and detected on x-ray films from Fujifilm after an 

incubation of 2-30 min.  

Reprobing was either done directly by adding new primary antibody with additional 0.02% NaN3 or 

by stripping the blots for 30 min at 50°C in stripping buffer (62.5 mM Tris ph=6.7;2% SDS; 10 mM β-

mercapto ethanol), followed by intense washing in PBS-T before blocking and incubation of the 

primary antibody. 

Sample preparation for detection of HMGCR on western blot 

Cells were lysed in TNN as for normal western blots. 200 µg protein were adjusted to the same 

volume with TNN for each sample and the same volume of 100% TCA was added. Precipitation was 

done for 30 min on ice followed by centrifugation (20,000 g) at 4°. The pellet was resuspended in 25 

µl solubilization buffer (for 10 ml: 2.5 ml 0.5M Tris, pH=8.8; 1 ml 10% SDS; 1 ml 1M NaOH; 5.5 ml 

water) and 125 ml cracking buffer (3g Urea; 0.3 ml 0.5M Tris, pH=8.8; 0.3 ml glycerol; 0.3 ml β-

mercaptoethanol; 2.7 ml stock buffer (2g SDS; 1.25 ml 0.5M Tris, pH=8.8; 1 ml β-mercaptoethanol; 

5.3 ml water)) was added before a 40 min incubation at RT. Samples were then directly loaded on a 

big 8% SDS-gel.  
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Cytoplasmic/nuclear fractionation 

For fractionation into nuclear and cytoplasmic fractions, cells were grown in 10 cm plates. After one 

wash with PBS they were scraped in 1 ml PBS and centrifuged at 2,300 g at 4°C for 2 min. The 

supernatant was then fully discarded and the pellet was resuspended in 400 µl cytoplasmic lysis 

buffer (10 mM HEPES, KOH pH=7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 2ug/ml aprotinin, 1 mM 

PMSF). After incubating for 15 min on ice, nonidet-P40 substitute (Fluka) was added up to a final 

concentration of 0.59%. Samples were vortexed and then centrifuged at 9,300g for 2 min. The 

supernatant was taken as the cytoplasmic fraction and the nuclear pellet was extracted 20 min on ice 

in 40 µl nuclear extraction buffer (420 mM NaCl, 20 mM HEPES pH=7.9), 1.5 mM MgCl2, 0.2 mM 

EDTA, 25% glycerol + protease inhibitors). After centrifuging (9,300 g for 10 min at 4°C), supernatant 

was taken as the nuclear fraction. For running samples on gels, samples were equalized for protein 

concentration. 

Membrane preparations 

Cells from at least one full 10 cm dish were scraped in PBS with inhibitors (complete Protease 

Inhibitor Cocktail (Roche) and 1 mM DTT) and collected by centrifugation (700 g for 5 min at 4°C). 

200 µl buffer A (10 mM Hepes, pH=7.6; 1.5 mM MgCl2; 10 mM KCl; 1 mM EDTA, 1 mM EGTA) was 

added to the pellet and incubated for 10 min on ice. The cells were then broken up by passing the 

suspension 15 times through a 22 ½ gauge needle. After centrifugation (1,000 g for 5 min at 4°C) the 

nuclear pellet was lysed in 80 µl buffer C (20 mM Hepes, pH=7.6; 25% glycerol; 1.5 mM MgCl2; 0.42 

M NaCl; 1 mM EDTA, 1 mM EGTA) with inhibitors for 30 min. The cytosolic supernatant was 

transferred into a tabletop ultracentrifugation tube (Beckman 343775) and centrifuged in a TL100 

rotor (55,000 rpm for 30 min at 4°C). The supernatant was the cytosolic fraction and the pellet was 

resuspended in 100µl lysis buffer (10 mM Tris-HCl, pH=7.6; 100 mM NaCl, 1%SDS) with inhibitors as 

the membrane fraction.  

Real time PCR 

RNA was obtained from 36 mm plates by following the manufacture’s protocol of the RNeasy Mini Kit 

(QUIAGEN). Ready-to-go you-prime first strand beads (Amersham) were used for first strand cDNA 

synthesis using random hexamers. For the cDNA real time-PCR the following mixture was added: 5 µl 

cDNA (10x diluted in dH2O), 6.5 µl dH2O, 12.5 µl SYBR green PCR mix (Roche), 1 µl primer mix (fwd 

and rev for each transcript at 5 µM). The real time PCR reaction was performed using a Roche Light 

Cycler. 18s primers were used as a control. All primers were obtained from Microsynth GmbH, CH. 

Sequences are summarized in the following table:  
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Name Sequence length of product Apptlication species 

18s fwd GTTCGGACCATAAACGATGCC  rt-PCR human/mouse 

18s rev TGGTGGTGCCCTTCCGTCAAT  rt-PCR human/mouse 

LKB1 hu fwd CTGGTGGATGTGTTATACAACGA 141 rt-PCR human 

LKB1 hu rev CTGACAGAAGTACCCGTGGG 141 rt-PCR human 

CXCR4 hu fwd TACACCGAGGAAATGGGCTCA 112 rt-PCR human 

CXCR4 hu rev AGATGATGGAGTAGATGGTGGG 112 rt-PCR human 

HIF1a hu fwd ACTAGCCGAGGAAGAACTATGAA 110 rt-PCR human 

HIF1a hu rev TACCCACACTGAGGTTGGTTA 110 rt-PCR human 

HIF2a hu fwd ACATCAGCAAGTTCATGGGAC 102 rt-PCR human 

HIF2a hu rev TCAGGTTCTCACGAATCTCCTC 102 rt-PCR human 

CA9 hu fwd TCTCGCTTGGAAGAAATCGCT 116 rt-PCR human 

CA9 hu rev GTCAGAGACCCCTCATATTGGAA 116 rt-PCR human 

Table 7: Primer sequences for quantitative real time PCR. fwd, forward primer; rev, reverse primer.  

MTT assay 

2*104 cells were seeded in 200 µl medium per well in 96-well plates the day before treatment. The 

compounds were pre-diluted in medium before addition of 10 µl 21x the assay concentration and 

incubated for indicated time. The medium was then exchanged with 100 µl medium containing 10% 

1 mg MTT/ml PBS and incubated for 1 h at 37°C in the dark before it was exchanged again with 100 µl 

DMSO containing 16.7% glycin buffer (0.1 M glycine and 0.1 M NaCl at pH=10.5) and cells were lysed 

by shaking the plates on a horizontal shaker.  

The absorbance was measured at 570 nm and normalized to the non-treated cells.  

11.2.3 Cell Biology 

Immunofluorescence 

Cells were plated in 6-well plates containing a glass cover slip the day before the experiment. After 

treatment cells were fixed at 37°C for 30 min in 3% Paraformaldehyde (3% PFA (Fluka) and 2% 

sucrose (Fluka) in 1x PBS, pH=7.4) without prior washing. For immunostaining, cells were 

permeabilized for 2 min in 0.2% Triton X-100 (Fluka) in PBS and washed once in PBS. The cover slips 

were then incubated in 50 µl of primary antibody in 1% BSA and 1% horse serum in PBS for several 

hours or overnight at 4°C. After 3 times 5 min PBS washes, the secondary antibody was incubated the 

same way as the primary for 2-3 h at 4°C. Additionally, DAPI was added (5 µg/ml) to visualize nuclei. 

Thereafter, 3 more washes with PBS were done and the cover slips were mounted on microscope 

slides (Menzel-Gläser) with a drop of self drying Mowiol mounting medium and dried for some hours 

in the dark.  

Immunofluorescence was detected with an Axioplan 2 imaging (Zeiss) microscope (objectives: Plan 

Neolunar 40x and Plan Apochromat oil 60x from Zeiss) with or without Apotome (Zeiss) and pictures 
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were taken with the AxioCam MRm (Zeiss). Alternatively a Leica SP2 AOBS confocal microscope was 

used. 

Automated low throughput fluorescent microscopy 

For automated fluorescent microscopy, cells were plated in black glass bottom 96-well plates. 

Compounds were prepares as a 21x stock in medium before addition. After incubated for a distinct 

time, the cells were fixed in 3.7% paraformaldehyde washed with PBS and stained with Höchst. The 

plates were sealed with seal & sample aluminum foil lids (Beckman) and then measured at a BD 

pathway 855. The images were analyzed with the free image analysis software Cell Profiler 

(www.cellprofiler.org) to determine the total cell number on the images.  

Cell cycle analysis with Flow cytometry (FACS) 

For cell cycle analysis cells were trypsinized, washed and resuspended in 300-500 µl Nicoletti solution 

(Propidium Iodide 50 µg/ml/0.5x PBS plus 0.1% Triton X-100, add freshly 200 µg/ml RNAse each time 

(1:50, 10 mg/ml stock)). 10,000 cells were measured with a FACS calibur from BD and gates were set 

for the different DNA content to distinguish between G1 (N=2), M(N=4), G2/S (N=2-4) and 

subG1/dead cells (N<2).  

CFSE proliferation analysis with Flow cytometry (FACS) 

Cells, grown in 6-well plates (105 A549 cells per well) were labeled with 5 µM carboxyfluorescein 

succinimidyl ester (CFSE) in PBS for 15 min. Cells were then again incubated with normal growth 

medium for 30 min before treatment. Samples were taken at 5, 24, 48 and 72 h after staining. For 

analysis, cells were trypsinized, washed, diluted in PBS and directly measured with the FACS caliber 

from BD. The average fluorescent content of 10,000 measured cells was used for analysis. The 5 h 

time point was used for normalization.  

Proliferation assay with coulter counter 

Cells were seeded in 6-well plates and incubated with compounds for 16, 48, 72 and 96 h before 

trypsinizing. The trypsinized cells were diluted in PBS and cell number was determined with a coulter 

counter (Beckman).  
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11.2.4 High throuput – high content screening 

Assay  

On day 1, cells were trypsinized (Trypsin EDTA, Sigma) and counted with a Casy cell counter. 6,000 

cells in 50 µl medium per well (D-MEM, high glucose from PPA (E15-009), 10% FCS, 1% GIBCO 

penicillin-streptomycin (Sigma) and 5% Glutamine (Sigma)) were seeded with a Well Mate Dispenser 

(Matrix) into special engineered µclear plates (Greiner) with a low bottom to be able to measure the 

boarder wells. 

On day 2, the compound plates, containing 4 mM screening compounds in 1.5 µl 100% DMSO, and 

medium were adapted to room temperature. 100µl medium containing 1% penicillin-streptomycin 

(Sigma) was added to each well of the compound plates with a Well Mate Dispenser (Matrix) (column 

24 was left out). 10 µl of the diluted compounds were then transferred with the plate mate plus 

(Matrix). The control compounds staurosporine and quinacrine were subsequently added by hand 

with 16-channel pipette (Matrix).  

On day 3 the medium was soaked away with the Tecan washer to 20 µl and fluorescent labeled 

inhibitors of caspases (FLICA, from Axxora) and live/dead fixable violet stain (LDF, from Invitrogen) 

were added in 5 µl PBS to a final dilution of FLICA 1:400 and LDF 1:800. The plates were incubated for 

one hour at room temperature before 25 µl of a 7.4% formaldehyde solution in PBS was added to the 

wells already containing 25 µl medium and stain mix. After 15 min incubation the cells were washed 

twice with PBS with help of a Tecan washer and finally deep red anthraquinone Nr. 5 (DRAQ5, from 

Biostatus) was added 1:1,000 and the plates were sealed with seal & sample aluminum foil lids 

(Beckman) and then measured with the Opera System (Perkin Elmer). The immersion water for the 

opera was degassed by heating, sterile filtration and subsequent ultrasonication.  

For hit profiling and compound validation the same assay was used with minor adaptation mainly in 

the compound management. As shown in Figure 31 there were distinct plate layouts for the different 

screening steps. Whereas all compounds on the plate had the same concentration and columns 23 

and 24 were used for controls in the primary screen, the same controls were used for hit profiling but 

a twofold 11-step dilution series was used for the compounds and the positive controls. For 

compound validation the positive and negative (DMSO) controls were all distributed into the twofold 

5-step dilution series. The end concentration of DMSO was also 3 times higher in the hit profiling and 

compound validation (0.75%) than in the primary screen (0.25%) as we had to reach higher screening 

concentrations for the dilution series from the 4 mM stock of the compounds. Determination of the 
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DMSO sensitivity beforehand revealed that impact on viability for this cell line was above 1% DMSO 

(data not shown) 

Figure 31: Plate layouts for the different screening steps. The 3 different plate layouts for the primary screen, hit profiling 
and compound validation are shown together with information about the different screening steps.  

Image analysis and hit identification 

The images were analyzed simultaneously to the measurement with help of a specific script (see 

Appendix 15.1) for the Acapella image analysis software. Nuclei were detected with a nuclei 

detection algorithm on the DRAQ5 image and the percentages of nuclei rounder than a threshold 

and smaller than a threshold were calculated. LDF and FLICA positive cells were identified and the 

percentages to total cell number were calculated. For analysis the values were normalized to the 

DMSO control wells by subtracting the median of control values from the sample values. For hit 

identification, the resulting values for 1 compound were blotted together in a scheme in Spotfire 

Decision Site (http://spotfire.tibco.com/Products/DecisionSite.aspx). The resulting profiles were then 

clustered with K-Means clustering (Euclidian distances) in 50 groups and the most interesting profiles 

were chosen for hit profiling.  

11.2.5 In vivo studies 

For this thesis two licences for animal experiments were requested from the Swiss federal veterinary 

office (FVO): 

(1)  122/2006: Orthotopes Tumormodell zur Charakterisierung von Tumorsuppressorgenen.  

The renal subcapsule cellular orthitopic injection (COI) model was developed to test the 

growth of kidney cancer cells with different mutations in vivo. The experiments were stopped 
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because we could only observe minor and inconsistent tumor growth despite proper 

subcapsular administration of the tumor cells (data not shown).  

(2)  199/2008: Tumor Xenografts zur Charakterisierung von potentiellen anti-Tumor 

Wirkstoffen.  

The xenograft study was performed to test the effect of simvastatin on LKB1 positive and 

negative tumor growth in vivo. Data are shown in Figure 27.  

Mouse strains 

FVB; 129S6-Stk11tm1Rdp mice, received from MMHCC Repository (NIH), carry a functional, conditional 

allele of Lkb1 (official gene symbol: Stk11) with LoxP sites flanking exons 3 and 6 (Stk11). These 

animals are phenotypically normal in absence of Cre recombination. Cre-mediated deletion of exons 

3-6 leads to embryonic lethality in the homozygous state, whereas heterozygous mice developed 

gastrointestinal polyps (mucosal hamartomas) with histological features similar to those seen in 

Peutz-Jeghers syndrome (PJS) patients.  

The Balb/c nude mice (CAnN.Cg-Foxn1nu/Crl) were derived from Charles River, Germany. They were 

used for the xenograft studies as the transgene causes a thymus deficiency and the inability to 

produce T-cells which causes severe immunodeficiency that enables xenograft tumors to grow.  

Mouse embryonic fibroblasts 

Primary mouse embryonic fibroblasts were derived from E12.5-13 embryos according to standard 

protocols and used at early passage. Mutant or wild-type cre was transfected with a retroviral system 

to the MEFs to induce LKB1 knockout.  

Xenograft 

Exponential growing A549 NULL and A549 LKB1 cells were trypsinized and counted. 2.5*106 cells in 

100 µl PBS were injected into the left (A549 NULL) and right (A6549 LKB1) flanks of Balb/c nude mice 

(Charles River, Germany). 10 days after injection mice were treated by daily gavage feeding with 

50mg/kg simvastatin in 0.5% methylcellulose or with 0.5% methylcellulose alone. Tumor diameters 

were measured every second day with a digital sliding caliper and the volumes were calculated as 

[0.5π*long diameter*short diameter2].  

Before the tumors reached a maximal size of 2,000 mm3, mice were sacrificed by cervical dislocation 

and tumors and several organs were retrieved. For western blot samples tumor pieces were frozen 

and stored at -80°C before homogenization and lysis in Ripa buffer (20 mM Tris pH=7.5, 150 mM 
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NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate and freshly added protease 

inhibitors). For paraffin embedding tumor pieces were fixed 24 h in formalin, paraffin embedded and 

cut into 0.5 mm thick sections.   
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15 APPENDIX 

15.1 ACAPELLA SCRIPT 

 //********************************************************************************************************* 
 // 
 //                             LIVE DEAD ASSAY           (DRAQ5, SR-FLICA, LIVE/DEAD fixable violet)  
 // 
 // File Name:          Default_Multifields adapted for LIVE/DEATH assay  
 //  
//                             Version 20070511: screening  
 // 
 // Authors:  M. Helbling, S. Jäger, C.Hinnah, A. Kirsch 
 //  
 // Copyright: (C) EVOTEC TECHNOLOGIES GmbH / EVOTEC AG / ETH Zurich 
 // 
 // Purpose:  Script to count percentage of necrotic (image1) and apoptotic (image2) cells 
 //   
 //                             Cells treated with a compound of interest are triple-stained with LIVE/DEAD fixable violet, srFLICA and DRAQ5 
 //                             Nuclei are detected with DRAQ5 signals and analyzed for blue and orange staining within.  
 // 
 // Input images:       DRAQ5 (image3/camera3), blue necrotic (image1/camera1) and orange apoptotic (image2/camera2) signals 
//  
 //********************************************************************************************************** 
 
 // INPUT PARAMETERS 
 
 // Input multifield 
 input(NumberOfChannels, 3, "Number of Channels", "i", "Number of channels recorded in each field") 
 input(IN_ChanNuc, 3, "Channel for Nucleus Detection", "i", "Channel number for nucleus image") 
 input(IN_ChanLD, 1, "Channel for Live Death Detection", "i", "Channel number for Live Death image") 
 input(IN_ChanFLICA, 2, "Channel for FLICA Detection", "i", "Channel number for FLICA image") 
 input(IN_N_ImageFields, 5, "Number of Image Fields", "i", "Total Number of image fields.") 
 input(IN_ImageField, 0, "Image Field to analyze", "i", "Number of the image field to analyze. If set to 0 all image fields of the file are 
processed.") 
 input(IN_N_ImageStacks, 6, "Number of Image Stacks", "i", "Total Number of image stacks.") 
 input(IN_ImageStack, 0, "Image Stack to analyze", "i", "Number of the image stack to analyze. If set to 0 all image stacks of the file are 
processed.")  
 input(Showillustrations, yes, "Show Illustrations", "b", "If set to yes, illustrations are depicted.") 
 
 // Input number for threshold (*background (backint))               *****LIVE Death assay ****     
 input(THS_exc, 0.6, "Excentricity Threshold", "d", "Filter for selection of round (larger numbers >0.7) versus elongated (smaller numbers < 
0.5) nuclei") 
 input(THS_area, 250, "Area Threshold", "i", "Filter for selection of small versus large nuclei in pixel") 
 input(THS_LD, 2.0, "LDF Threshold", "d", "Filter: Amplification of background for threshold as filter for Cytox-green signal") // Input 
number for threshold (*background (backint)) 
 input(THS_FLICA, 2.0, "FLICA Threshold", "d", "Filter: Amplification of background for threshold as filter for FLICA signal") // Input 
number for threshold (*background (backint)) 
 
 // Initialize output values 
 Set(OP_nuclei=0)  //nuclei counter   *****LIVE Death assay **** 
 Set(OP_blue=0)  //blue objects counter   *****LIVE Death assay **** 
 Set(OP_orange=0)  //orange objects counter   *****LIVE Death assay **** 
 Set(OP_blue_and_orange=0)  //blue_and_orange objects counter 
 Set(OP_no_signal=0)  //no_signal objects counter 
 Set(OP_HWvsFL=0)  //nuclei excentricity counter 
 Set(OP_areaFilter=0)  //nuclei areaFilter counter 
 
 singlewell() 
 
 set (ImageCount = 0)   // determine the number of images present 
   foreach (1..NumberOfChannels * 99) 
 if (defined("image"&i)) 
 set (ImageCount = i) 
 end() 
   end() 
 
  if ((ImageCount ~ NumberOfChannels) != 0) 
 error("Number of images ("&ImageCount&") is not a multiple of the number of channels ("&NumberOfChannels&").") 
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  end() 
 
  if ((ImageCount ~ IN_N_ImageFields) != 0) 
 error("Number of images ("&ImageCount&") is not a multiple of the number of fields ("&IN_N_ImageFields&").") 
  end() 
 
  if ((ImageCount ~ IN_N_ImageStacks) != 0) 
 error("Number of images ("&ImageCount&") is not a multiple of the number of stacks ("&IN_N_ImageStacks&").") 
  end() 
 
 set (ImageFieldCount = IN_N_ImageFields) 
 
  if (ImageFieldcount == 0) 
 error("No sufficient number of images found in the data file. Only "&Imagecount&" images found, but "&NumberOfChannels&" 
needed for an image field") 
  end() 
 
  if (IN_ImageField == 0)   // all images present are analysed 
 set (StartField = 1) 
 set (EndField = ImageFieldCount) 
  else() 
 if (IN_ImageField > ImageFieldCount)       /// Error message if too high Image Field number was chosen 
  error("Please select a smaller field number. There are only "&ImageFieldCount&" image fields in the file, but you 
selected to analyse field "&IN_ImageField&". ") 
 end() 
 if (IN_ImageField < 0)   ////Error message if negative Image Field number was chosen 
  error("Please select a positive image field number.") 
 end() 
 set (StartField = IN_ImageField) 
 set (EndField = IN_ImageField) 
 set (ImageFieldCount=1) 
  end() 
 
 set (ImageStackCount = IN_N_ImageStacks) 
 
  if (ImageStackcount == 0) 
 error("No sufficient number of images found in the data file.") 
  end() 
 
  if (IN_ImageStack == 0)   // all images present are analysed 
 set (StartStack = 1) 
 set (EndStack = ImageStackCount) 
  else() 
 if (IN_ImageStack > ImageStackCount)       /// Error message if too high Image Stack number was chosen 
  error("Please select a smaller stack number. There are only "&ImageStackCount&" image stacks in the file, but you 
selected to analyse stack "&IN_ImageStack&". ") 
 end() 
 if (IN_ImageStack < 0)   ////Error message if negative Image Stack number was chosen 
  error("Please select a positive image stack number.") 
 end() 
 set (StartStack = IN_ImageStack) 
 set (EndStack = IN_ImageStack) 
 set (ImageStackCount=1) 
  end() 
 
  if (NumberOfChannels*IN_N_ImageStacks*IN_N_ImageFields>imagecount) 
 error("Number of channels or stacks or fields too high!") 
  end() 
 
// move images into separate arrays: IM_Field1, IM_Field2... 
set(step=NumberOfChannels*IN_N_ImageStacks) 
set(index=1) 
  Foreach(1 .. ImageCount, "i", step) 
         Foreach(0 .. step-1, "k") 
           push (_["IM_Field"&index], _["image" & i+k]) 
 delete(_["image" & i+k], _["imagefilename" & i+k]) 
         end() 
         set(index=index+1) 
   end() 
 
 
 // BEGIN OF LOOP OVER IMAGE STACKS and FIELDS 
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 set(InvalidFields=0)     //variable for counting of invalid black image fields 
 
Foreach(StartStack .. EndStack, "i") 
 Foreach(StartField .. EndField, "k") 
 
 // Set images 
 set(IM_Sig1 = _["IM_Field"&k][(i-1)*NumberOfChannels+IN_ChanLD-1])    // IN_ChanLD image 
 set(IM_Sig2 = _["IM_Field"&k][(i-1)*NumberOfChannels+IN_ChanFLICA-1])    // IN_ChanFLICA image 
 set(IM_Ref   = _["IM_Field"&k][(i-1)*NumberOfChannels+IN_ChanNuc-1])      // IN_ChanNuc image 
 
 // Counting of invalid (black=unfocussed) fields and termination of evaluation for these  
 if(IM_Sig1.max==0) 
  set(InvalidFields=InvalidFields+1)  // image fields that are invalid due to no signal intensity are added to the number 
of invalid fields 
 else()   // Start of evaluation of valid (not black) image fields 
 
 //  SKRIPT to be analyzed with multifield option 
 
 //   *****LIVE Death assay ****     
 //  DRAQ5 (image3/camera3)=IN_ChanNuc 
 //  Sytoxblue or LIVE/DEATH violet (image1/camera1) = IN_ChanLD 
 //  SR-FLICA (image2/camera2) = IN_ChanFLICA 
 //  Script to count percentage of sytox positive cells  
 
  Nuclei_Detection_a (IM_Ref) 
 
  // calculates half width and full length to determine excentricity 
  CalcWidthLength(objects=nuclei) 
  CalcAttr(half_width_vs_full_length, 2*half_width/full_length) 
 // quantile(dataset=objects.half_width_vs_full_length, alpha=0.5) 
  set(nuclei=objects) 
 
  objectfilter(half_width_vs_full_length<ths_exc) 
  set(OP_HWvsFL=OP_HWvsFL+nuclei.count-objects.count) 
  if(ShowIllustrations) 
   carrypixels(image=IM_Ref, mask=nuclei.border, data=IM_Ref.max) 
   imageview(objects.border,"Round Filter",Image=image,title="round objects are colored white", gamma=2) 
  end() 
  set(objects=nuclei) 
  objectfilter(area>ths_area) 
  set(OP_areaFilter=OP_areaFilter+nuclei.count-objects.count) 
  if(ShowIllustrations) 
   carrypixels(image=IM_Ref, mask=nuclei.border, data=IM_Ref.max) 
   imageview(objects.border,"Area Filter",Image=image,title="small nuclei are colored white", gamma=2) 
  end() 
 
  // adds all channels for better cytoplasm detection 
  set(im1=IM_Sig1) 
  set(im2=IM_Sig2) 
  set(im3=IM_Ref) 
  set(im1.factor=1) 
  set(im2.factor=1) 
  set(im3.factor=1) 
  join(im2, "add", image=im3) 
  join(im1, "add", image=image) 
  set(joined=image) 
 
  cytoplasm_detection_c(image) 
 
  set(objects=wholecells)                                              // copies wholecells into objects 
 
  // ANALYSIS of cells with blue signal (image1/IM_Sig1) 
     CalcIntensity(Image=IM_Sig1)                                   // calculates the intensity of sytox signal in each nucleus 
    thresholdxx(Image=IM_Sig1)                      // calculates a background intensity 
  objectfilter(intensity> ths_LD*backint)                           // subtracts objects with lower blue intensity than threshold 
  set(blue_ths=ths_LD*backint)                                       // gives out the actual threshold taken for subtraction 
  set(blue=objects) 
 
  // IMAGE OUTPUT 
  if(ShowIllustrations) 
    imageview(blue.border, "necrotic cells", image=IM_Sig1, gamma=2, title="cells with low plasma membrane 
integrity") 
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  end() 
  set (objects=wholecells)                                                  // copies wholecells into objects 
 
  // ANALYSIS of cells with orange signal (image2/IM_Sig2) 
  CalcIntensity(Image=IM_Sig2)                                   // calculates the intensity of FLICA signal in each nucleus 
  thresholdxx(image=IM_Sig2)                                     // calculates a background intensity 
  objectfilter(intensity> ths_FLICA*backint)                         // subtracts objects with lower orange intensity 
than threshold 
  set (orange_ths=ths_FLICA*backint)                                  // gives out the actual threshold taken for subtraction 
  set (orange=objects) 
 
  // IMAGE OUTPUT 
  if(ShowIllustrations) 
    imageview(orange.border, "apoptotic cells", image=IM_Sig2, gamma=2, title="apoptotic cells (FLICA signal over 
threshold)") 
  end() 
//  and(blue.body.mask, image=orange.body.mask) 
//  mask2stencil(image) 
//  stencil2objects() 
//  imageview(objects.border, "late apoptotic cells1", image=image3, gamma=2, title="late apoptotic (sytox and FLICA 
signal over threshold)1") 
 
  // ANALYSIS of cells with blue and orange signal (image1 and 2) 
  CalcIntensity(Image=IM_Sig1)                                   // calculates the intensity of sytox signal in each nucleus 
  thresholdxx(Image=IM_Sig1)                       // calculates a background intensity 
  objectfilter(intensity> ths_LD*backint)                      // subtracts objects with lower green intensity than 
threshold 
  set (blue_and_orange=objects) 
 
  // IMAGE OUTPUT 
  if(ShowIllustrations) 
    imageview(blue_and_orange.border, "late apoptotic cells", image=IM_Ref, gamma=2, title="late apoptotic (sytox 
and FLICA signal over threshold)") 
  end() 
  // ANALYSIS of cells without blue and orange signal (image1 and 2) 
  set (objects=wholecells)                                                   // copies nuclei into objects 
  CalcIntensity(Image=IM_Sig1)                                    // calculates the intensity of sytox signal in each nucleus 
  thresholdxx(Image=IM_Sig1)                        // calculates a background intensity 
  objectfilter(intensity< ths_LD*backint)                         // subtracts objects with lower sytox intensity than threshold   
  CalcIntensity(Image=IM_Sig2)                                    // calculates the intensity of FLICA signal in each nucleus 
  thresholdxx(image=IM_Sig2)                                      // calculates a background intensity 
  objectfilter(intensity< ths_FLICA*backint)                      // subtracts objects with lower red intensity than threshold   
  set (no_signal=objects) 
 
                      set(OP_nuclei=OP_nuclei+nuclei.count)     // adds up nuclei for all image fields 
                  set(OP_blue=OP_blue+blue.count)     // adds up blue objects for all image fields 
  set(OP_orange=OP_orange+orange.count)    // adds up orange objects for all image fields 
  set(OP_blue_and_orange=OP_blue_and_orange+blue_and_orange.count)  // adds up blue_and_orange objects for 
all image fields 
  set(OP_no_signal=OP_no_signal+no_signal.count)   // adds up no_signal objects for all image fields 
   
 end()   // end of the analysis of valid image fields 
 end() // end of the for each loop over image fields 
end() // end of the for each loop over image stacks 
 
// FINAL OUTPUT PARAMETERS  
// Number of Valid Image fields is determined 
set(OP_Imagefields = ImageFieldCount) 
set(OP_ValidFields = ImageFieldCount - InvalidFields)  
 
// OUTPUT  
//   *****LIVE Death assay ****     
   
   output(OP_Nuclei, "Total Cell Number") 
 // Counts up all the nuclei from different image fields per well detected by the nuclear detection library A. 
   output(100*OP_orange/OP_Nuclei, "%FLICA") 
 // Gives out the percentage of cells with a FLICA signal over threshold (Backint*FLICA threshold).  FLICA (Fluorochrome inhibitor 
of Caspases) binds covalently to activated caspases and is coupled to sulforhodamine, giving a fluorescent signal at around 600 nm (orange) 
if excited at 532 nm. This number indicates the cells that are apoptotic.   
   output(100*(OP_Nuclei-OP_no_signal)/OP_Nuclei, "%FLICA or LDF") 
 // Gives out the percentage of cells with a FLICA or a LDF signal over threshold. This indicates the cells that are either apoptotic, 
necrotic or both. 
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   output(100*OP_blue_and_orange/OP_Nuclei, "%FLICA and LDF") 
 // Gives out the percentage of cells with a FLICA and a LDF signal over threshold. This indicates the cells that are apoptotic and 
necrotic or in a very late state of apoptosis when cell membrane integrity can be lost.  
   output(100*OP_blue/OP_Nuclei, "%LDF") 
 // Gives out the percentage of cells with a LDF signal over threshold (Backint*Live Dead threshold). LDF (LIVE/DEAD fixable 
violet) is a cell impermeable fluorescent dye (exc:   /em: ) that binds amides. Only cells with low cell membrane integrity are stained 
predominately in the cytoplasm.  
   output(100*OP_HWvsFL/OP_Nuclei, "%Round Nuclei") 
 // Gives out the percentage of nuclei with a higher excentricity than defined by the excentricity threshold.  
   output(100*OP_areaFilter/OP_Nuclei, "%Small Nuclei") 
 // Gives out the percentage of nuclei with a lower nuclear area than defined by 
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15.2 PROFILES FROM COMPOUNDS SELECTED FOR HIT PROFILING 

Figure 32: Profiles from the primary hits. Part 1/3. For figure legend see below.  
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Figure 32: Profiles from the primary hits. Part 2/3. For figure legend see below.  
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Figure 32: Profiles from the primary hits. Part 3/3. Profiles from the 240 primary hits (plus 11 backup compounds) that 
were selected for hit profiling. The profiles are arranged as in Figure 13A, showing data for the different cell lines and 
readouts. First the percentage of FLICA positive cells for NULL then for LKB1 cells, then LDF positive cells for NULL then for 
LKB1 cells, then small nuclei for NULL then for LKB1 cells and finally round nuclei for NULL then for LKB1 cells.  
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15.3 FINAL HIT LIST 

OBJID Structure HIT selectivity 
LKB1/NULL LIBRARY SET SUPPLIER MOLNAME SUPPLIER SUPPLIER ID 

HP-AD005014-A01 

 

A NULL ION-
CHANNEL 

ethyl 5-(5-[2-(1H-benzimidazol-2-
yl)-2-cyanovinyl]-2-furyl)-2-
chlorobenzoate 

SPECS AK-
968/37129181 

HP-AH001164-D10 

 

A NULL DIVERSE 
ISLANDS  ENAMINE T0508-1932 

HP-AH003042-F03 

 

A LKB1 ION-
CHANNEL  ENAMINE T5331719 

HP-AP001002-D09 

 

A LKB1 KNOWN 
DRUGS PYRITHIONE ZINC MICRO-

SOURCE 1500260 

HP-AP001013-B02 

 

A LKB1 KNOWN 
DRUGS CELASTROL MICRO-

SOURCE 201664 

HP-AQ001008-B03 

 

A NULL KNOWN 
DRUGS Simvastatin PRESTWICK 865 

HP-AC002033-E09 

 

B LKB1 DIVERSE 
ISLANDS  MAYBRIDGE JFD 03185 

HP-AL001022-G04 

 

B NULL DIVERSE 
ISLANDS  

INTER-
BIOSCREEN 

STOCK1S-
16720 

HP-AP001006-C04 

 

B LKB1 KNOWN 
DRUGS PHENYLMERCURIC ACETATE MICRO-

SOURCE 1500644 

HP-AP001009-D09 

 

B LKB1 KNOWN 
DRUGS PERHEXILLINE MALEATE MICRO-

SOURCE 1503227 

HP-AD005014-F08 

 

C NULL ION-
CHANNEL 

methyl 2-chloro-5-(5-[2-cyano-2-
(6-methyl-1H-benzimidazol-2-
yl)vinyl]-2-furyl)benzoate 

SPECS AG-
690/37152114 

HP-AH003001-E05 

 

C NULL KINASE  ENAMINE T5269993 

HP-AI003031-A02 

 

C LKB1 ION-
CHANNEL  IFLABS F0806-0283 
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HP-AM001003-F08 

 

C NULL DIVERSE 
ISLANDS  TIMTEC ST002602 

HP-AN003014-B02 

 

C NULL ION-
CHANNEL  VITASMLAB STK201865 

HP-AP001012-G04 

 

C NULL KNOWN 
DRUGS LOVASTATIN MICRO-

SOURCE 1503977 

CS-AI001091-F06 

 

C NULL DIVERSE 
ISLANDS  IFLABS F0336-0348 

HP-AA003103-E02 

 

C NULL KINASE  ASINEX BAS 2171232 

HP-AA004134-C04 

 

C NULL ION-
CHANNEL  ASINEX BAS 00858306 

HP-AA004134-G02 

 

C LKB1 ION-
CHANNEL  ASINEX BAS 02729615 

HP-AD003022-G05 

 

C NULL PROTEIN 
PROTEIN  SPECS AG-

690/40753952 

HP-AD003022-H10 

 

C NULL PROTEIN 
PROTEIN  SPECS AG-

690/40753920 

HP-AD003023-C05 

 

C NULL PROTEIN 
PROTEIN  SPECS AG-

690/40753999 

HP-AD003023-H01 

 

C NULL PROTEIN 
PROTEIN  SPECS AN-

919/40736767 

HP-AD006009-G11 

 

C LKB1 DIVERSE 
ISLANDS 

4,5-dichloro-2-(2-methyl-6-
phenoxy-4-pyrimidinyl)-3(2H)-
pyridazinone 

SPECS AP-
501/42373887 

HP-AH002023-F04 

 

C NULL DIVERSE 
ISLANDS  ENAMINE T0500-8823 
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HP-AH003008-B05 

 

C NULL ION-
CHANNEL  ENAMINE T5250403 

HP-AH003060-F03 

 

C NULL KINASE  ENAMINE T5339203 

HP-AI003026-C11 

 

C LKB1 ION-
CHANNEL  IFLABS F0603-0387 

HP-AL002007-F08 

 

C NULL 
DIVERSE 
ISLANDS 
SEED  

INTER-
BIOSCREEN 

STOCK1S-
10090 

HP-AL003051-E03 

 

C NULL ION-
CHANNEL  

INTER-
BIOSCREEN 

STOCK5S-
24056 

HP-AM002153-C05 

 

C NULL PROTEIN 
PROTEIN  TIMTEC ST026865 

HP-AN002048-H03 

 

C NULL PROTEIN 
PROTEIN  VITASMLAB TRG088085 

HP-AN003010-C04 

 

C LKB1 GPCR  VITASMLAB STK108607 

HP-AN003014-C03 

 

C NULL ION-
CHANNEL  VITASMLAB STK201515 

HP-AN003014-E02 

 

C NULL ION-
CHANNEL  VITASMLAB STK201564 

HP-AP001012-B08 

 

C NULL KNOWN 
DRUGS COMPACTIN MICRO-

SOURCE 1601000 

HP-AR001001-D03 

 

C NULL KINASE  ASDI 100060287 

Table 8: Hit list from 7.1.2.5 Compound validation. ■A=main hits, ■B=minor hits and ■C=potential hits. The selectivity is 
indicated by either NULL if LKB1 negative cells rather die (n=27) or LKB1 if cells containing functional LKB1 are selectively 
killed (n=11).  


