
 

 

Genome-wide cDNA and RNAi screening 

to identify modulators of responses to a 

novel Wnt signalling inhibitor 
 

 

Felicity L. E. Rudge 

 

Supervisor:   Professor Trevor Dale 

 

Cardiff University 

School of Biosciences 

 

Ph.D. Thesis 

 

Submission date:  September 2013 

 

 



 i 

Acknowledgements 

This Ph.D. project has been made possible thanks to the unwavering support of 

an incredible group of family, friends and colleagues, for which I will be forever 

grateful.    

I am indebted to my supervisor, Professor Trevor Dale, for his invaluable 

guidance and input in to my research, and for his continuing encouragement and 

faith especially during the tricky times. 

I would like to thank all members, past and present, of ‘Third Floor East’ for five 

years of support and fun!  In particular, I would like to thank Beth Lloyd-Lewis, 

Jamie Freeman and Ken Ewan for their advice and useful discussions, Gui Jie 

Feng for her guidance, help and constant care (‘When you need it!chocolate!’), 

Claudia for helping me set the world to rights and spurring me on, and Pete 

Watson for his encouragement and humour.    

Ein herzlicher Dank geht auch an das unglaubliche Team TA Oncology, 

Biomolecular Pharmacology Lead Discovery, NCE Technologies, MedChem und 

Compound Distribution von Merck Serono in Darmstadt.  Ich bin sehr dankbar für 

eure Gastfreundschaft, Unterstützung und Geduld während meines Aufenthalts.  

Ein besonderer Dank gilt vor allem Eike Straub für seine Hilfe und Ratschläge bei 

der Datenanalyse, Andree Blaukat, der es mir ermoeglicht hat ein weiteres Mal 

nach Deutschland zu kommen und ausserdem vielen Dank an Dirk Wenke (und 

sein Team) für seine unbezahlbaren Ratschlaege und Ermutigungen.  Very 

special thanks must also go to Dirk, Sharon, Maddy and Tom for being so 

welcoming and providing me with a ‘home-from-home’ during my time in 

Darmstadt. 

Finally, a resounding ‘thank you’ goes to my friends and family.  Massive thanks 

to my friends for always being there with buckets of moral support (even after 

being subjected to hours of science talk).  To Mum and Dad, I don’t know where I 

would be without you, you’re always amazing.  And to Elliott, for having very big 

shoulders and reminding me that tea (and gin) make everything better. 



 ii 

Abstract 

Wnt/!-catenin signalling plays a central role in the regulation of multicelluar 
organism development and in the maintenance of tissue homeostasis in adults.  
Dysregulation of Wnt signalling resulting in aberrant pathway activation is a key 
initiating step in the development of a diverse range of cancers, including 
colorectal cancer, and as such is an important target for therapeutic intervention.  
A novel Wnt pathway inhibitor, ‘MSC’, has been identified as blocking activated 
Wnt signalling, specifically through inhibiting the ability of CDK8 and CDK19 to 
activate nuclear !-catenin/TCF-dependent transcription.  However, despite 
potently inhibiting Wnt-dependent transcription, the ability of MSC to reduce 
cellular viability was limited.  This study aimed to determine genes that whose 
loss operated with MSC to reduce cell survival. 

A whole-genome RNAi chemical sensitisation screen identified 3 genes whose 
depletion in combination with MSC treatment conditionally reduced the viability of 
HCT116 cells in vitro.  The outstanding hit of this screen was Histidyl Aminoacyl 
tRNA Synthetase (HARS).  The identification of this enzyme as an MSC 
‘interactor’ suggested links between Wnt signalling and the regulation of 
translation.  BRAF and MED11 RNAi also conferred conditional sensitivity to 
MSC.  Interestingly, MED11 is a component of the Mediator complex, a 
multiprotein transcription regulatory complex in which CDK8 functions to regulate 
!-catenin/TCF-dependent transcription, suggesting that mediator complex may 
be a key target of MSC action. 

A parallel overexpression screen was initiated to identify novel Wnt pathway 
activators, and subsequently used to map MSC resistance.  Expression of the 
transcription factors GBX1 and HMGB2, determined to be novel regulators of 
TCF-dependent transcription, blocked MSC-mediated disruption of Wnt signalling.  
Overexpression of either gene in a clinical context might therefore be regarded 
as a contra-indication for MSC-class therapies. 

These studies have highlighted potential avenues for broadening the scope of 
MSC activity through the determination of survival and resistance mechanisms, 
thus the rational design of MSC-combination therapies could be of huge clinical 
benefit for the treatment of colorectal cancer. 
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Chapter 1.  Introduction 

1.1 Signalling Pathways 

Cell fate during the development of multicellular organisms is widely regulated by 

cell-cell signalling events.  This signal transduction was first shown by Spemann 

and Mangold who demonstrated that transplantation of selected regions of newt 

embryonic tissue (termed ‘organisers’) into a host embryo resulted in the 

induction of secondary embryonic primordia, suggesting that cell-cell 

communication could be achieved by secreted signals (Spemann and Mangold, 

1924; 2001).  These secreted signals, or ligands, transduce signalling pathways 

that are pivotal in the organisation of embryonic development.  Interestingly, in 

animal systems this cell fate determination is controlled (in the most part) by 

seven key signalling pathways; wingless related (Wnt), hedgehog (Hh), janus 

kinase (JAK)/signal transducer and activator of transcription (STAT), 

transforming growth factor-" (TGF-"), receptor tyrosine kinase (RTK), Notch, and 

nuclear hormone pathways (Barolo and Posakony, 2002; Pires-daSilva and 

Sommer, 2003).  Despite their multiplicity of signal transduction mechanisms and 

the downstream components involved, these seven pathways elicit many of their 

effects through the transcriptional regulation of target genes via conditional (i.e. 

signal-dependent) transcription factors and are employed repeatedly during 

development (Barolo and Posakony, 2002; Pires-daSilva and Sommer, 2003).  

 

1.1.1 The Wnt signalling pathways 

The Wnt ligand family, which comprises 19 secreted Wnt glycoproteins in higher 

vertebrates (Papkoff et al., 1987), act through several extracellular receptors to 

activate discrete intracellular signalling cascades.  As well as having critical roles 

in the early development of an organism, Wnt signalling is also essential to adult 

tissue homeostasis, with its importance in stem-cell self renewal more recently 

identified (Angers and Moon, 2009; Barker et al., 2009; Clevers, 2006).  
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The ability of a subset of Wnt ligands to induce an increase in cytoplasmic beta-

catenin (!-catenin) levels initially lead to their division in to two subgroups: the 

‘canonical’ Wnt/!-catenin (or ‘Wnt-1’) signalling class, and the ‘non-canonical’ !-

catenin independent (or ‘Wnt-5a’) class (McMahon and Moon, 1989; Shimizu et 

al., 1997; Wong et al., 1994).  It has subsequently been determined that although 

several Wnt proteins preferentially activate either Wnt/!-catenin dependent or 

independent signalling, Wnt ligands themselves are not inherently canonical or 

non-canonical, rather that the diverse signalling cascades that these ligands 

trigger are defined by the ligand-receptor complex formed under a given cellular 

context (He et al., 1997; Liu et al., 2005; Tamai et al., 2004).  Frequently Wnt 

signalling is activated by multireceptor complexes including members of the Fz 

family of 7 transmembrane receptors. In total, there are greater than 15 Wnt 

receptors and co-receptors in vertebrates, including 12 Frizzled receptors (Fz) 

(van Amerongen et al., 2008), low-density lipoprotein receptor-related proteins 

5/6 co-receptors (LRP5/6) (He et al., 2004), receptor tyrosine kinase-like orphan 

receptors Ror1/2 (Paganoni et al., 2010) and the receptor tyrosine kinase Ryk 

(Lu et al., 2004). The number of possible combinations of ligand-receptor 

complexes provides an early indication of the intricacy of this signalling 

mechanism (Kikuchi et al., 2009).  Of the multiple Wnt-signalling cascades 

‘encoded’ by these combinations there are three that are most well understood 

(Figure 1): 

1. The canonical Wnt/!-catenin pathway 

This is the best-characterised pathway, and as the focus of this 

investigation it will be described in more detail later.  Briefly, under 

steady-state ‘Wnt-off’ conditions !-catenin is phosphorylated within a 

multi-protein destruction complex by glycogen synthase kinase 3 beta 

(GSK3!), targetting it for proteosomal degradation.  In the presence of 

Wnt, a Wnt-Fz-LRP5/6 receptor complex is formed which recruits and 

inhibits the destruction complex, stabilising !-catenin which 

translocates to the nucleus and activates the T-cell factor/lymphoid 
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enhancer factor (TCF/LEF)-dependent transcription of Wnt-target 

genes.  Physiologically, this pathway is involved in regulating cell fate 

determination and proliferation (Kühl and Kühl, 2012; Rudloff and 

Kemler, 2012). 

 - Figure 1b and Figure 2 

 

2. The planar cell polarity (PCP) pathway 

Wnt-5a and Wnt-11 have been shown to activate the Rac1 and RhoA 

GTPases downstream of dishevelled (mammalian homologues are 

termed Dvl1-3), which subsequently activate mediators Jun-N-terminal 

kinase (JNK) and Rho kinase (ROK) (Fanto and McNeill, 2004).  This 

pathway regulates the alignment of cells within the plane of a tissue 

and is evident in, for example, the uniform arrangement of hairs on the 

fly wing and the coordinated polarisation of hair cells in the 

mammalian ear.  This alignment is also exhibited in larger structures 

including mammalian epidermis hair follicle orientation (Devenport and 

Fuchs, 2008). 

 Significantly, the PCP and Wnt/!-catenin pathways are often 

antagonists of one another, which (in part) occurs through cross-talk at 

the Wnt-receptor level.  For example, the PCP-activating Wnt-5a 

ligand competes with Wnt-3a’s binding to Fz2, inhibiting the formation 

of a Fz/LRP5 ligand-receptor complex thus maintaining Wnt/!-catenin 

signalling in the off state (Sato et al., 2010). 

 - Figure 1a 

 

3. The Wnt/Ca2+ pathway 

Binding of selected Wnt ligands (including Wnt-4, Wnt-5a and Wnt-11) 

to Fz2, 3, 4, 5 and 6, and Ror1/2 receptors triggers the activation of 

heterotrimeric G-proteins, which activate phospholipase C (PLC) and 

leads to the release of intracellularly stored calcium (Blumenthal et al., 

2006; Kuhl et al., 2000; Nishita et al., 2010).  Calcium sensitive 
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enzymes such as Ca2+ and calmodulin-dependent kinase II (CAMKII) 

and protein kinase C (PKC) and the phosphatase calcineurin (Cn) are 

activated, and subsequently activate the transcription factor nuclear 

factor of activated T-cells (NFAT) (De, 2011; Saneyoshi et al., 2002).  

NFAT transcriptionally regulates genes involved in cell fate and cell 

migration (De, 2011).  

  Wnt/Ca2+ signalling is also capable of antagonising the Wnt/!-

catenin response through the phosphorylation of TCF transcription 

factors by Wnt/Ca2+ activated nemo-like kinase (NLK) (Ishitani et al., 

2003). 

 - Figure 1c 

 

However, it is currently unclear precisely how many non-canonical Wnt 

responses exist due to the limited molecular characterisation of !-catenin 

independent molecular endpoints.  Hence, our incomplete understanding of the 

multiple effects elicited by the multiple combinations of ligand-receptor 

complexes means that robust endpoint read-outs, such as TCF-reporter assays 

that are used to characterise the canonical pathway, are lacking (van Amerongen, 

2012).  
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Figure 1 placement. 

Figure 1.  Overview of multiple Wnt signalling pathways 

A. The Planar Cell Polarity Pathway. Signalling via the elements shown alters 
levels of c-Jun dependent transcription. However, non-transcriptional readouts 
including alterations to actin polymerisation drive many of the physiological 
effects. 
B. The ‘canonical’ Wnt "-catenin signalling pathway (see later for details)  
C. The Wnt-Ca2+ pathway. Signalling via the elements shown regulates NFAT 
dependent transcription, but other endpoints likely play a major role in 
physiological responses.  
D. Receptor combinations at the plasma membrane that (in the case of LRP5/6 
and Fz) simultaneously bind to different surfaces of a Wnt ligands leading to the 
formation of a multi-receptor complex. The exact combinations of receptors 
present in the complex are thought to specify the activation of distinct 
downstream pathways (adapted from (Niehrs, 2012)). 
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1.1.1.1  The canonical Wnt/!-catenin pathway  

The focus of this research is the Wnt/!-catenin cascade, and henceforth will 

simply be referred to as the Wnt signalling pathway.  The pathway is comprised 

of proteins whose function in Wnt signalling is conserved across cell types and 

organisms, and form the basis of a ‘core’ minimal pathway required for the 

transcription of Wnt-target genes (Logan and Nusse, 2004).   

At its simplest, Wnt signalling via the interaction of these core components can 

be considered as having two states: ‘Off’ (in the absence of Wnt ligand) and ‘On’ 

(in the presence of Wnt ligand; Figure 2).  In the ‘Off’ state, the TCF-

transcriptional co-activator !-catenin is recruited to a multiprotein ‘destruction’ 

complex by the multidomain scaffold proteins Axin and Adenomatous Polyposis 

Coli (APC).  This facilitates the sequential phosphorylation of essential 

serine/threonine residues by two further destruction complex constituents, 

Casein Kinase 1# (CK1#) and Glycogen Synthase Kinase 3! (GSK3!), targetting 

the phosphorylated !-catenin for degradation by the proteasome (Liu et al., 2002; 

Orford et al., 1997). 

In the ‘On’ state, signalling is initiated by the binding of Wnt ligand to the 

transmembrane receptors LRP5/6 (single-pass receptor) and Fz (seven-

transmembrane receptor).  Dishevelled (Dvl) and Axin bind to the intracellular 

domains of these receptors, preventing the formation of the destruction complex 

and allowing for the accumulation of !-catenin.  !-catenin subsequently 

translocates to the nucleus and binds the transcription factor TCF/LEF to activate 

the transcription of Wnt-target genes (reviewed in (Cadigan and Waterman, 

2012)). 
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Placement for Figure 2. 

Figure 2.   The canonical Wnt/!-catenin Signalling Pathway    

OFF:  In the absence of Wnt ligand, Axin forms a scaffold, binding Adenomatous 
Polyposis Coli (APC) protein, Casein Kinase I# (CK1#), Glycogen Synthase 
Kinase 3! (GSK3"), and !-catenin.  !-catenin is phosphorylated by CK1# and 
GSK3" at the N-terminus, ubiquitinated by "-TrCP (an E3 ubiquitin ligase) and 
targeted for degradation by the proteosome, suppressing transcription.     

ON:  In the presence of Wnt ligand, Frizzled (Fz) and LDL-like receptor protein 
(LRP)5/6  form a co-receptor complex.  LRP5/6 is phosphorylated by CK1$.  
Subsequent phosphorylation of LRP5/6 by GSK3! is mediated through the 
recruitment of Dishevelled (Dvl) to the plasma membrane by Fz, which also 
recruits Axin to LRP5/6. The destruction complex is inactivated, !-catenin 
stabilises and translocates to the nucleus.  Through the displacement of Groucho 
from Lymphoid Enhancer Factor (LEF)/T-cell factor (TCF), a transcriptionally 
active complex is formed and target genes (e.g. Myc and Axin2) are transcribed 
(reproduced with kind permission from (Ewan and Dale, 2008)). 

 

 

 

 

 

 

 

 

 
 
 
 
 

 



Figure 2.  The canonical Wnt/β-catenin signalling pathway   

OFF:  In the absence of Wnt ligand, Axin forms a scaffold, binding Adenomatous Polyposis Coli (APC) 
protein, Casein Kinase Iα (CKIα), Glycogen Synthase Kinase 3β (GSK3β), and β-catenin.  β-catenin 
is phosphorylated by CKIα and GSK3β at the N-terminus, ubiquitinated by β-TrCP (an E3 ubiquitin 
ligase) and targeted for degradation by the proteosome, suppressing transcription.    

ON:  In the presence of Wnt ligand, Frizzled (Fz) and LDL-like receptor protein (LRP)5/6  form a co-
receptor complex.  LRP5/6 is phosphorylated by CKIγ.  Subsequent phosphorylation of LRP5/6 by 
GSK3β is mediated through the recruitment of Dishevelled (Dvl) to the plasma membrane by Fz, which 
also recruits Axin to LRP5/6. The destruction complex is inactivated, β-catenin stabilises and 
translocates to the nucleus.  Through the displacement of Groucho from Lymphoid Enhancer Factor 
(LEF)/T-cell factor (TCF), a transcriptionally active complex is formed and target genes (e.g. Myc and 
Axin2) are transcribed (reproduced with kind permission from (Ewan and Dale, 2008)).
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This simple overview provides a framework that allows the pathway to be 

considered in four stages: 

i. Extracellular Wnt-receptor interactions 

ii. Intracellular receptor signal transduction 

iii.   The !-catenin destruction complex 

iv.   TCF/LEF-mediated transcription 

 

1.1.1.1.1 Extracellular Wnt-receptor interactions 
A defining feature of canonical Wnt signalling is the requirement for the presence 

of both Fz and LRP5/6 receptors (or ‘co-receptors’) in order for TCF-dependent 

transcription to occur.  In vitro it has been demonstrated that a trimeric Wnt-Fz-

LRP5/6 complex forms in the presence of both Wnt-1 and Wnt-3a (using the 

extracellular domains of Fz8 and LRP6 (Bourhis et al., 2011; Tamai et al., 2000)).  

This indicates that Wnt ligands bind to both receptors simultaneously in order to 

form the complex.  In an important advance, Janda et al. (Janda et al., 2012), 

recently determined the structure of XWnt8 in complex with the Wnt binding 

domain (CRD) of Fz.  Interestingly it has also been shown in vitro that LRP6 is 

able to bind two different Wnt proteins concurrently, suggesting that multiple 

combinations within a trimeric or possibly multimeric complex may occur in vivo 

(Chen et al., 2011; Ettenberg et al., 2010; Gong et al., 2010).  

In vivo, levels of Wnt-Fz-LRP5/6 complexes are enhanced by the concentration 

of Wnt ligand at the cell surface by proteoglycans such as Syndecan 1 and Dally 

(Lin and Perrimon, 1999; Perrimon and Bernfield, 2000).  The ligand then binds 

to the cysteine-rich domain (CRD) of Fz and to one of two PE domains of LRP6 

(Ettenberg et al., 2010; Gong et al., 2010; Mao et al., 2001b).  Levels of Fz 

receptor have recently been shown to be regulated by the Lgr5 receptor in 

complex with the ligand R-spondin, thereby altering the level of Wnt pathway 

activation in response to the same level of Wnt ligand (Macdonald and He, 2012). 
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As well as being modulated by activators, Wnt signalling is further regulated by 

evolutionarily conserved inhibitors.  Antagonism at the extracellular receptor level 

is a common feature, with small protein inhibitors often preventing ligand-

receptor interaction. Secreted antagonists include Wnt-inhibitory factor 1 (WIF 1), 

secreted Frizzled-related proteins (sFRPs) and Dickkopf (Dkk) proteins.  WIF 1 

has been shown to bind both canonical and non-canonical Wnts via a ‘WIF 

domain’ (Hsieh et al., 1999), however although this is believed to sequester the 

signal, the precise mechanism of WIF 1-Wnt regulation is not entirely understood 

(Cruciat and Niehrs, 2012).  Similarly, sFRPs prevent binding of Wnt – receptor 

interaction, for which two mechanisms have been proposed.  sFRPs contain a 

CRD which has been suggested to recruit Wnts away from the co-receptors (Lin 

et al., 1997).  A second domain, Netrin-related domain (NTR), was shown to be 

required for optimal Wnt inhibition (using a Wnt reporter assay; (Bhat et al., 

2007)), whilst it has since been shown that the NTR domain alone is capable of 

binding Wnt8 and inhibiting signalling (Lopez-Rios et al., 2008).  A further model 

of sFRP-mediated inhibition via direct binding to Fz should also be considered.  

sFRPs and Fz proteins are able to dimerise through the CRD, hence have the 

potential to inhibit signalling through the formation of non-functional complexes 

(Bafico et al., 1999; Dann et al., 2001; Rodriguez et al., 2005).  Dkks specifically 

inhibit canonical Wnt signalling through high-affinity binding to LRP5/6, forming a 

tertiary complex with a second receptor Kremen1/2 (Mao et al., 2002; 2001a).  

These interactions are mediated through the colipase fold of Dkk, with the 

inhibitory effect imparted by the DKK_N domain (Brott and Sokol, 2002).  

Interestingly, and in contrast to Dkk1 which solely inhibits Wnt signalling, Dkk2 

can act as either an inhibitor or activator of signalling (Brott and Sokol, 2002; 

Mao and Niehrs, 2003). This cellular-context dependent dual-activity may be 

determined by the presence or absence of the Kremen2 receptor; in its absence 

Dkk2 activates signalling (Mao and Niehrs, 2003).  Together, these demonstrate 

that the tight regulation of the Wnt/!-catenin cascade is first evident at the 

extracellular level. 



 10 

1.1.1.1.2  Intracellular receptor signal transduction 
Extracellular cues are translated intracellularly by means of receptor 

phosphorylation events and subsequently the engagement of cytoplasmic 

components, of which Dvl and Axin have key roles in controlling downstream 

signal transduction.  

Present within the cytoplasmic region of LRP5/6 are five conserved PPPSPxS 

motifs.  These motifs are dually phosphorylated by GSK3! in the presence of 

Wnt, providing the docking site for Axin (Tamai et al., 2004; Zeng et al., 2005).  

Significantly it has been demonstrated that only a single motif is sufficient for 

signal transduction, and mutation of the S residue in all motifs results in total 

signal ablation (Swiatek et al., 2006; Tamai et al., 2004).   

The LRP5/6 PPPSP motif is initially phosphorylated by GSK3!, priming the xS 

residue for phosphorylation by membrane-associated CK1$ (Davidson et al., 

2005; Zeng et al., 2005).  Phosphorylation by GSK3 is dependent on Fz-LRP5/6 

interaction, and conditionally occurs following Wnt-induced Dvl recruitment to the 

membrane by Fz.  Dvl binds to the cytoplasmic portion of Fz via its PDZ 

(Postsynaptic density 95, discs large, zona occludens-1 domain (Wong et al., 

2003)), with recent evidence suggesting that this is further facilitated by the 

binding of the DEP (Dishevelled, Egl-10, Pleckstrin) domain to both Fz and 

potentially phospholipids within the plasma membrane (Simons et al., 2009; 

Tauriello et al., 2012).  It has been postulated that this in turn directly recruits 

Axin to the membrane (through the oligomerisation of Dvl-Axin at their DIX/DAX 

domains), initiating the phosphorylation of LRP5/6 by the Axin-tethered GSK3 

(Zeng et al., 2008).   

Three models have been proposed regarding the mechanism of signal 

transduction from this point.  The first is the ‘Initiation-Amplification model’, 

whereby the priming of LRP5/6 for Axin binding in this way may create a ‘feed-

forward loop’ that promotes and enhances further Axin recruitment (MacDonald 

et al., 2008; Zeng et al., 2008).  Evidence that LRP5/6 minimally requires four 
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phosphorylated PPPSPxS motifs to produce a semi-transduction competent 

receptor suggests that the phosphorylation of these motifs is dependent on 

having functional neighbour motifs, and that this phosphorylation is essential for 

achieving maximal Axin recruitment (MacDonald et al., 2008; Zeng et al., 2008).  

A second hypothesis generated from similar evidence is that ‘LRP5/6 

Signalosomes’ form.  Based on the observation that Wnt ligands induce LRP6 

aggregation and that Dvl DIX-DIX polymerisation is required for adequate 

phosphorylation of these large aggregates, this large complex could then recruit 

high levels of Axin (leading the inactivation of "-catenin turnover) through DIX-

DAX interaction, hence potentiating the Wnt signal (Bilic et al., 2007; Schwarz-

Romond et al., 2007).  The third model proposes that ‘Endosomal Signalling’ 

vesicles are formed as a consequence of Wnt-driven caveolin recruitment to 

LRP6 (Yamamoto et al., 2006).  Caveolin-LRP6 binding enables phosphorylated 

LRP6 to recruit Axin, and subsequently ‘signalosomes’ are formed by caveolin-

mediated endocytosis.  Regardless of which of these models is determined to be 

correct, the ultimate outcome is that Axin membrane-recruitment occurs and that 

"-catenin turnover activity is suppressed and/or "-catenin turnover complex 

components are targeted for degradation (Macdonald and He, 2012; Mao et al., 

2001a; Tolwinski et al., 2003).  This prevents destruction complex formation and 

allows for the accumulation of !-catenin. 

 

1.1.1.1.3  The !-catenin destruction complex 

In order to understand Wnt-initiated !-catenin accumulation in the cytoplasm, it is 

important to first consider how !-catenin is regulated in the absence of Wnt 

ligand.  When Wnt stimulation is lacking cytoplasmic !-catenin is phosphorylated 

and subsequently targetted for degradation by a large multi-protein complex; the 

‘!-catenin destruction complex’.  This complex consists of several core 

components (in addition to !-catenin); scaffold proteins Axin and APC, 

serine/threonine kinases GSK3! and CK1#, and upon !-catenin phosphorylation 

the F-box containing E3-ubiquitin ligase !-TrCP is recruited.  The complex is 
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likely to involve additional proteins that are dynamically recruited/engaged, 

however complete understanding of the intricacy of the machinery remains 

elusive (Stamos and Weis, 2013). 

In the absence of Wnt signalling, free Axin is able to act as a central scaffold for 

the assembly of the destruction complex components.  CK1#, GSK3! and !-

catenin bind to sites in the centre of Axin, such that the kinases are in close 

proximity to their !-catenin substrate.  The stability provided by this scaffold 

greatly enhances CK1# phosphorylation of !-catenin at Serine45 (Amit, 2002; 

Dajani et al., 2003; Liu et al., 2002), priming it for further phosphorylation by 

GSK3! at conserved N-terminal Ser33 and Ser37 residues (Hagen et al., 2002; 

Liu et al., 2002).  This creates the conserved !-TrCP binding site, which in a 

complex with Skp1/Cullin forms the SCF that ubiquitinates and targets !-catenin 

to the proteosome, triggering its proteolytic degradation (Hart et al., 1999; Orford 

et al., 1997). Additionally, the scaffold APC binds to Axin’s RGS (regulator of G-

protein signalling homology) domain where it is phosphorylated by CK1# and 

GSK3! at seven 20-mer repeats, resulting in a ~1500 fold increase in its affinity 

for !-catenin (Ha et al., 2004; Liu et al., 2006).  Not only does this act to further 

stabilise the complex, it is also postulated to shield !-catenin from 

dephosphorylation by Protein Phosphatase 2A (PP2A), ensuring that Wnt/!-

catenin signalling remains sequestered (Su et al., 2008). 

What is also not entirely clear is how Wnt-dependent LRP6 phosphorylation 

prevents !-catenin phosphorylation.  As briefly discussed in the previous section, 

it is thought that Dvl recruits Axin away from the destruction complex.  It was 

originally proposed that this resulted in dissociation of !-catenin and GSK3! from 

Axin, causing Axin hypophosphorylation and hence removing the !-catenin 

binding sites (Kimelman and Xu, 2006).  Axin inactivation (or degradation) may 

also be enhanced by the Wnt-induced dissociation of APC from the destruction 

complex causing subsequent inhibition of GSK3! activity (Valvezan et al., 2012).  

However, the decrease in Axin activity and/or levels has been shown to lag 
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behind that of !-catenin accumulation, hence other mechanisms of destruction 

complex disruption must also be required for this process (Willert et al., 1999; 

Yamamoto, 1999).  More recently it has been discovered that LRP6 

phosphorylation (at the PPPSPxS motifs) results in the direct binding to and 

inhibition of GSK3! catalytic activity. This suggests that that Axin recruitment to 

the plasma membrane via Dvl leads to the phosphor-dependent PPPSP-

inactivation of GSK3! activity and therefore "-catenin degradation (Cselenyi et 

al., 2008; Wu et al., 2009; Zeng et al., 2005).    

Despite the uncertainty surrounding the mechanism of destruction complex 

disruption, it is evident that Wnt-receptor complex formation inhibits !-catenin 

phosphorylation, allowing it to accumulate. The raised levels of "-catenin 

associate with binding partners throughout the cell and accumulate in the 

nucleus in a process that is thought to be primarily driven by the concentration of 

binding partners in the nucleus (Lloyd-Lewis, 2011).  

 

1.1.1.1.4  TCF/LEF-mediated transcription 

Following translocation to the nucleus, !-catenin associates with the TCF/LEF 

transcription factor family, activating transcription of Wnt-target genes.  Target 

genes contain a binding sequence called the Wnt Response Element (WRE) 

which is recognised and bound by the High Mobility Group (HMG) domain of 

TCF/LEF (van Beest et al., 2000; van de Wetering and Clevers, 1992).   

In the absence of !-catenin, TCF/LEFs repress gene transcription by forming a 

complex with co-repressors including hydrogen peroxide-inducible clone (HIC5; 

(Ghogomu et al., 2006)) and myeloid translocation gene families (MTG; (Moore 

et al., 2008)), however the most well characterised is the Groucho/Transducin-

like enhancer of split (Gro/TLE) family (Cavallo et al., 1998; Roose et al., 1998).  

Gro/TLE binds to the central region of TCF/LEF (Groucho binding sequence; 

GBS) and co-represses target genes in part by regulating histone modifications 

through the binding of histone deacetylases (HDACs; (Chen et al., 1999)).   
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!-catenin-TCF/LEF transcription activation is thought to occur in two ways.  The 

simplest model is that following stabilisation and nuclear translocation of !-

catenin, it displaces the Grouch/TLE co-repressor and recruits other proteins to 

form a transcriptionally active complex (Daniels and Weis, 2005).  Alternatively, a 

‘transcriptional switch’ may mediate transcriptional activation.  In vertebrates four 

TCF/LEF isoforms exist: TCF1, LEF1, TCF3, TCF4.  In the absence of Wnt 

signals it has been shown that TCF3 acts as a repressor (in most cases), which 

can be phosphorylated following Wnt signalling (e.g. by homeodomain-interacting 

protein kinase 2; HIPK2), causing TCF3 to dissociate from the WRE (Cole et al., 

2008; Kim et al., 2000; Merrill et al., 2004).  TCF3 is then replaced by one of the 

alternative TCF/LEF isoforms (bound to !-catenin), hence a switch occurs from 

an inactive to active complex.  Interestingly it has been demonstrated that LEF1 

most commonly activates genes upon recruitment (Kratochwil et al., 2002; Reya 

et al., 2000), whereas TCF1 and TCF4 can apparently serves as both co-

activators and co-inhibitors dependent on the cellular context in which they are 

involved (Galceran et al., 1999; Korinek et al., 1998; Roose et al., 1999; Tang et 

al., 2008). 

In either case, !-catenin’s N-terminal transactivation domain binds Bcl9, which in 

turn recruits Pygopus (Pygo1/2, (Kramps et al., 2002)).  The plant homeodomain 

(PHD) of Pygo binds methylated Histone 3, bridging the Wnt target gene’s WRE 

with the proximal promoter (Fiedler et al., 2008).  Interestingly, Pygo has also 

been demonstrated to interact with RNA polymerase II transcriptional regulatory 

complexes including Mediator via the Med12/13 and the TFIID subunit TAF4, 

again linking the !-catenin-TCF/LEF complex directly to transcriptional activation 

(Carrera et al., 2008; Wright and Tjian, 2009).    

It is clear that Wnt/!-catenin signalling actually extends far beyond the simplicity 

of the ‘core’ signalling pathway components.  In fact, Wnt-transcriptional 

regulation is dependent on many proteins interacting in a vast range of 

complexes, with these interactions varying in their nature depending on the 

cellular/system context.  In many ways, the pathway may best be regarded as a 
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network; a concept that has important implication for the design of therapeutic 

inhibitors (see later; (Kestler and Kuhl, 2008)). 

 

1.1.1.2 Wnt signalling in development, homeostasis and tumourigenesis 

Over the last 30 years Wnt signalling has been highlighted as a key pathway 

across all animal species studied, with its activity ranging from the regulation of 

cell fate and the establishment of tissue polarity in embryonic development, to 

the maintenance of stem cell populations and the control of cell proliferation in 

adult tissues (Clevers, 2006; van Amerongen and Nusse, 2009). 

Dissection of the Wnt pathway in ‘model organisms’ has provided much of our 

understanding of its activity.  In Drosophila melanogaster Wnt/Wg (Wingless; the 

Drosophila Wnt equivalent) signalling is required for the patterning of the 

embryonic wing epidermis (Bejsovec and Arias, 1991), whilst in the wing imaginal 

disc it functions as a morphogen, determining cell fate in a concentration-

dependent manner (Neumann and Cohen, 1996; Zecca et al., 1996).  Its role in 

vertebrate axis specification was first identified in Xenopus laevis (McMahon and 

Moon, 1989), and genetically engineered murine systems continue to provide a 

wealth of knowledge spanning  mammalian embryogenesis, development and 

adult tissue homeostasis (Wang et al., 2012).      

Having such vast developmental and homeostatic implications means that hyper- 

or hypo-activation of Wnt signalling can have detrimental effects.  Increased Wnt 

signalling is implicated in the progression of multiple cancers (Figure 3), whilst 

decreased signalling has been linked to Alzheimer’s Disease (AD) and bone 

formation disorders (De Ferrari and Moon, 2006; Hoeppner et al., 2009).  In the 

case of cancer, activation of Wnt signalling in the absence of ligand is the 

principal mechanism of that drives disease progression.  In the early stages of 

Wnt research it was discovered that the Apc gene harbours an inactivating 

mutation in ~85% of colorectal cancers, constitutively activating Wnt-target gene 

transcription (Kinzler et al., 1991; Nishisho et al., 1991; Su et al., 1993).   
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Although dysregulation frequently occurs when a ‘core’ member of the pathway is 

mutated and causes constitutive activation of the pathway (as with Apc), 

epigenetic silencing of genes encoding Wnt inhibitors also potentiates cancer 

progression, for example Dkk1 and sFRP1 have both been shown to be 

inactivated in colorectal cancer (Aguilera et al., 2006; Caldwell et al., 2004).  The 

tumourigenic effect of this aberrant signalling has been a driving force behind 

much of the research conducted on the Wnt cascade, with a significant focus on 

the identification of pathway-targeted therapeutics for the treatment of cancer.  

As this project principally focuses on the effects of Wnt inhibitors on colorectal 

cancers, the role of Wnt signalling in the intestine will now be discussed. 
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Figure 3 placement 

Figure 3. Wnt signalling is dysregulated in multiple cancers 

The incidence of the 20 most common cancers diagnosed in 2010 (UK only; 
excluding non-melanoma skin cancer).  * indicates cancers with known links to 
Wnt signalling (adapted from (CRUK)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3.  Wnt signalling is dysregulated in multiple cancers

The incidence of the 20 most common cancers diagnosed in 2010 (UK only; excluding non-
melanoma skin cancer.  Adapted from (CRUK)).  * indicates cancers with known links to Wnt 
signalling.
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1.1.1.2.1  Wnt signalling in the intestine 

1.1.1.2.1.1  Intestinal homeostasis 
The mammalian intestinal wall comprises three layers; an outer layer of smooth 

muscle cells, a middle layer of connective tissue containing lymphatic 

vasculature, and an inner lining of a single-cell thick epithelium.  The small 

intestine is responsible for nutrient absorption, and hence the epithelium is 

arranged into two functionally distinct structures in order to maximise its 

absorbance efficiency; the absorbing villus and proliferative crypt.  The finger-like 

luminal villi protrusions are composed of multiple differentiated cells (enterocytes, 

goblet, enteroendocrine and tuft cells (Gerbe et al., 2011; Pinto and Clevers, 

2005a)), whilst the glandular crypt invaginations contain undifferentiated stem 

and progenitor cell populations (Pinto and Clevers, 2005a).  The large intestine 

(or colon) also contains sub-mucosal crypts, however as this predominantly 

functions to absorb water it has a flat luminal epithelium as opposed to villi 

(Schepers and Clevers, 2012).   

Intestinal epithelium undergoes rapid renewal, with proliferative cells in the crypt 

driving differentiated cell turnover in the villus.  Multipotent intestinal stem cells 

anchored at the base of the crypt divide approximately once per day, which 

generates a population of transit-amplifying (TA) cells (Barker et al., 2007).  The 

TA cells divide rapidly (every 12-16 hours), and the non-proliferative daughter 

cells migrate up the villus where they differentiate into the functional cell 

subtypes and continue their migration towards the villus’ apex (Figure 4).  These 

cells themselves are eventually lost, undergoing apoptosis before being shed into 

the lumen (Pinto and Clevers, 2005a).  Interestingly, within this daughter 

population in the small intestine a subset of cells differentiate into Paneth cells 

(Pinto and Clevers, 2005b).  Paneth cells migrate towards the bottom of the crypt 

where they actively secrete Wnt ligands that help to maintain neighbouring 

intestinal stem cells. They are also thought to moderate microbial ecology 

through the secretion of lysozyme and antimicrobial peptides (Bjerknes and 
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Cheng, 1981a; 1981b; Pinto and Clevers, 2005b).  Less is known about the 

source of Wnt ligands in the colon crypt. 
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Figure 4 Placement 

Figure 4a&b.  Wnt signalling in the intestinal crypt/villus 

Intestinal epithelial stem cells (pink) are located at the bottom of the crypt and are 
maintained in part by Wnt signalling from neighbouring Paneth cells (orange). 
Once the progeny of the stem cells migrate beyond the high concentration of Wnt 
ligand at the base of the crypt, they continue to proliferate as transit amplifying 
cells (TA cells; blue), before differentiating to cell types including absorbative 
enterocytes and secretory goblet cells (yellow).  Adapted from (Radtke and 
Clevers, 2005). 
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Wnt signalling is critical for the maintenance of this homeostasis within the self-

renewing crypt.  This was first discovered in TCF4 knockout mice where there 

was an absence of inter-villi crypts in the small intestine, identifying a key role for 

Wnt signalling in the maintenance of the crypt progenitor regions (Korinek et al., 

1998).  However it is evident that cell-fate determination is also Wnt signal-

dependent.  The TCF4-/- mice lacked enterendocrine cells, whilst the villi of mice 

with inactivated APC became repopulated by crypt-like cells that were unable to 

migrate or differentiate (Korinek et al., 1998; Sansom et al., 2004).  Significantly, 

nuclear !-catenin levels were highest in cells at the bottom of the crypt, with a 

gradient in signalling (inferred though the gradual decrease in expression of Wnt 

target genes) towards the lumen (Batlle et al., 2002; Kongkanuntn et al., 1999; 

Kosinski et al., 2007; van de Wetering et al., 2002).  More recent studies have 

suggested that high levels of Wnt signalling in the intestine specify a stem cell 

fate, as identified by a well characterised panel of stem cell markers and a 

relatively low rate of proliferation.  By contrast, lower levels of Wnt signalling 

were shown to drive the proliferation of transit amplifying cells (TA cells); cells 

that express c-Myc and cycle rapidly (Hirata et al., 2013).  These findings 

highlight the essential role of Wnt/!-catenin signalling for the maintenance of 

cells in an undifferentiated and proliferative state in intestinal homeostasis.   

 

1.1.1.2.1.2  Colorectal cancer 
One of the earliest links between Wnt signalling and colorectal cancer was 

identified in patients with familial adenomatous polyposis (FAP) who harbour 

hereditary loss-of-function mutations in one Apc allele, with polyps developing by 

loss of heterozygosity (LOH) (Groden et al., 1991; Joslyn et al., 1991; Kinzler et 

al., 1991; Nishisho et al., 1991).  It was subsequently shown that APC bound to 

"-catenin and regulated "-catenin degradation (Rubinfeld et al., 1993).  FAP 

patient colon polyps are benign however progression into adenocarcinoma 

occurs with the accumulation of further mutations such as activation of Ras or 

inactivation of the tumour suppressors PTEN and p53 (Fodde et al., 2001; 
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Janssen et al., 2006; Marsh et al., 2008).  It has since been identified that the 

majority of sporadic colorectal cancers carry somatic mutations in Apc with the 

remainder of tumours often carrying activating mutations in !-catenin or Axin2 

(Kinzler and Vogelstein, 1996; Liu et al., 2000; Morin et al., 1997), though it is 

evident that the neoplastic transformation of tissue induced by this overactive 

signalling event is insufficient to drive tumour progression. 

Colorectal cancer has been studied in several mouse models, with the first 

created and now most widely used being the ApcMin (Multiple intestinal neoplasia) 

mouse (Moser et al., 1990).  Generated using random mutagenesis, the ApcMin 

mice harbour a nonsense mutation in an allele of Apc.  Similarly to patients with 

FAP the mice develop multiple polyps which become tumourigenic following LOH, 

although conversely to the colon polyps and tumours of FAP patients these 

predominantly arise in the small intestine.  Other models have since been 

generated using gene targetting, with the aim of phenotypically recapitulating 

colorectal cancers more closely.  Of particular interest are the adult systems in 

which conditional bi-allelic truncation or deletion of Apc can be induced in 

colorectal epithelium (Sansom et al., 2004; Shibata et al., 1997).  Within days all 

cells of the epithelium acquire a progenitor-like phenotype.  Interestingly c-Myc (a 

Wnt target gene (He et al., 1998)) must be intact for tumourigenesis to occur, and 

its knockdown is able to rescue the targeted Apc phenotype (Sansom et al., 

2007).  Together these results suggest that not only is Wnt signalling critical for 

the regulation of intestinal homeostasis, it’s dysregulation and resulting 

constitutive activation drives polyp formation, ultimately prolonging the 

transcription of Wnt target genes that in turn drive polyp transformation into 

adenomas.    

 

1.1.1.3  Colorectal cancer therapeutics 

Over the past few years Wnt signalling has become a major focus for drug 

discovery as mechanisms leading to its dysregulation have been uncovered.  
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Although aberrant Wnt signalling in colorectal cancer would appear to be an ideal 

target for therapeutic intervention, the complexity of the pathway (e.g. numerous 

ligand-receptor combinations), its normal function in tissue homeostasis, and the 

lack of easily ‘druggable’ targets (i.e. a suitable Wnt-specific enzyme), means 

that the development of Wnt-inhibiting therapeutics has proved difficult.  This 

picture is further complicated by the fact that ‘core’ Wnt components often have 

other roles outside Wnt signalling (e.g. !-catenin is involved in cell-cell adhesion 

junctions) and that dysregulation of the pathway (both up and down regulation) is 

also involved in the progression of a panel of diseases.  Together these 

limitations mean that it is difficult to predict potential side-effects of Wnt inhibitors. 

Despite this, novel information regarding the mechanistic details of Wnt signalling 

is driving the development of new targetted therapeutic agents (Lian et al., 2012; 

Merrill, 2012).  The role of some of these inhibitors under development for the 

treatment of colorectal cancer will now be discussed (see Appendix 1 for 

comprehensive list of canonical Wnt pathway inhibitors).  

   

1.1.1.3.1  Wnt-targetting colorectal cancer therapeutics 
A key point to emphasise before discussing the details of anti-colorectal cancer 

therapeutics is that inhibitors that block Wnt signalling upstream of mutated APC 

or "-catenin can be considered as potential anti-colorectal cancer therapeutics 

since the pathway does not behave as a digital switch in which the pathway is 

either ON or OFF (despite the simple version illustrated in Figure 2).  In reality, 

the activated levels of "-catenin/TCF-dependent transcription can be modulated 

by the expression of multiple other components.  For example, the extracellular 

Wnt inhibitor Dkk1 is one of the most commonly inactivated molecules linked to 

Wnt signalling (Aguilera et al., 2006), but functions at the level of Wnt ligand 

binding.  For ease of discussion, therapeutics are considered below as if they 

target distinct ‘levels’ of the pathway (where this has been demonstrated).  A 

unified consideration of how therapeutics can be used to ‘target a Wnt network’ 

follows. 
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1.1.1.3.1.1  Extracellular-targetted therapies 
The most upstream approach to the inhibition of Wnt signalling has been the 

prevention of Wnt ligand secretion and receptor binding.  Anti-Wnt antibodies and 

Wnt binding proteins titrate Wnt ligands and have been used as biological 

therapeutics (Cruciat and Niehrs, 2012).  One of the most advanced ‘Wnt-titration’ 

therapeutics is a soluble Fz8 CRD fused to a humanized immunoglobulin Fc 

domain (F8CRDhFc). This reagent was initially shown to be effective against 

teratocarcinomas and MMTV-Wnt-1 driven breast cancer (DeAlmeida et al., 

2007; Liu et al., 2012) and has now been developed (as OMP-54F28) for phase 

1 clinical trials against a range of solid tumours.  

A number of biological agents have been developed that inhibit Wnts binding to 

Frizzled and LRP5/6 receptors. One of the furthest developed is an antibody 

(OMP-18R5) that binds 5/10 Fz receptors (Fz-1,2,5,7,8) and is active as a single 

agent against a subset of colon, breast, pancreatic and lung cancers (Gurney et 

al., 2012).  This antibody, now known as Vantictumab, entered phase 1 clinical 

trials in 2011.  

There is huge potential for the further development of extracellular biological Wnt 

pathway modulators that could be guided by the recent structural 

characterisation of Wnt, LRP and Frizzled interactions. Definition of the ligand 

binding specificity of further Wnt receptors (e.g. LRP5, Ror, Ryk) and inhibitor 

binding domains (e.g. sFRP, WIF and Dkk) should offer additional opportunities 

to target distinct Wnt subsets and explain some currently unpredictable effects of 

reagents, such as the enhancement of Wnt signalling by Dkk2 and sFRP2 in a 

subset of cellular contexts (Cruciat and Niehrs, 2012; Marschall and Fisher, 

2010).  
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1.1.1.3.1.2  Cytoplasm-targetted therapies 
The antihelmitic compound niclosamide was identified as a Wnt signalling 

inhibitor in a cell imaging-based assay for Fz1 endocytosis (Chen et al., 2009), 

and was shown to reduce Fz and LRP6 levels together with TCF-dependent 

transcription (Lu et al., 2011).  Niclosamide inhibited the growth of colorectal and 

ovarian tumours in both preventative and therapeutic settings in vivo (Osada et 

al., 2011; Yo et al., 2012).  

By binding !%catenin, CK1# and GSK3!, Axin acts as a scaffold that enhances 

!%catenin phosphorylation and ubiquitin-dependent degradation (Clevers and 

Nusse, 2012).  An inhibitor of tankyrase, XAV939, was identified in a cell-based 

screen for repressors of TCF-dependent transcription (Huang et al., 2009b).  

TNKS1 and TNKS2 ADP-ribosylate Axin, marking it for ubiquitylation by the 

RNF146 E3 ubiquitin-ligase.  The increased Axin levels resulting from tankyrase 

inhibition enhance !%catenin degradation (Riffell et al., 2012).  XAV939 reduced 

colorectal (and breast cancer) cell growth under conditions of low serum, and 

reduced rates of adenoma formation in the mouse intestine following APC 

deletion (Casas-Selves et al., 2012).  

In a biochemical screen for regulators of !%catenin stability another antihelmitic 

compound, pyrvinium, was identified as a pan-CK1 binding molecule that showed 

selective allosteric activation of purified CK1# (Thorne et al., 2010).  However, 

recent biochemical studies have suggested that pyrvinium may not function by 

binding CK1, but instead functions through an AKT-dependent mechanism 

leading to GSK3 activation (Venerando et al., 2013).  In addition to promoting 

!%catenin turnover, pyrvinium promoted Axin stability and the degradation of 

Pygo.  Significantly it has been shown that pyrvinium inhibits the growth of colon 

cancer cells in vitro, demonstrating its potential as a colorectal cancer therapeutic 

(Saraswati et al., 2010). 

 



 26 

1.1.1.3.1.3  Nuclear-targetted therapies 

One of the most direct approaches to interfere with !%catenin/TCF-dependent 

transcription is to block the interaction between !%catenin and TCF-transcription 

factors.  Lepourcelet et al., identified natural products that blocked !%catenin’s 

binding to TCF in biochemical assays and colon cancer cell proliferation in vitro 

(Lepourcelet et al., 2004).  In silico virtual screening for compounds that bound 

the TCF-binding surface of "$catenin identified two small molecules, NU-74654 

and BC21 (Tian et al., 2012; Trosset et al., 2006).  BC21 prevented TCF binding, 

TCF-dependent transcription and colorectal cancer growth in cell culture. 

Structure-based modeling was also central to the design of ‘stapled’ alpha helical 

peptides that blocked !%catenin’s interactions with TCF4 or Bcl9, a 

transcriptional co-activator (Grossmann et al., 2012; Kawamoto et al., 2012).  In 

this technically challenging approach, cross-linking ‘staples’ were used to 

stabilize and increase the "$catenin affinity of short alpha-helical peptides 

derived from Axin (fStAx-35) and Bcl9.  fStAx-35 blocked TCF-dependent 

transcription without altering levels of !%catenin and inhibited proliferation of 

colorectal cancer cells at 10-20µM concentrations.  

Cell-based screening for inhibitors of TCF-dependent transcription (induced by 

siRNA mediated depletion of Axin) identified a series of oxazole ligands (iCRT3, 

5,14) that bound !%catenin, blocking its interaction with TCF4.  These 

compounds increased colorectal cancer cell cycle arrest in the G1/S phase 

(Gonsalves et al., 2011).  The natural product carnosic acid was identified in a 

biochemical screen for inhibitors of the !%catenin/Bcl9 interaction and was shown 

to inhibit Wnt-target gene expression in colorectal cancer cells (la Roche et al., 

2012).  

Once !%catenin has formed a complex with DNA-bound TCF factors, it activates 

transcription through the recruitment of a range of co-activating factors (reviewed 

in (Cadigan and Waterman, 2012)).  The C-terminal transactivation domain of 

!%catenin interacts with the histone acetyl-transferase CBP, contributing to 

changes in histone H3 and H4 modification and chromatin structure.  In a cell 
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based screen, Emami et al. identified ICG-001 as an inhibitor of !%catenin/TCF-

dependent transcription and showed it bound CBP and blocked the 

!%catenin:CBP interaction (Emami et al., 2004).  Two related inhibitors (PRI-724 

and CWP232291) have entered phase I clinical studies for the treatment of 

advanced solid tumours and AML (Garber, 2009).  In addition to inhibiting the 

growth of intestinal tumours in APC-mutant min mice, ICG-001 reduced 

idiopathic pulmonary fibrosis (Henderson et al., 2010).  

One of the key links between the !%catenin/TCF/DNA complex and 

transcriptional initiation/extension by RNA polymerase II is the multiprotein 

mediator complex (Xu and Ji, 2011).  !%catenin binds to Med12 within the 

mediator ‘kinase module’ that comprises CDK8, cyclin C, Med12 and Med13.  

!%catenin is also linked to the kinase module via the !%catenin co-activators, 

Bcl9 and Pygo which in turn bind Med12 and Med13 (Carrera et al., 2008).  

CDK8 is amplified in a subset of colorectal, ovarian and breast and has been 

shown to be required for colorectal tumour growth in vivo and for the 

maintenance of an undifferentiated state (Adler et al., 2012; Firestein et al., 2008).  

CDK8 phosphorylates a number of nuclear targets including the C-terminus of 

RNA polymerase II.  CDK8 also activates TCF-dependent transcription through 

the inhibitory phosphorylation of E2F1, interfering with E2F1’s ability to repress 

!%catenin/TCF-dependent transcription (Morris et al., 2008; Zhao et al., 2012).  

Compounds that target CDK8 are under development by Selvita (Sel-120) and 

were identified indirectly in a cell-based screen for inhibitors of p21-induced 

transcription (Senexin A; (Porter et al., 2012)).   Senexin A blocked 

!%catenin/TCF-dependent transcription in colon cancer cells and co-operated 

with the chemotherapeutic doxorubicin in preventing lung cancer growth. 
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1.1.1.3.1.4  Multi-level / undefined mechanisms 

Cell-based screening for small molecule regulators of !%catenin/TCF-dependent 

transcription identified a number of additional pathway regulators without 

characterizing their molecular targets.  Two groups identified inhibitors, 

CCT031374 and KY02111, which reduced levels of !%catenin and TCF-

dependent transcription, even in the presence of inhibitors of GSK3 (Ewan et al., 

2010; Minami et al., 2012).  The therapeutic potential of targetting alternative !-

catenin degradation pathways was further supported by the finding that 

Hexachlorophene promoted !-catenin degradation through a Siah1/APC 

dependent, but GSK3–independent pathway (Park et al., 2006).  A series of 

diaminoquinazolines inhibited transcription at an undefined level in colon cancer 

cells (Mao et al., 2012).  Furthermore, both the diterpenoid NC043 and the Fe2+ 

binding compound HQBA blocked signalling downstream of !%catenin 

accumulation and inhibited tumour growth in vivo (Coombs et al., 2011; Wang et 

al., 2011).  Interestingly, reducing luminal iron levels in the gut was also shown to 

lower rates of tumourigenesis in an APC mutant mouse model (Radulescu et al., 

2012).  

Many small molecule inhibitors of non-Wnt pathway components have been 

shown to interfere with !-catenin/TCF-dependent transcription in specific cellular 

contexts (e.g. Src, PKA, PI3K; reviewed in (Voronkov and Krauss, 2012)).  On a 

conceptual level, this raises a question as to what should be considered a ‘Wnt-

inhibitor’; particularly as some responses may be secondary to cellular 

transcription changes induced by primary alterations to the function of ‘non-Wnt’ 

pathways.  Nonetheless, mechanistic details support direct action on the Wnt 

pathway for some compound classes. 
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1.1.1.3.1.4.1  Non-steroidal anti-inflammatory drugs (NSAIDS)  
NSAIDS including sulindac, aspirin and celecoxib have been used in the clinic to 

prevent colon cancer and are thought to act in part by inhibiting cyclooxygenase 

enzymes (COX) leading to a reduction in the levels of the bioactive lipid 

prostaglandin E2 (PGE2; (Elder and Paraskeva, 1998; Smalley and DuBois, 

1997)).  Raised levels of PGE2 in cancer bind the G-protein coupled receptor 

(GPCR) EP2 and activate !%catenin/TCF-dependent transcription (Castellone et 

al., 2005), while celecoxib lowers PGE2 levels and blocks !%catenin/TCF-

dependent transcription (Takahashi-Yanaga et al., 2008).  However, celecoxib 

also acts through COX-independent pathways (Grosch et al., 2001).  Some 

NSAIDs including indomethacin bind to peroxisome proliferator activated 

receptor gamma (PPAR$) nuclear receptors and, by acting as partial agonists, 

block the action of strong agonists (Bishop-Bailey and Warner, 2003).  As PPAR$ 

forms a ligand-dependent complex with !%catenin/TCF this offers an alternative 

route for NSAID action against Wnt signalling.  Interestingly, the PPAR$/PPAR& 

antagonist FH535 was isolated in a screen for inhibitors of !%catenin/TCF-

dependent transcription and was shown to interfere with the PPAR$:!%catenin 

interaction (Handeli and Simon, 2008).  Surprisingly, the NSAID sulindac bound 

the Dvl PDZ domain with a Ki of 10µM and inhibited !-catenin/TCF-dependent 

target gene expression in Xenopus embryos (Lee et al., 2009).  Although 

NSAIDS have clear effects in vivo and have been linked to multiple mechanisms, 

careful studies will be required to link effect to mechanism since many NSAIDS 

don’t achieve the concentrations and exposures in vivo that are frequently 

studied in vitro (Ettarh et al., 2010). 
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1.1.1.3.1.4.2  Flavonoids  
Flavonoids are a broad family of polyphenolic plant compounds that target a 

range of cellular pathways and processes (reviewed in (Havsteen, 2002)).  

Several flavonoids are active against Wnt signalling, including; genistein, 

quercetin, isoquercitrin and curcumin (reviewed in (Amado et al., 2011)).  With 

the exception of flavone activity against tankyrase (Yashiroda et al., 2010), little 

evidence has so far identified a direct Wnt molecular target that could account for 

the array of biochemical changes observed, including reductions in !%catenin 

and Dvl protein levels and the prevention of DNA binding by !%catenin:TCF 

protein complexes.  Part of the difficulty in identifying a direct mechanism may be 

due to the effects many flavonoids have on pathways including PI3K, MAPK and 

Notch that may indirectly modulate the Wnt pathway activity. 

 

1.1.1.3.2  Drugging a Wnt network 
The conventional, linear view of Wnt signalling underemphasizes key aspects of 

the pathway.  Firstly, signalling is not either ‘on’ or ‘off’; key outputs such as the 

level of !%catenin/TCF-dependent transcription can be modulated over 4 orders 

of magnitude and the level of activity determines biological outcomes (Buchert et 

al., 2010; Luis et al., 2011).  Secondly hundreds of context-specific ‘Wnt pathway 

regulators’ have been identified, particularly in the last few years with the onset of 

high-throughput RNAi and proteomic screens (Major et al., 2008; Tang et al., 

2008).  Thirdly, the absolute level of pathway activity likely reflects the integrated 

output of multiple regulators in patterns that are not simply additive.  For example, 

R-spondin, which binds to the Lgr5 receptor, does not itself signal but alters the 

output from a fixed level of Wnt ligand by altering Fz receptor degradation 

(Macdonald and He, 2012).  Lastly, non-Wnt signals such as EGF can directly 

modulate the activity of !%catenin/TCF-dependent transcription independent of 

upstream Wnt pathway components (Yang et al., 2011).  The range of potential 

functional interactions, when fully described, may best be represented as a graph 

network (Kestler and Kuhl, 2008).  The network view can be used to highlight 
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aspects of therapeutic targetting including compound dosing, dynamics and the 

use of compound combinations that target a distinct pathways a subset of which 

are alluded to in the ‘theoretical pathway’ structure diagram in Figure 5.  The 

network view is also a useful tool with which to discuss the approach and results 

in this thesis, thus is considered in more detail below in relation to the use of 

therapeutics targetting the pathway. 
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Figure 5.  A schematic representation of the Wnt network 

Network nodes represent functional units (proteins or protein complexes; see 
inset) and vertices represent functional interactions (+ve or –ve).  While the total 
network is complex, individual cell contexts express a simpler subset of nodes, 
each of which would contribute toward total pathway activity. Targetting highly 
connected core components of pathways that are expressed in all cell types 
(coloured nodes; e.g. Wnt, MAPK, Notch etc.) would be most effective at 
blocking the corresponding pathway, but would be predicted to maximise toxicity.  
Targetting non-core nodes or individual vertices (e.g. a signal-transducing 
protein-protein interaction) might lack single-agent efficacy due to a partial effect 
on Wnt pathway activity but would minimise toxicity.  By contrast, inhibiting 
molecules such as CBP (e.g. ICG-001) or CK1# (e.g. pyrvinium) that can be 
represented as highly connected nodes or as components of multiple nodes 
would enhance the probability of single agent efficacy, but would increase the 
probability of toxicity via action at unintended nodes. Combinations of single 
node-specific inhibitors should maximise the cell context specificity.   Drug 
resistance to single agent inhibitors may develop through mutation to target 
nodes or by expression of nodes from outside the cell context.  
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1.1.1.3.2.1  The Wnt signalling network, drug doses and dynamics 
‘Just right’ levels of Wnt signalling are required for homeostasis within normal 

and, at altered levels, diseased tissue.  For example, liver and melanoma 

oncogenesis is associated with lower levels of !%catenin/TCF-dependent 

transcription than intestinal tumourigenesis (Buchert et al., 2010; Lucero et al., 

2010).  Therapeutic molecules that partially alter signalling levels may therefore 

reach an efficacy threshold in one tissue but may be ineffective in another, even 

if the molecular target is equally expressed.  Partial efficacy may result from the 

partial inhibition of a strong pathway regulator (e.g. a well-connected network 

node in Figure 5) or full inhibition of a molecule that contributes a smaller effect 

on total pathway activity (e.g. a peripheral node in Figure 5).  For example, the 

partial inhibition of GSK3! (a well connected node) by lithium may be needed to 

generate a ‘just right’ level of !%catenin/TCF-dependent transcription for the 

treatment of bipolar patients (Klein, 2012).  Surprisingly, a therapeutic level of 

Wnt signalling may be either lower or higher than that that characterizes the 

disease state, even in cancer.  An example of this was identified in the case of 

riluzole, an FDA-approved drug that was originally approved for treating 

amyotrophic lateral sclerosis, which was subsequently found to be an effective 

melanoma-specific therapeutic (possibly) functioning by super-activating the 

pathway above a ‘just right’ level (Biechele et al., 2010) 

Different levels of pathway activity distinguish stem and ‘transit amplifying’ cells 

within one tissue.  As discussed earlier, in the intestinal epithelium high levels of 

mutant !%catenin induced supernumerary stem cell formation and was 

accompanied by low levels of proliferation, while a lower levels led to fewer stem 

cells, but increased progenitor cell proliferation (Hirata et al., 2013).  Within 

individual tumours, heterogeneous levels of nuclear !%catenin and TCF-

dependent transcription are driven by microenvironmental factors that in turn 

couple to distinct cell phenotypes including stem cell, migratory and proliferative 

(de Sousa et al., 2011).  Each tumour cell subpopulation (e.g. stem or progenitor) 

will likely have cellular networks that respond differentially to therapeutics.  
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Inhibitors such as the anti-Fz antibody OMP18-R5 have been shown to be active 

against tumour-initiating/cancer stem cells (Gurney et al., 2012), but it is not 

currently clear whether they are directly active against the Wnt-driven 

proliferative compartment. These hidden details of therapeutic mechanism may 

make the use of biomarkers of drug response difficult using techniques such as 

western blotting, if the target cell subpopulation is not first purified. 

On a longer timescale, immediate-early responses to Wnt inhibitors will feed 

through to changes in target gene expression, including alterations to cell 

differentiation.  Analysis of the timing of ‘Wnt-off’ responses in an intestinal 

hyperplasia model showed that responses (changes in apoptosis/differentiation) 

were complete within only 48 hours (Jarde et al., 2013).  By contrast, tumour-

regression frequently took 2-4 weeks for therapeutics described earlier.  Although 

this time difference may be explained by the details of the therapeutic, its access 

to the tumour or a unique feature of a particular tumour model, it is interesting to 

speculate that initial treatments induce a rapid response from tumour 

subpopulations with a sensitive Wnt network and that unresponsive cells later 

convert into responsive cells as their microenvironment changes during therapy.  

This interpretation would predict that short pulses of Wnt pathway inhibitor 

combinations that target distinct cell(s) with a discrete network structure would 

induce very rapid responses and could minimize long-exposure associated 

toxicity.  Interestingly, short-period pulses of Wnt signalling have been suggested 

to be optimal during tissue regeneration (Zimmerman et al., 2012), and for the 

efficient differentiation of human pluripotent stem cells into cardiomyocytes in 

vitro (Lian et al., 2012; Minami et al., 2012). 

 

1.1.1.3.2.2  The Wnt signalling network and cellular toxicity 
One common concern for the use Wnt pathway therapeutics is the potential for 

acute toxicity in adult tissues that are maintained by stem cells, based on the 

central role for Wnts in stem cell biology (Wend et al., 2010).  Additional side 

effects may include metabolic changes, based for example, on the role of Wnt 
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signalling in the maintenance of liver zonation; and the potential for neurological 

effects, based on the action of Wnts on synapse formation in the CNS and PNS 

(Benhamouche et al., 2006; Harrison-Uy and Pleasure, 2012; Klein, 2012; Koles 

and Budnik, 2012; Liu et al., 2011; Wend et al., 2010; Zarnescu and Zinsmaier, 

2009).  Toxicity may also be associated with off-target effects of inhibitors.  For 

example, pyrvinium has been suggested to have alkylating activity in addition to 

its effects on CK1# (Saraswati et al., 2010).  Longer-term treatment with Wnt-

inhibitor therapeutics might be expected to promote the onset of diseases for 

which Wnt activators are being developed and vice-versa.  This could include 

ageing-related diseases (Naito et al., 2012).  Nonetheless an understanding of 

the ‘Wnt network’ in diseased tissue may be able to maximize on-target 

specificity by exploiting unique dependencies/network structures that are not 

likely to be present within other adult tissues. 

 

1.1.1.3.2.3  The Wnt network and combinatorial therapies 

Standard of Care (SoC) chemotherapy in cancer   

Combinatorial therapy can be divided into two types: combinations in which 

compounds target distinct tumour cell types and combinations that target distinct 

processes within one cell.  Targetting Fz receptors in solid tumours with OMP-

18R5 synergized with chemotherapeutic agents including taxol, irinotecan and 

gemcitabine, at least in part by reducing the slow-growing, tumour-

initiating/cancer stem cell compartment, whilst SoC chemotherapeutics agents 

‘debulked’ tumours by targetting rapidly proliferating cells (Curtin and Lorenzi, 

2010; de Sousa et al., 2011; Gurney et al., 2012; Malanchi et al., 2011).  

Providing further evidence for this hypothesis, the CK1# inhibitor pyrvinium and 

sFRP7 potentiated the activity of doxorubicin against prostate and HCC tumours 

respectively (Wang et al., 2011; Yu et al., 2008).  Additionally, salinomycin and 

gemcitabine combined to repress pancreatic tumour growth (Zhang et al., 2011).  

In vitro, PKF115-584, quercetin and an anti-Wnt-1 antibody increased the 

chemosensitivity of colon and melanoma cells towards 5FU, temozolomide, 
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cisplatin, doxorubicin and docetaxel respectively (He et al., 2005; Sinnberg et al., 

2011; Wang et al., 2011; Xavier et al., 2011; Yu et al., 2008), while GDK100017 

enhanced lung cancer radiosensitivity (Lee et al., 2013).  By contrast, the 

tankyrase inhibitor XAV-939 failed to synergise with 5FU or oxaliplatin in the 

killing of primary colorectal cancer spheroid cultures (Tenbaum et al., 2012).  In 

vivo, Wnt inhibitors may also work indirectly by reducing a side effect of standard 

chemotherapy – the ability to promote tumour relapse.  The CDK8 inhibitor 

Senexin A and pyrvinium were shown to prevent doxorubicin-induced stromal 

phenotypes that supported tumour progression, while pyrvinium also enhanced 

SoC efficacy by reducing the Wnt ligand-dependent expression of the drug 

export protein, mdr-1 (Basu et al., 2012; Porter et al., 2012).  The tankyrase 

inhibitor, XAV939 reduced paracrine stromal Wnt signalling to tumour cells and 

synergized with araC to increase survival in acute lymphoblastic leukemia (Yang 

et al., 2013).  Similarly, DNA-damage induced Wnt-16 expression in fibroblasts 

promoted prostate cancer resistance to chemotherapeutics through a pathway 

that was inhibited by XAV939 (Sun et al., 2012).   

Far less explored are the mechanisms by which chemotherapeutic agents 

synergise with Wnt inhibitors within a single cell type.  Studies in embryonic stem 

cells showed that the DNA damaging agent cisplatin induced !-catenin/TCF-

dependent transcription, which in turn blocked apoptosis, suggesting that the 

inhibition of Wnt signalling may enhance the cell-killing efficacy of DNA-

damaging SoC agents (Carreras Puigvert et al., 2013). 

Wnt:non-Wnt inhibitor combinations 

In the context of a network, the definition of which components are ‘Wnt-specific’ 

is somewhat unclear.  Components of pathways such as PI3K, Ras/MAPK and 

Notch interact to affect the levels of !%catenin/TCF-dependent transcription as 

well affecting well-studied non-Wnt outcomes (reviewed in (Bertrand et al., 2012; 

Hu and Li, 2010; Itasaki and Hoppler, 2009; Voronkov and Krauss, 2012)).  For 

example, activation of Ras or PI3K signalling increased !%catenin nuclear 

accumulation, tumour initiation and progression in the intestine (He et al., 2007; 
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Marsh et al., 2008; Phelps et al., 2009; Sansom et al., 2006).  Unexpectedly 

however, reduction of PI3K signalling through treatment of colorectal cancers 

with PI3K inhibitors did not revert cancers to a less advanced tumour phenotype 

as might have been predicted, but instead led to the activation of a metastatic 

phenotype that was dependent on high levels of nuclear !%catenin (Tenbaum et 

al., 2012).  Encouragingly though, treatment of primary colorectal cancers 

expressing high levels of nuclear !%catenin in spheroid culture with the tankyrase 

inhibitor XAV-939 reduced !%catenin levels, redirecting cell the cellular program 

such that PI3K-inhibition induced apoptosis rather than promoting metastasis 

(Tenbaum et al., 2012).  More in line with expectation, combinations of the Wnt 

inhibitors pyrvinium and PKF115-584 with a Ras inhibitor (FTS) were found to 

synergise in the in vitro killing of colorectal cancer cell lines with mutant KRAS 

and APC or !%catenin (Mologni et al., 2012).  The Wnt inhibitors XAV939 and 

pyrvinium also synergistically inhibited non small cell lung cancer cell line growth 

in combination with the EGFR receptor inhibitor gefitinib (Casas-Selves et al., 

2012). 

 Wnt:Wnt inhibitor combinations  

Although combinations involving different Wnt inhibitors have not yet been 

described, they should offer therapeutic advantages. Firstly, they should allow 

greater control over the absolute level of pathway activity than single agents.  

Secondly, they should allow the tailoring of inhibitor combinations (and therefore 

maximal effect) to Wnt pathway branches that are selectively active in the 

disease setting, thereby reducing toxicity.  Finally, in the cancer context, they 

should reduce the chances of resistance developing through the activation of 

alternative branches of the network (Figure 5).  A useful initial combination would 

likely involve both extracellular and intracellular Wnt pathway inhibitors in 

colorectal cancer since APC/!%catenin mutations are frequently accompanied by 

reduced expression of extracellular Wnt repressors such as Dkk1 (Ying and Tao, 

2009).  In addition, combinations should allow a greater range of disease-

associated phenotypes to be targeted since activation at the Wnt ligand level can 
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induce a greater range of cancer hallmark changes than downstream changes 

induced by, for example, mutant "-catenin alone (Collu et al., 2009).  

A major future task will be the identification of efficacious therapeutic 

combinations and corresponding susceptible patient populations from the huge 

numbers of potential drug combinations and genotypes.  One approach to this 

would require the systematic mapping of functional dependencies amongst ‘Wnt 

pathway regulators’ combined with mutation and expression analyses of 

diseased tissues to allow the definition of ‘patient-stratified functional networks’ 

that would represent each cell type within the diseased tissue (Figure 5).  A 

second more empirical approach would be to identify efficacious combinations 

through direct experiment using patient tissues (Tenbaum et al., 2012).  Here, 

the recent identification of R-spondin dependent organoid growth conditions for 

normal and diseased tissues has been a major advance (Schuijers and Clevers, 

2012), since this may in future allow inhibitor combinations to be directly tested in 

vitro on tumour material, prior to the use of efficacious agent combinations in the 

patients from which the tumours were isolated.  However, high-throughput 

implementation of in vitro organoid growth and treatment technologies would be 

needed to maximize their potential in drug combination studies.  A third empirical 

approach is to use ‘synthetic lethal’ genome-scale screens to identify disease-

specific, druggable molecular targets that synergise with single-agent 

therapeutics to induce cell killing.  This approach was taken as part of the work in 

this thesis.  A key starting point for these studies would be the identification of 

cell systems/single agent therapeutic combinations that have a low background 

of cell killing, against which alterations in gene expression during the screen 

would be predicted to result in robust conditional changes in cell viability.   

Suitable combinations for a screen that could be suggested based on the existing 

literature would include the combination of a tankyrase inhibitor and breast 

cancer cells since tankyrase inhibition was able to reduce !%catenin/TCF-

dependent transcription but was unable to induce cell death under normal cell 

growth conditions (Bao et al., 2012). 
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1.2  Contextualisation of the cDNA studies conducted 

The foundation for the cDNA screen undertaken in this research was established 

in the Dale laboratory.  Experimental support for the ‘network’ nature of Wnt 

signalling resulted from studies within the Dale laboratory that are described in 

Jamie Freeman’s thesis (Freeman, 2008).  In this work, a cell-based cDNA over-

expression screen of 9000 Xenopus tropicalis cDNAs was carried out for novel 

regulators of the TCF-dependent transcription.  This led to the identification of 

~50 novel pathway activators through the co-expression of cDNAs a mutant Wnt 

co-receptor, "NLRP (shown to induce a ‘mid-level’ of Wnt pathway activity, 

Figure 6 (Brennan et al., 2004)).  Surprisingly, it was subsequently found that 

47/50 ‘activating’ cDNAs did not activate TCF-dependent transcription when 

expressed alone in the HEK293-based 7df3 reporter cell line, suggesting that 

their function was dependent on the activity of "NLRP.  
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Figure 6 placement 

Figure 6.  Schematic representation of the dynamic range of Wnt/TCF-
dependent transcription 

Constitutive activation of basal Wnt signalling by "NLRP is anticipated to provide 
a platform for the identification of ‘super-activators’ and ‘inhibitors’ of TCF-
dependent transcription (adapted from (DasGupta et al., 2005)). 
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A key observation in this work was that when each of the 50 activating cDNAs 

was expressed in the presence of each other (50 x 50), a unique pattern of 

functional co-operativity was observed.  Many cDNA pairs would only functionally 

co-operate to induce transcription in combination with a selected subset of other 

cDNAs.  A network of functional co-operation was constructed that usefully 

informed other studies of the pathway.  Firstly, it was observed that functional co-

operativity was more often observed between components of different protein 

complexes (as highlighted by the overlap with protein interaction networks). 

Secondly, it was determined that ‘core’ Wnt pathway components appeared to be 

highly connected nodes in the functional connectome.  Thirdly, it was noted that 

cDNA pairs showed distinct patterns of sensitivity to small molecule inhibitors of 

TCF-dependent transcription, suggesting that the functional connectome could 

be used to ‘place’ the action of drugs with unknown molecular targets in a 

functional context. 

 

1.3  Background to the ‘MSC’ compound used in this 

report 

The Dale laboratory previously published the results of a cell-based screen for 

inhibitors of the Wnt signalling pathway (Ewan et al., 2010).  In the Ewan study, a 

HEK293 based cell line (7df3) containing an integrated, Dvl-ER fusion protein 

and a TCF-luciferase reporter was used to screen for small molecule inhibitors of 

TCF-dependent transcription (see Methods; Figure 7).  The Wnt pathway was 

induced in the cell line by addition of estradiol, leading to the refolding of the Dvl-

ER fusion partner and the activation of TCF-dependent transcription.  The Ewan 

study (Ewan et al., 2010) described the screen of a 63,000 compound library that 

was added (1 well per compound) simultaneously with estradiol, and levels of 

TCF-dependent transcription were assessed 24 hours later (Figure 7).  The 306 

‘hit’ compounds that reproducibly reduced TCF-dependent transcription were 

processed through a series of ‘deconvolution’ assays that were designed to:  
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1. Remove non-specific ‘toxic’ compounds.  7df3 cells could be cultured in 

the absence of estradiol and had very low levels of background TCF-

dependent transcription, suggesting that any compounds that simply killed 

7df3 cells and reduced TCF-dependent transcription, were doing so 

through non-Wnt ‘toxic’ pathways. 

2. Identify compounds that had activity against tumour cell lines in 2D growth 

including HCT116, SW480 and HT29 cells.  This step was based on the 

observation that growth in these lines could be suppressed through the 

reduction of TCF-dependent transcription as engineered through siRNA 

depletion of Wnt regulators such as "-catenin or through the re-expression 

of Wnt pathway inhibitors such as APC or transcriptionally-inactive forms 

of TCF factors. 

3. Remove compounds that blocked ‘non-specific’ TK-luciferase (i.e. non-

Wnt) promoter activity. The aim here was to remove ‘off-target’ inhibitors 

of transcription. 

4. Deconvolve the ‘level’ at which the compound worked within the pathway 

by testing whether the pathway could be blocked when it was activated at 

multiple levels through the expression of various Wnt pathway activators 

(e.g. %NLRP, Dvl-2, Axin-GSK3 binding domain, "N-"-catenin, VP16-

TCF).  

 

Based on these criteria and following an assessment of their chemical tractability 

(e.g. size, reactivity, stability, patent position etc.), a subset of 10 compounds 

were selected for additional studies.  Nine of the ten compounds were described 

by Ewan et al. and were not subsequently developed as therapeutic candidates 

based on a further assessment of their chemical tractability and the robustness of 

their biological responses (Ewan et al., 2010).  One of the compounds not 

described in the paper (CCT071459) had an IC50 of 1µM in the 7df3 TCF-

luciferase reporter assay and was selected for further development in a major 

collaboration between Cardiff University, The Institute of Cancer Research (ICR) 

and Merck Serono. 
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Continued development of the CCT071459 compound series took place during 

the course of the work described in this thesis, and subsequently the activity of 

the more developed ‘daughter compound’ termed MSC was assessed in these 

studies.  Reference to unpublished studies carried out by other individuals within 

the Cardiff / ICR / Merck Serono collaboration will be made at appropriate places 

throughout this work where the data affected the direction of the work undertaken. 

1.3.1  The molecular target of MSC 

Following extensive collaboration-wide target identification studies (including 

cellular reporter assays, stable isotope labelling by amino acids in cell culture 

followed by mass spectrometry and enzyme activity confirmation assays), the 

molecular targets of MSC were determined as being CDK8 and CDK19.  CDK8 

and CDK19 are members of the cyclin-dependent family of serine/threonine 

kinases, whose function is regulated by the conditional presence of a cyclin 

subunit.  The CDK family is crucial in controlling cellular proliferation in 

mammalian systems through the regulation of the cell cycle (Malumbres and 

Barbacid, 2005).  The cell cycle is a tightly controlled series of events essential 

for the precise, error-free replication of eukaryotic cells. The transition from one 

cell cycle phase to the next is controlled, in part, by specific CDK-cyclin 

complexes.  The expression of cyclin D (CycD) is triggered by mitogenic signals.  

CycD preferentially binds and activates CDK4 and CDK6, which then 

phosphorylate ‘pocket proteins’ including retinoblastoma protein (RB) and 

partially inhibit its anti-proliferative effect, allowing expression of the E-type 

cyclins and thus priming the cells to initiate DNA synthesis.  Late in the G1 phase 

and immediately prior to the DNA replication S phase, CDK2 interacts with CycE 

which drives G1/S phase transition through additional phosphorylation of pocket 

proteins (resulting in their complete inhibition and maximising CycE availability).  

Subsequently a CDK2-CycA complex is formed which pushes the cell cycle from 

S phase to the G2 phase.  During the G2 phase CDK1 is bound to CycA which 

facilitates the onset of mitosis, with cells driven through the final mitosis (M) 

phase by the binding to and activation of CDK1 by CycB, forming the ‘M phase 
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promoting factor’ (Malumbres and Barbacid, 2009; Pitts et al., 2013).  The 

formation of the correct CDK-cyclin complexes is achieved through the synthesis 

at degradation of each cyclin at defined points during the cell cycle, providing an 

additional level of control over its progression (Malumbres and Barbacid, 2009). 

As briefly described, RB and p53 play crucial roles in the regulation of the cell 

cycle by preventing aberrant cellular proliferation and genome mutation 

respectively (Cox and Lane, 1995; Hernando et al., 2004).  Loss of function of 

these proteins reduces cell cycle regulation, thus uncontrolled cellular 

proliferation and/or loss of genome stability occurs.  For this reason they are 

described as tumour suppressors, with their corresponding RB1 and TP53 genes 

classified as tumour suppressor genes.  

It is evident that not all of the >20 CDKs presently identified are key players in 

cell cycle regulation; many possess diverse roles outside of cell cycle control 

(reviewed in (Lim and Kaldis, 2013)).  The targets of MSC, CDK8 and CDK19, 

are two examples of such ‘non-cell cycle associated’ CDKs.  CDK8 is a 

ubiquitously expressed nuclear protein whose best characterised function is as a 

regulator of transcription as part of the Mediator complex, and is hence described 

as a ‘transcriptional CDK’ (Galbraith et al., 2010).  In complex with CycC (also 

ubiquitously expressed) and the mediator proteins Med12 and Med13, the 

CDK8:CycC kinase core forms the regulatory module of the multi-protein 

Mediator complex which plays a central role in the control of both basal and 

regulated transcription (Firestein and Hahn, 2009; Malik and Roeder, 2010).  

Interestingly it has also been identified that CDK8 is an essential regulator of 

nuclear !-catenin activity, which in turn provides a link between the basal 

transcription components and the enhancement of !-catenin-TCF/LEF 

dependent transcription (Firestein and Hahn, 2009).   

CDK19 (also known as CDK11) is a paralogue of CDK8, with the human CDK19 

protein sharing 77% sequence homology with its CDK8 counterpart.  Less is 

known about the activity of CDK19, although it has been shown that CDK19 is 

able to interact with the same Mediator complex kinase module components as 
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CDK8 (Conaway et al., 2005; Knuesel et al., 2009), suggesting that these 

kinases are functionally redundant (to an as yet unknown degree).  This is 

supported by in-house studies that have shown that a reduction in HCT116 

colorectal cancer cell number is dependent on the dual knockdown of CDK8 and 

CDK19 genes (with no effect on cell number observed when each gene was 

knocked-down independently; data not shown).  

Significantly, CDK8 has been determined to be a colorectal cancer oncogene 

(Firestein and Hahn, 2009).  The observation that CDK8 is amplified in a range of 

colon cancers combined with its role in the regulation of both transcription and !-

catenin nuclear activity indicates that CDK8 may super-activate !-catenin, and 

serve to potentiate malignancies driven by aberrant Wnt/!-catenin signalling 

(Firestein et al., 2008; Firestein and Hahn, 2009).  Therapeutic reduction of this 

activity is therefore a desirable target for the treatment of colorectal cancers.  
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1.4  Aims and objectives 

The work described in this thesis can be divided into two parts.  In the first, a 

cDNA screen for novel regulators of Wnt signalling was undertaken.  The 

rationale for this study was an extension of the deconvolution studies (point 4 on 

page 42).  Data from the drug discovery collaboration determined that MSC 

acted at the level of the TCF-complex, in that it blocked transcription driven by a 

VP16-TCF fusion protein – a strong activator that drives ligand- and "-catenin-

independent TCF-dependent transcription.  Following a whole genome cDNA 

screen for the identification of Wnt signalling regulators (using a cDNA library 

provided by Dr. Gary Davidson from Karlsuhe Institute of Technology), the 

objective was to determine whether transcription induced by any novel pathway 

regulators identified would be sensitive or resistant to inhibition by MSC.  The 

underlying hypothesis was that a large-scale ‘map’ of inhibitor sensitivity in 

relation to novel and existing cDNA regulators would help identify the probable 

molecular target of MSC and would identify genes whose function might alter 

MSC compound resistance and sensitivity in a clinical context.   

The second major part of the work described in this thesis was initiated after the 

Cardiff / ICR / Merck Serono collaboration identified the molecular target of the 

MSC compound as the CDK8 and CDK19 serine/threonine kinases.  It is 

important to note that CDK8 has been shown to play a central role in the coupling 

of "-catenin/TCF to RNA polymerase II at Wnt target genes (in addition to other 

roles; see discussion).  By this stage in the drug development programme, work 

including my studies had shown that the more advanced CCT071459 daughter 

compound MSC had nanomolar activity against TCF-dependent transcription, yet 

had little efficacy against colorectal cancer cell growth in 2D culture (unlike the 

CCT071459 parent compound).  

In the second major part of the work here described, a synthetic lethality screen 

using an esiRNA library was carried out to identify genes whose function was 

conditionally required for cell growth in 2D culture in the presence of the 
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CDK8/19 inhibitor, MSC.  The rationale for the synthetic lethality screen was 

based on the analogous observation that siRNA depletion of Parp1 in BRCA1 

mutant cells uncovered a synthetic dependence of Parp1 function conditionally in 

cells lacking BRCA1 function, and that Parp1 small molecule inhibitors could be 

used to selectively kill BRCA1 deficient cells (Farmer et al., 2005).  The 

underlying hypothesis for the synthetic lethality study was that novel gene 

functions functionally co-operate with CDK8/19 to drive growth in 2D cell culture.  

This hypothesis was based (at least in part) on the observation that HCT116 

colorectal cancer cells in which Wnt/"-catenin driven transcription was reduced 

(by loss of "-catenin and reduction in Wnt ligand levels), did show reduced levels 

of in vivo cell proliferation (HCT116 cell xenografts; (Bafico et al., 2004)), 

suggesting that loss of TCF-dependent transcription may not be sufficient for 

growth inhibition in 2D culture. 

 

In summary, the cDNA overexpression study identified a number of novel Wnt 

pathway regulators, two of which were resistant to MSC inhibition.  Furthermore, 

the esiRNA synthetic lethality screen identified a small number of genes whose 

loss led to MSC-dependent inhibition of 2D colorectal cancer cell growth. 
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Chapter 2.  Materials and Methods 

 

2.1 Routine cell culture and cell line details 

Unless otherwise stated, cells were passaged when they approached 70% 

confluence and were routinely tested (monthly) for mycoplasma contamination by 

PCR analysis.  Details of the mutation status of colorectal cell lines used can be 

found in Appendix 2. 

2.1.1 The 7df3 TCF-Luciferase (TLIG) reporter cell line  

The Wnt-pathway reporter cell line was generated by Dr. Helen Wildish, as 

described by Ewan et al. (Ewan et al., 2010).  Briefly, HEK293T cells expressing 

a haemagglutanin tagged-dishevelled 2-oestrogen receptor fusion protein (HA-

Dvl2-ER) that allowed for oestrogen-dependent Wnt signalling induction were co-

transfected with a Wnt-responsive bicistonic luciferase/green fluorescent protein 

(GFP) reporter plasmid (‘TLIG’ vector; Figure 7a).  The integrated TLIG reporter 

construct comprises a Wnt responsive element (WRE) from the Xenopus Xnr3 

promoter upstream of four repeats of a short TCF binding sequence and the 

basal TK-promoter TATA box and transcriptional initiation site.  Clone ‘7df3’ 

(stably expressing the reporter construct under 3&g/ml blasticidin and 200&g/ml 

hygromycin selection (Life Technologies and Roche respectively)) was chosen 

based on its high signal:noise luminescence ratio following lithium induction 

(Figure 7bi&ii).  

7df3 cells were cultured in Dulbecco’s Modified Essential Medium (DMEM; Life 

Technologies) supplemented with 10% foetal bovine serum (FBS; Life 

Technologies), 2mM L-glutamine (Life Technologies) and 50units/ml penicillin, 

50&g/ml streptomycin (Life Technologies) at 37°C and 5% CO2.  The cells were 

maintained under 3&g/ml blasticidin and 200&g/ml hygromycin selection. 
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Figure 7 placement 

Figure 7.  Schematic representation of the TCF-luciferase reporter cell line 

a.  The TLIG reporter construct was generated to contain four multimerised TCF 
binding sites downstream from the Xnr3 promoter, driving the transcription of 
luciferase and GFP reporter genes in the presence of Wnt pathway stimulation 
(taken from (Ewan et al., 2010)).  

bi and ii.  HEK293 cells were stably transfected with a Dvl (labelled Dsh here) 
and the TLIG reporter construct.  The clones were induced with lithium and the 
most responsive clone (with highest induction:lowest background ratio) was 
selected (figure reproduced with the kind permission of Dr. Jamie Freeman 
(Freeman, 2008)). 
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2.1.2 Wild type and AT506.C2 reporter HCT116 colorectal cancer cells  

AT506.C2 is a HCT116 cell line stably transfected (using GeneJuice) with the 

super8-TOPflash luciferase TCF-reporter ((Veeman et al., 2003).  Cell line 

created by Dr. Christa Burger, Merck Serono).  AT506.C2 and HCT116 wild type 

cells were cultured in Minimal Essential Medium (MEM) Eagle (Sigma) 

supplemented with 10% FBS (PAA) and 2mM L-glutamine at 37°C and 5% CO2. 

2.1.3 SW480 colorectal cancer cells 

The cells were cultured in Lebovitz’s L-15 Medium (Life Technologies) 

supplemented with 10% FBS (Life Technologies) at 37°C and 5% CO2. 

2.1.4 SW620 colorectal cancer cells 

The cells were cultured in DMEM/F-12 (Life Technologies) supplemented with 

10% FBS (Life Technologies) and 2mM L-glutamine at 37°C and 5% CO2. 

2.1.5 Colo205 colorectal cancer cells 

The cells were cultured in DMEM supplemented with 10% FBS (Life 

Technologies) at 37°C and 5% CO2. 

2.1.6 Colo320 and DLD-1 colorectal cancer cells 

The cells were cultured in RPMI 1640 (Life Technologies) supplemented with 

10% FBS (Life Technologies), 2mM L-glutamine and 1mM sodium pyruvate at 

37°C and 5% CO2. 

2.1.7 Ls174T colorectal cancer cells 

The cells were cultured in Minimal Essential Medium (MEM) Eagle (Sigma) 

supplemented with 10% FBS (Life Technologies) at 37°C and 5% CO2. 

2.1.8 Cell banking 

A critical requirement for the high-throughput assays was the availability of large 

batches of identical cells. These were prepared and frozen prior to use. To 

ensure that assays were carried out using cells from the same passage, cells 
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were bulked up under normal culture conditions, trypsinised, counted and frozen 

in 70% appropriate antibiotic free culture media, 20% FBS and 10% DMSO. 

 

2.2 cDNA expression 

2.2.1 The cDNA library 

The Medaka (Oryzias latipes) cDNA library was kindly provided by Dr. Gary 

Davidson (Karlsruhe Institute of Technology, Karlsruhe; see Appendix 3 for 

Ensembl IDs).  In brief, the master library was prepared from full-length enriched 

and subtracted cDNA taken from 3 different developmental stages, including 

unfertilized eggs (each driven by a CMV promoter of their pCMV-Sport6 vector 

(Lickert et al., 2004)).  Sequencing was then performed and full-length, unique 

clones selected (18,000; originally from Jochen Wittbrodt, EMBL, 

Heidelberg).  The library contained 18,000 individual genes, but was provided as 

multiple pools of 24 cDNAs.  Each pool was supplied as 1µg plasmid DNA in a 

50µl volume (20µg/ml) in 8 x 96 well plates.  Representative pools from the 

library were quantified by absorbance to ensure that DNA was present prior to 

analysis.  

2.2.2 "NLRP, CMV-LacZ, pcDNA. 

"NLRP is a constitutively active form of the Wnt co-receptor LRP6 lacking the N-

terminal extracellular domain ((Brennan et al., 2004)).  A plasmid expressing a 

CMV-driven myc-tagged "NLRP6 was used to activate TCF-dependent 

transcription to a ‘mid’ level.  CMV-LacZ (cytomegalovirus-driven constitutively 

active LacZ expression plasmid; Life Technologies) was used as a transfection 

control. pcDNA3.1 (Life Technologies), a plasmid with a CMV-promoter, but no 

insert, was frequently used as a control or as ‘filler’ DNA to equalise levels of 

CMV-promoter-containing plasmid DNA in transfections.  
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2.2.3 Constitutive activator/control stock plasmid replenishment 

XL-1 Blue subcloning-grade competent cells (Stratagene) were transformed with 

desired plasmid according to the manufacturer’s manual, plated onto selective 

lysogeny broth (LB) agar plates (plasmid antibiotic selection marker dependent) 

and incubated overnight at 37°C.  Individual colonies were picked and grown in 

250ml LB broth (containing appropriate antibiotic) at 37°C overnight (with 

shaking).  Plasmids were purified using the QIAfilter Plasmid Maxi Kit (Qiagen) 

according to manufacturer’s protocol and DNA concentrations measured using 

the ND-1000 Spectrophotometer (NanoDrop Technologies). 

 

2.3 cDNA library screening 

2.3.1 The primary screen 

7df3 cells were transfected with a combination of 100ng of DNA comprising 70ng 

of each pooled cDNA (24 clones/pool) in a 96 well format together with 20ng 

constitutively active %NLRP6 plasmid to induce a mid-level of TCF-reporter 

activity, and 10ng/well CMV-LacZ transfection control plasmid as an internal 

control to allow results to be normalised to "-galactosidase expression as a 

marker of transfection efficacy.  Twenty-four hours prior to transfection, 7df3 cells 

were cultured to ~80% confluency and seeded into 96-well, black walled, clear 

bottom plates (Nunc) at a density of 3X105 cells/ml in 100µl antibiotic free DMEM.  

A total of 100ng DNA/well was prepared in Optimem (serum free media; Life 

Technologies) in a final volume of 25µl, followed by the addition of 0.3 µl/well of 

Transfectin (BioRad) diluted in 25µl Optimem.  Subsequent medium changes 

were completed according to the manufacturer’s guidelines.  Luciferase and !-

galactosidase reporter assays were carried out 48 hours after transfection (see 

2.4.1).  The screen was performed twice (with two repeats on each occasion) 

before selecting wells for deconvolution.  See ‘Results’ for details on hit selection. 
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To control for the ‘inducibility’ of the 7df3 cells (as compared to their 

‘transfectability’), a subset of wells in each experiment was treated with !-

estradiol to determine whether the TCF-luciferase reporter could be activated. 

For this, a final concentration of 4µM !-estradiol was added to untransfected cells 

for 24 hours prior to assay. This approach helped to monitor cell responsiveness 

from passage to passage.  

2.3.2 Deconvolution of cDNA ‘hit’ pools 

Hits identified in the primary screen as either activating or inhibiting the Wnt 

reporter were pools of multiple cDNAs containing 24 plasmids. To identify the 

activating/inhibiting cDNA(s) within each pool, each plasmid present within the 

pools that were identified as ‘hits’ were individually prepared.  Briefly, plasmids 

were grown from glycerol stock in 5ml of LB broth with 100µg/ml carbenicillin 

(37°C, overnight incubation).  Plasmids were then purified using the SV Wizard 

Plus Miniprep DNA Purification System (Promega).  DNA concentration was 

measured as detailed in 2.2.3. To assess the function of each member of each 

pool, cells prepared as with the primary screen were co-transfected with 70ng of 

each plasmid, 30ng "NLRP6 and 10ng LacZ, in individual wells on three 

replicate plates.  Three independent repeats were conducted.  Activation relative 

to 36 "NLRP controls was determined.  Putative hits were then reconfirmed both 

in the presence and absence of "NLRP6 co-activation and hit samples 

sequenced by Dundee Sequencing Service (using the SP6 and T7 primers 

provided).  Sequences were analysed using BLAST analysis to determine hit 

identity. 

2.3.3 cDNA MSC interference studies 

Cells transfected as described in the previous section (both in presence and 

absence of "NLRP6 co-activation) were treated with 125nM MSC (10 x 7df3 

IC50) in antibiotic and serum free media (or 0.1% DMSO for untreated controls) 

24 hours post-transfection.  TCF-luciferase reporter activity was measured (see 
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2.5.1) 72 hours post-MSC treatment.  Three independent repeats were 

conducted.  

 

2.4  esiRNA screening 

2.4.1 esiRNA production and sequences 

A genome-wide enzymatically-synthesized small interfering RNA library (esiRNA) 

representing 17,188 human genes was kindly donated by Professor Frank 

Buchholz (Max Planck Institute of Molecular Cell Biology and Genetics, Dresden 

(Buchholz et al., 2006; Kittler et al., 2004; Theis and Buchholz, 2011).  The 

library was supplied as 47 x 384-well plates containing individual esiRNAs. The 

library was used at a final concentration of 20ng per well in the primary and 

secondary screening experiments.  The library was sequentially diluted in TE 

buffer (Promega) and dispensed in to 384 well white test plates (Greiner Bio-

One) using the Biomek FX (Beckman Coulter) from a stock concentration of 

200ng/µl to a final concentration of 4ng/µl esiRNA/well aliquotted at 5µl/well (thus 

20ng esiRNA/well).  Appendix 4 and 5 provides information regarding well IDs 

and sequences of the primary library.  

A secondary, non-overlapping sub-library of 57 esiRNAs was selected from the 

primary screen for hit reconfirmation.  These non-overlapping esiRNAs were 

designed and synthesised by Eupheria Biotech (Sigma). Sequences for these 

non-overlapping esiRNAs can also be found in Appendix 6. 

Non-targetting siRNA negative controls; enhanced green fluorescent protein 

(eGFP) and renilla luciferase (R-Luc), and gene targetting positive controls; polo-

like kinase 1 (PLK1) and kinesin family member 11 (EG5) were purchased from 

Eupheria Biotech (Sigma) and plated into the 12 empty wells of each ‘master 

dilution’ plate at 20ng/well (4 repeats of each control/plate).  
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2.4.2 Assay optimisation 

Multiple different parameters were extensively assessed in order to establish the 

optimal final screening conditions.  These included determination of appropriate 

cell seeding density and frozen batch testing, HiPerFect transfection 

concentration, test compound concentration, assay time course, and assay 

miniaturisation.  Of the conditions that were systematically varied in the assay 

optimisation studies, the final conditions that were determined to be optimal were 

as follows:  plating of 2000 cells/well (1.3x105 cells/ml, 15µl/well), 5µl/ml 

HiPerFect (in final assay volume containing cells), with 10µM test compound (in 

final assay volume) or DMSO control, and assay read points at 72 hours and 120 

hours post-transfection.  

2.4.3 The primary screen protocol 

esiRNA and siRNA transfections were carried out in ‘reverse format’. For this, 

cells were plated onto esiRNA:HiPerFect complexes since this was found to 

reduce assay variability.  The esiRNA library and siRNA controls were pre-

dispensed at 20ng/well (5ul/well) in white 384 well assay plates and stored at -

80˚C.  Assay plates were defrosted overnight at 4˚C and centrifuged for 1 minute 

pre-assay.  The HiPerFect transfection mix was freshly prepared to give a final 

‘concentration’ of 5ul/ml in the presence of the cells.  Prior to cell addition, this 

equated to 7ul/well containing 0.14µl HiPerFect and 6.86µl of serum-free medium 

Thus the total volume prior to transfection, 15 minutes prior to use was 12µl.  

Fresh HCT116 cells (from the same batch on every occasion) were thawed and 

seeded 72 hours prior to use. On the day of transfection, they were trypsinised 

and seeded at 2000 cells/well in 384 well format plates in serum-containing MEM 

Eagle.  

48 hours post-transfection, compound was added to achieve a final concentration 

of 10µM, with the equivalent percentage of DMSO vehicle (0.1%) added where 

compound treatment was not required.  At either 72 hours or 120 hours post-

transfection cells were lysed (see 2.5.2) and frozen at -80˚C until all screening 
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had been completed.  Lysates were then defrosted at 4˚C overnight and 

equilibrated room temperature on the day of reading, and cell numbers (i.e. 

cellular viability) measured according to subsection 2.5.2.  Screening was 

performed in batches of 47 test plates, with 3 repeats of each condition 

conducted on different days. 

All liquid handling steps throughout the course of optimisation were performed 

manually, however these processes were semi-automated during the final screen 

using the Multidrop Combi (Thermo Scientific).  Furthermore, cells were manually 

counted using a haemocytometer during small-scale assays, whilst during screen 

bulk-cell preparation the Vi-CELL® (Beckman Coulter) was used to determine cell 

counts and viability.  A final measure to increase through-put was the switch from 

the Varioskan Flash Multimode Reader (Thermo Scientific) used during 

optimisation, to the LEADseeker Multimodality Imaging System (GE Healthcare).  

All parameters (including final reagent batches) were tested under screen assay 

conditions in a pilot experiment. 

Reverse transfection is a method of transfecting cells in suspension commonly 

used for high-throughput screens involving multiple multi-well plates (e.g. 384 

well plates in this instance).  Cells were cultured to ~80% confluency in 

preparation for transfection and diluted to the required cell number.  HiPerFect 

(Qiagen) diluted to the desired concentration in serum-free MEM Eagle was 

dispensed into pre-prepared 384well white assay plates containing test esiRNA 

(as described in 2.4.1).  After 20mins incubation cells were seeded on to the 

esiRNA:lipid complexes at the required density.   

Several different conditions were tested during optimisation assays, which are 

detailed in the figure legends of the corresponding data.  Final screening 

conditions are described in Results 3.2.1.  
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2.4.4 ‘Hit’ esiRNA reconfirmation in HCT116 cells  

93 selected hit esiRNAs (as identified using data analysis methods detailed in 

2.6.2.1) were narrowed to 45 hits were selected for bespoke generation of non-

overlapping esiRNAs; see Appendix 6 for sequences.   

2.4.5 ‘Hit’ Western blot assays 

‘Hit targets’ were assayed for the effects of esiRNA depletion of the expression of 

their cognate protein. This assay had a different transfection format because of 

the scale of the assay required to prepare sufficient cell extract for analysis.  

Where possible, transfection conditions were matched as closely as possible to 

those determined in the primary and secondary hit identification studies 

described above (using 24 well plate set-up to obtain enough protein; 19 times 

greater surface area than 384 well).  Briefly, HCT116 cells were reverse 

transfected (26,700 cells/well) with 380ng esiRNA in complex with HiPerFect 

transfection reagent (both original and non-overlapping samples were assessed).  

48, 72 and 120 hours post transfection, cells were harvested in RIPA buffer with 

a Complete Protease inhibitor (Roche), and proteins denatured at 95°C for 5 

minutes in Laemmli loading buffer (Life Technologies).  Following protein 

concentration determination using the Bradford assay, 3µg of each sample was 

run on 4% - 12% polyacrylamide and run at 100V.  Protein was then transferred 

to a nitrocellulose membrane using the Life Technologies iBlot system according 

to manufacturer’s protocol.  Membranes were washed in TBST before being 

blocked using 10% milk powder in TBST at room temperature for 1 hour.  The 

blot was simultaneously probed with the HARS (AbCam) and GAPDH (Merck 

Millipore) primary antibodies (in 5% milk-TBST) overnight at 4°C, and protein 

detected using the secondary horseradish peroxidase (HRP)-conjugated #-

mouse antibody (Sigma) for 1 hour at room temperature.  Pierce SuperSignal 

chemiluminscent substrate was used to determine HARS (and GAPDH) protein 

levels.  
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2.4.6 Compound combination assays 

HCT116 cells were seeded at 4500 cells/well in 96 well plates (using previously 

described culture conditions).  In the primary assay, cells were treated 24 hours 

post-seeding (with 10µM MSC + 1µM, 5µM or 25µM test compound, both 

individually and in combination, along side untreated DMSO controls), and 

viability measured using the ATPlite assay 24, 48 and 72 hours post-treatment 

(n=5).  Compounds deemed to be effective in a combination-dependent manner 

(determined by one-way ANOVA and Tukey test) were selected and further 

assessment by ‘chequerboard’ titration analysis.  HCT116 cells (seeded as 

previously described) were treated with a ‘chequerboard’ titration of ‘hit’ inhibitor 

concentrations (20nM – 25µM) in the presence and absence of MSC titration 

(40nM - 25µM; both individually and in combination, along side untreated DMSO 

controls).  Cell viability was measured as previously at 24, 48 and 72 hours (n = 

3).   

‘Hit’ combinations were tested in multiple cell lines according to the established 

HCT116 assay set-up.  Test compound was titrated (at a narrower range of 

200nM, 1µM and 5µM) was tested against 10µM MSC (both individually and in 

combination, along side untreated DMSO controls).  Cell viability was measured 

as previously at 24, 48 and 72 hours (n = 3).    

 

2.5 Luminescence assays 

2.5.1 Wnt reporter assay 

Luciferase reporter activity assays were performed using the Bright-Glo and Beta 

Glo assay systems (Promega).  48 hours post-transfection cells were lysed by 

the addition of Glo-lysis buffer (Promega) and shaken at room temperature for 

20mins.  Lysate was split for two assays: 30µl for firefly luciferase assay, and 

25µl for analysing !-galactosidase activity.  To assay luciferase activity, 30µl 
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Bright-Glo reagent was added to the cell lysate, and assayed immediately for 

luminescence using the FLUOstar Optima plate reader (BMG Labtech).  To 

assess !-galactosidase control activity, 20µl Beta-Glo reagent was added to the 

cell lysate and shaken for a further 20mins at room temperature before the 

luminescence read-out was measured using the FLUOstar Optima. 

TCF-luciferase counts were normalised to !-galactosidase reporter activity to 

control for variations in transfection efficiency.  To allow for direct comparisons to 

be made between experiments, !-galactosidase-normalised luciferase values 

were subsequently normalised to the entire plate mean activity of %NLRP6. 

2.5.2 Viability assay 

Viability assays were performed using the ATPlite Luminescence Assay System 

(Perkin Elmer).  As ATP is present in all metabolically active cells it can be used 

as a marker of cell viability.  ATP levels cells rapidly decline under conditions that 

induce necrosis or apoptosis, hence the luminescence read-out is reduced.  This 

reduced signal (relative to untreated controls) is henceforth reported as a 

reduction in cellular viability. 

Cells were lysed at the required time-point by the addition of ATPlite lysis buffer 

and shaken at room temperature for 5 minutes.  Lysate was frozen at -80˚C until 

the completion of all time-points.  ATPlite substrate was added to all wells and 

shaken for 5 minutes according to the manufacturer’s protocol.  The luminometer 

used to measure cell viability in each case is detailed in 2.4.3. 

 

2.6 Data analysis and statistical methods 

2.6.1 cDNA screen data analysis 

Each of the wells were normalised to their corresponding !-galactosidase control 

activity to account for variations in transfection efficiency.  The normalised values 
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were then expressed as a fold of whole plate "NLRP induction (without controls).  

This ‘non-controls-based normalisation’, allowed for data to be normalised 

relative to the over-all distribution of values as opposed to being exclusively 

reliant on the performance of the controls.  Fold data from 4 independent repeats 

was combined into a single mean value and ranked in order of affect on %NLRP 

induction.  Each well was expressed as both a fold of the plate mean, and as the 

number of standard deviations away from the plate mean.  Results were cross-

checked against their raw data to eliminate false positive hit selection.  

Due to capacity of the deconvolution process (as each well contained 24 

individual cDNAs), only 20 of the top activating pools (and 16 of the most 

inhibitory pools – not deconvolved at this time) were selected for subsequent 

deconvolution.  Activating cDNAs were deconvolved (see 2.3.2) based on their 

ability to activate TCF-dependent transcription in the presence and absence of 

"NLRP co-activation.  Initial deconvolution of the putative activator from the pool 

of 24 cDNAs was conducted by expressing the mean luciferase value of the 

samples (n=3) relative to 36 "NLRP control wells.  A student’s two-tailed t-test 

was used to determine significance of activation.  The tentatively deconvolved 

activator from each pool was isolated and its activating ability reconfirmed, both 

in the presence and absence of "NLRP.  Where "NLRP stimulation was absent, 

cDNA activation was measured relative to the pcDNA3.1 control wells (n=6).   

2.6.2 esiRNA screen data analysis 

2.6.2.1 Screen optimisation 

Statistical analyses were conducted using Prism5 (GraphPad Software, Inc.).  

Targetting and non-targetting esiRNA controls were expressed as a percentage 

of untreated cell data. 

2.6.2.2 Primary screen quality control 

To determine whether a plate had passed or failed during screening, internal 

controls that had been placed on each plate (eGFP, R-Luc, PLK1 and EG5 
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esiRNAs) were assessed on a per-plate basis to determine whether any plates 

had failed based on the dynamic range of the controls.  The following selection 

criteria were employed: 

72 hours:  eGFP + R-Luc (‘non-targetting’) > 30,000 counts 

       PLK1 + EG5 (‘targetting’) < 15,000 counts 

                    120 hours: eGFP + R-Luc (‘non-targetting’) > 50,000 counts 

       PLK1 + EG5 (‘targetting’) < 25,000 counts 

Plates whose controls did not reach the cut-offs were flagged for further manual 

scrutiny, following which a subset of plates was selected for repetition. 

2.6.2.3 Global data analysis using cellHTS2 

All screen data sets were normalised using the cellHTS2 software package 

implemented in R (Boutros et al., 2006).  This publicly available software has 

been specifically developed by the Boutros Laboratory for the analysis of high-

throughput (384 well microtitre plate), cell-based RNAi screens. 

The data was normalised using a two-step procedure.  The assumption was 

made that the majority of samples would have no effect on viability and hence 

can act as their own controls (whether in combination with compound or not).  

This first step, termed ‘non-controls-based normalisation’, allowed for data to be 

normalised relative to the over-all distribution of values as opposed to being 

exclusively reliant on the performance of the controls (Birmingham et al., 2009).  

In this sense, the data sets were first normalised to the median value of each 

corresponding plate.  This often provides a more accurate representation of the 

true value of ‘inactive’ genes that define the measure of central tendency 

(especially due to the high number of values per plate in this instance), as 

opposed to the arithmetic mean which can be affected by outliers (Brideau et al., 

2003).  These median-normalised values were then further normalised using the 

B-score method (Brideau et al., 2003), which was used to explicitly correct for 
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spatial effects caused by temperature and CO2 differences, for example (a well-

documented phenomenon known as plate edge effect; (Lundholt et al., 2003)).  

Although this analysis is similar to that achieved by Z scoring in that it is a “ratio 

of an adjusted raw value in the numerator to a measure of variability in the 

denominator” (Brideau et al., 2003), the complex algorithm used in this instance 

more extensively adjusts for variability in the numerator and allows for a greater 

measure of variability in the denominator.  Each individual replicate was assigned 

a B-score (a ‘variance’ score of each point in relation to its corresponding plate), 

which allowed for direct comparison of the strength of effect of all esiRNAs within 

a defined condition through rank ordering of these B-scores.   

2.6.2.4 Linear modelling 

As would be expected from a large-scale whole genome screen, many synthetic 

interactions were uncovered between individual esiRNAs and MSC treatment.  In 

order to robustly identify samples whose inhibition resulted in lethality only in the 

presence of MSC, a statistical model was used that could account for distinct 

classes of interaction.  A ‘Linear Model Interaction Test’ was developed by Dr. 

Eike Staub at Merck Serono for this purpose.   

In brief, with the linear model, the dependence of viability on presence of drug, 

esiRNA, or especially the combination of both, can be assessed by model 

coefficients and significance calls (p values for which the null hypothesis is that 

the coefficients are zero, i.e. there would be no effect).  Based on these 

parameters, a selection strategy was developed to filter out the hits using the 

screening approach. Finally, the siRNA hits were assessed for their absolute 

ability to reduce viability, i.e. how strongly they can reduce viability compared to 

the positive controls (e.g. PLK). 

The relationship of the dependent variable; synthetic lethality (‘y’), and the two 

independent variables; esiRNA knockdown – yes/no (a), and compound 

treatment – yes/no (b) were modeled as described below; firstly in a simplified 
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example to illustrate the principle and then using values that include scaling 

parameters that were used to process real data. 

- Example: 

 y = 20*a + 40*b - 1000*(a:b)  

– y(a=0;b=0) = 0  

– y(a=1;b=0) = 20  

– y(a=0;b=1) = 40  

– y(a=1;b=1) = -940  

In this scenario, 20, 40 and -1000 are hypothetical examples of model 

coefficients that would be derived from the B-scores resulting from the three 

‘treatment conditions’.  The model functions as follows: in the absence of both 

esiRNA (a = 0) and compound (b = 0) treatment there is no effect on cell viability, 

thus the synthetic lethality score (y), or ‘interaction score’ (as subsequently 

described), is 0.  When cells are subject to RNAi (a = 1) in the absence of 

compound (b = 0), the interaction score y = 20.  When the cells are treated with 

compound (b = 1) in the absence of RNAi (a = 0), the interaction score y = 40.  

However, when cells are subjected to both RNAi (a = 1) and compound treatment 

(b=1), interaction score y = -940, thus only when a and b are 1 is the synthetic 

lethality interaction effect evident.  The ‘Linear Model Interaction Test’ is an 

extension of this example model and is able to scale for the real world values 

observed in this screen (coefficients in this instance represent B-score values 

more likely to be seen), whereby: 

  

– y(a=0;b=0) = 30000  

– y(a=1;b=0) = 30000  

– y(a=0;b=1) = 30000  



 64 

– y(a=1;b=1) =  5000  

 

Again, an interaction effect is only seen in the presence of both RNAi and 

compound treatment, however in this instance the advanced model has to 

account for the fact that 30,000 represents a zero value in actual terms, thus in 

the above example y = 5000 describes the literal value, rather than the true 

interaction value of -25,000.   

An ‘interaction value’ was determined for each sample that statistically 

summarised synergy (including the interaction significance) between compound 

and RNAi, whilst taking the effect of esiRNA knockdown alone on cellular viability 

into consideration.   

Different thresholds were set for prioritising and defining primary hits, which are 

described in the Results section. These included: 

• Interaction value < -1000  
• esiRNA p value > 0.1  
• Ratio (interaction p value / esiRNA p value) < 1x10-2  

 

2.6.2.4 esiRNA non-overlapping reconfirmation analysis 

This non-overlapping esiRNA assay was performed as with the primary screen. 

These hits were analysed ‘manually’ (as Dr. Staub was engaged with high-

priority analyses), with reduction in viability (the ‘equivalent’ in this instance of the 

‘interaction’ value previously described) calculated using the raw data (as whole-

plate normalisation was not appropriate since the hits had been specifically 

selected based on their ability to reduce viability) by determining the interaction 

based on the percentage reduction in viability compared to the ‘high’ control (R-

Luc; with EG5 used as the baseline) and significance of interaction determined 

using a two-way ANOVA, and a subset of genes reconfirmed that were deemed 

to have ‘synthetic lethal’ activity. 
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Chapter 3. Results 

3.1 cDNA screen 

Previous studies in the laboratory identified that overexpression of cDNAs (or 

cDNA pairs) that regulated Wnt pathway activity could be used to characterise 

the mechanism of action of novel small molecule pathway inhibitors whose 

targets were unknown (Ewan et al., 2010; Freeman, 2008).  However, these 

studies used a library of 9000 cDNAs, raising the possibility that additional 

regulators, and hence additional interactions that could facilitate the analysis of 

drug action, could be identified from a whole-genome scale screen.   

In order identify further cDNA regulators of TCF-dependent transcription, a 

whole genome Medaka cDNA library was screened in the 7df3 cell line according 

to the cascade shown in Figure 8.  The aim of the screen was to identify genes 

whose overexpression in the presence of %NLRP6 (a constitutively active form of 

LRP6; stimulating Wnt signalling at the top of the pathway) stimulation resulted in 

‘super-activation’ or inhibition of TCF-dependent transcription. Following the 

identification of novel signalling activators and the elucidation of the activator’s 

dependence on pathway co-stimulation by %NLRP, MSC-interference assays 

were conducted to determine the ability of the compound to disrupt this Wnt 

signalling (super-)activation.  In parallel with ‘conventional’ deconvolution assays 

being conducted in the laboratory, it was postulated that this would help to 

narrow the mechanism of action of the compound by mapping its activity onto a 

‘network’ of Wnt activator interactions.    

 An overview of the assay cascade is illustrated in Figure 8.  A Medaka 

library of 17,526 genes in pools of 24 cDNAs/well (in 96 well plate format) was 

kindly provided by Gary Davidson (KIT). In brief, 7df3 reporter cells were co-

transfected with the 70ng of each cDNA pool and 20ng of constitutively active 

%NLRP using forward transfection techniques previously established in-house.  

Cells were also transfected with 10ng of LacZ as a control for transfection 
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efficiency.  Luciferase and !-galactosidase reporter activities were measured    

48 hours after transfection. Following normalisation, pools were ranked according 

to their ability to activate or inhibit TCF-dependent transcription relative to 

%NLRP activation alone, and the top 20 activating and 16 inhibiting pools were 

selected for deconvolution. 

 

 

 

 

 

 

! !
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Figure 8. cDNA screening cascade 

Flow diagram indicating the overall approach taken to characterise Wnt-
regulatory genes within the Medaka cDNA library using the 7df3 reporter cell line. 
The screen was designed to identify super-activators and inhibitors of TCF-
dependent transcription that was driven by the activated Wnt co-receptor %NLRP, 
an activator that functions near the ‘top’ of the linear representation of the Wnt 
pathway. Due to assay prioritisation, the individual inhibitory cDNAs that had 
been prepared from the inhibitory pools were not further characterised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Co-transfect 24 cDNA pools + 
ΔNLRP

Normalise to co-transfected LacZ

Rank pools by fold of mean and SD

Select 'super-activating' pools 
using combination of mean and 

SD rankings: 20

Select 'inhibitory' pools using 
combination of mean and SD 

rankings: 16

Miniprep 384 individual cDNAsMiniprep 480 individual cDNAs

Transfect individual cDNAs

Normalise to LacZ

14 'super-activator' hits

Figure 8.  cDNA screening cascade

Flow diagram indicating the overall approach taken to characterise Wnt-regulatory genes within 
the Medaka cDNA library using the 7df3 reporter cell line. The screen was designed to identify 
super-activators and inhibitors of TCF-dependent transcription that was driven by the activated 
Wnt co-receptor ΔNLRP, an activator that functions near the ʻtopʼ of the linear representation of 
the Wnt pathway. Due to assay prioritisation, the individual inhibitory cDNAs that had been 
prepared from the inhibitory pools were not further characterised.
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An overview of the primary screen data analysis can be seen in Figure 9.  Each 

of the 786 wells (8 plates x 96 well plate format) were normalised to their 

corresponding !-galactosidase control activity to account for variations in 

transfection efficiency.  The normalised values were then expressed as a fold of 

whole plate "NLRP induction (without controls), based on the assumption that 

the majority of pools would have no effect on basal "NLRP activity.  This 

normalisation allowed for cross-plate comparisons of the whole screen to be 

made, as it had previously been observed that plate to plate variation could lead 

to an inappropriate focus on hits from one plate if absolute luciferase expression 

values were used to select hit pools for further analyses.  Fold data from 4 

independent repeats (conducted on different days) was combined into a single 

mean value and ranked in order of affect on %NLRP induction.  Each well was 

expressed as both a fold of the plate mean, and as the number of standard 

deviations away from the plate mean.  To ensure that false positive hits were not 

selected as a consequence of the normalisation process, !-galactosidase control 

data was cross-checked (for each individual selected pool).  Final hit pools 

showed normal levels of !-galactosidase expression suggesting that the ‘effects’ 

of cDNA expression on TCF-luciferase expression were not due to effects on the 

expression of CMV-driven !-galactosidase.  Due to capacity of the deconvolution 

process, only 20 of the top activating pools and 16 of the most inhibitory pools 

were selected.  More hits were selected for the activating pools as these were 

thought to offer the greater opportunity in the analysis of MSC compound action. 

The selection scores were arbitrary as they were based on a maximum number 

of hits that could be processed, but equated to selection cut-offs of 2.52 and 

0.315 for reporter activity fold of plate mean, and 1.03 and -0.635 for reporter 

activity standard deviations away from plate mean (see Figures 10a&b). The 

primary data from the selected pools was also manually checked to ensure that 

the ‘Fold of "NLRP’ values were not inappropriately skewed by outlier values. 

!

!
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Figure 9.  Data analysis protocol for cDNA pool selection 

Flow diagram indicating the overall approach taken to select cDNA pools with 
Wnt-regulatory activity within the Medaka cDNA library using the 7df3 reporter 
cell line.  Luciferase reporter activity was first normalised (on a well-by well basis) 
to "-galactosidase expression from the co-transfected control plasmid.  Each of 
the 4 repeat cDNA pool values were expressed as fold of corresponding plate 
"NLRP mean and the number of standard deviations from dataset mean, and the 
highest ranking (and most overlapping) hit pools selected.  Following the cross-
check of !-galactosidase activity to minimise false hit selection, 20 ‘super-
activating’ and 16 ‘inhibitory’ pools were selected and their individual cDNA 
components prepared by DNA miniprep.  864 individual cDNAs were prepared in 
total.    
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Figure 9.  Data analysis protocol for cDNA pool selection

Flow diagram indicating the overall approach taken to select cDNA pools with Wnt-regulatory 
activity within the Medaka cDNA library using the 7df3 reporter cell line.  Luciferase reporter activity 
was first normalised (on a well-by well basis) to β-galactosidase expression from the co-transfected 
control plasmid.  Each of the 4 repeat cDNA pool values were expressed as fold of corresponding 
plate ΔNLRP mean and the number of standard deviations from dataset mean, and the highest 
ranking (and most overlapping) hit pools selected.  Following the cross-check of β-galactosidase 
activity to minimise false hit selection, 20 ‘super-activating’ and 16 ‘inhibitory’ pools were selected 
and their individual cDNA components prepared by DNA miniprep.  864 individual cDNAs were 
prepared in total. 

20 'activating' 
pools

16 'inhibiting'
pools
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Figure 10a&b.  Primary cDNA screen hit distribution 

Luciferase reporter activity was first normalised (on a well-by well basis) to "-
galactosidase expression from the co-transfected control plasmid. Each cDNA 
pool was assayed 4 times.  Each of the 96-well plates are individually coloured 
above.  Any point greater than 5 fold of plate mean or 5 standard deviations 
above the mean was represented as 5 to allow the spread of the majority of the 
data to be visualised. 

a. Normalised luciferase reporter activity was expressed as a fold of the plate 
mean for each of the 8 x 96 well plates (as coloured; each point = 1 well) that 
were assayed. Lines indicating cut-offs of 2.52 and 0.315 the plate mean are 
illustrated as used for hit selection.!

b. Normalised luciferase reporter activity for wells in each plate (as coloured; 
each point = 1 well) were expressed as the number of standard deviations away 
from the dataset mean. Selection cut-offs indicate 1.03 and -0.635 standard 
deviations from plate mean. 
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As the principal aim of the study was to identify genes whose overexpression 

resulted in upregulation of TCF-dependent transcription and to subsequently 

‘map’ the ability of MSC to disrupt this interaction, the activator pools were 

prioritised for deconvolution.  Each of the 24 cDNAs comprising the pool was 

prepared individually and co-transfected into 7df3 cells in accordance with the 

primary screen format (see Figure 11 for a hit pool deconvolution flowchart).  

Following three independent repeats the activating cDNA from each pool was 

determined.  As previously, TCF-dependent luciferase units were normalised to 

their corresponding "-galactosidase transfection control.  Because the cDNAs 

had been specifically selected based on their ability to induce TCF-dependent 

transcription, each of the three repeats was expressed as a fold of %NLRP 

control wells (n=12; on the same plate) and the mean activity of the three repeats 

tested for significance against the %NLRP controls (n=36; from all three repeats) 

using a student’s two-tailed t-test.  
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Figure 11. Activator cDNA pool deconvolution approach 

Flow diagram demonstrating the approach taken to deconvolve Wnt-regulatory 
genes from the 20 most activating cDNA pools selected from the primary screen 
of the Medaka cDNA library using the 7df3 reporter cell line. Following co-
expression of the activators with the activated Wnt co-receptor %NLRP, data was 
normalised to the "-galactosidase control to account for variations in transfection 
efficiency.  The mean of three repeats was calculated and the significance of any 
activation (relative to 36 %NLRP control wells) was determined, with 17 activators 
putatively determined.  Following further reconfirmation 14 activating cDNAs 
were fully validated and taken forward for further investigation.  
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Figure 11. Activator cDNA pool deconvolution approach

Flow diagram demonstrating the approach taken to deconvolve Wnt-regulatory genes from the 20 most 
activating cDNA pools selected from the primary screen of the Medaka cDNA library using the 7df3 
reporter cell line. Following co-expression of the activators with the activated Wnt co-receptor ΔNLRP, 
data was normalised to the β-galactosidase control to account for variations in transfection efficiency.  
The mean of three repeats was calculated and the significance of any activation (relative to 36 ΔNLRP 
control wells) was determined, with 17 activators putatively determined.  Following further reconfirmation 
14 activating cDNAs were fully validated and taken forward for further investigation. 
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Fourteen out of the 480 cDNAs isolated from the 20 pools were fully validated as 

being ‘super-activators’ based on activation >1.5X ‘basal’ "NLRP TCF-

dependent transcription and a t-test p value <0.01.  The putative Wnt pathway 

activators are listed in Table 1. 
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Library Ensembl ID Proposed 
Gene ID 

BlastX Description      
[Homo sapiens] Accession Number 

BLAST 
Expect (E) 

value  

ENSORLG00000011147 SEZ6L2 Seizure 6-like protein 2 
isoform 5 precursor NP_001230261.1 1.00E-56 

ENSORLG00000003634 !-catenin Catenin beta-1 NP_001895.1 0 

ENSORLG00000017521 GBX1 Homeobox protein GBX-1 NP_001092304.1 3.00E-114 

ENSORLG00000020562 IKZF1 DNA-binding protein Ikaros 
isoform 1 NP_006051.1 1.00E-141 

No ENSEMBL IDi - B-cell lymphoma 6 protein 
isoform 2 NP_001128210.1 1.00E-108 

No ENSEMBL IDii - High mobility group protein 
B2  NP_002120.1 4.00E-61 

ENSORLG00000007641 WNT-1 Proto-oncogene Wnt-1 
precursor  NP_005421.1 2.00E-170 

ENSORLG00000015359 HMGXB4 HMG domain-containing 
protein 4 NP_001003681.1 4.00E-87 

ENSORLG00000011432 KRAS GTPase KRas isoform b 
precursor NP_004976.2 7.00E-106 

ENSORLG00000000858 PITX1 Doublesex- and mab-3-
related transcription factor A2  NP_115486.1 2.00E-56 

ENSORLG00000018912 HRAS GTPase HRas isoform 1  NP_005334.1 3.00E-116 

ENSORLG00000006877 RTN2 High mobility group protein 
B2 NP_002120.1 2.00E-70 

ENSORLG00000000668 OCLN Occludin isoform a NP_002529.1 9.00E-63 

ENSORLG00000010346 TGIF1 Homeobox protein TGIF1 
isoform b NP_775299.1 5.00E-57 

 

Table 1.  Validated cDNA activator hit list 

The identity of the 14 reconfirmed super-activators of TCF-dependent 
transcription.  ‘Library Ensembl ID’ and ‘Proposed Gene ID’ columns indicate the 
preliminary identity of the gene according its well location (as determined by 
deconvolution) as detailed in the parent gene-by-gene cDNA library.  The cDNA 
hits were sequenced and the translated nucleotide sequences analysed using 
BLAST against the Homo sapiens genome to confirm this identity (both protein 
description and accession number are detailed).  BLAST E value indicates the 
significance of the match; the lower the E value the more significant the 
alignment.  cDNAs whose identity differs to the hypothesised gene ID are 
underlined. 



 75 

The success of the screen was validated by the identification of known Wnt 

signalling activators in the presence of "NLRP; these included Wnt 1 and !-

catenin, whose identities were confirmed by sequence analysis (Figure 12a; 

Table 1).  In this context, it is clear that both Wnt 1 and !-catenin are able to 

super-stimulate TCF-dependent transcription driven by limiting levels of "NLRP. 

Although the 14 hits had been allocated a proposed gene ID using the available 

library Ensembl IDs, each hit was re-sequenced and its identify compared to the 

Homo sapiens homologue by protein BLAST analysis of their translated 

nucleotide sequences.  Ten of the activators were confirmed to be the same as 

their library annotation, whilst two hits without an associated Ensembl ID 

(annotated ‘No Ensembl IDi’ and ‘No Ensemble IDii’) were identified as being Bcl-

6 and HMGB2.  Finally, two genes originally annotated as PITX1 and RTN2 were 

subsequently identified as DMRTA2 and HMGB2 respectively (annotated as 

HMGB2* to prevent confusion).  Interestingly, HMGB2 from a different cDNA pool 

had been confirmed as matching its proposed identity, suggesting that 

contamination may have occurred during individual cDNA hit preparation.  

Further work is required to establish the cause of this and determine the true 

effect (if any) of RTN2.   Additional Wnt pathway regulators including KRAS, 

HRAS and HMGB2 were confirmed, with these hits overlapping with those 

identified in the precursor cDNA screen conducted by Jamie Freeman (Freeman, 

2008).  Interestingly for one of the pools, both IKZF1 and Bcl-6 were identified as 

significantly super-activating TCF-dependent transcription although at the lower 

end of activation. Further experiments will be required to determine whether 

there is synergistic activity between the these and "NLRP or whether their effect 

on TCF-dependent transcription was ‘additive’.  

For several of the original hit pools there was no single activator of TCF-

dependent transcription evident.  The simplest reason why these hits failed to 

reconfirm may be due to the identification of false positive hits. However one 

additional explanation for this observation is that more than one of the 24 cDNAs 

within the pool co-operated to drive TCF-dependent transcription. The hit 
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identification rate from the analogous screen of 9,000 Xenopus tropicalis cDNAs 

(in 3000 pools of 3 clones) 54 primary activating hits/139 pools suggested that 

there was a distinct possibility that pools of 24 clones may contain more than two 

clones with the ability to synergise with each other without requiring any 

functional interaction with "NLRP (Freeman, 2008). 
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Figure 12a&b.  Reconfirmation analysis of activator cDNAs 
Putatively active cDNAs identified from initial ‘whole pool deconvolutions’ were 
selected re-analysed for super-activation activation activity in the presence (a) 
and absence (b) of the constitutively active "NLRP in 7df3 cells.  Hits annotated 
according to sequence analysis where available, or their original library 
annotation where not.  The blue dashed line indicates the level of "NLRP control 
activation, and the red line indicates the level of pcDNA3.1 activation, to aid 
comparison. 
a. cDNA activation (n=3) in the presence of "NLRP expressed as fold of "NLRP 
activation control (n=12).  The standard deviation of each condition is shown.  
Significance of activation relative to "NLRP control wells was determined using 
students’ two tailed t-test; * = p value<0.01.  
b. cDNA activation (n=3) in the absence of "NLRP expressed as fold of 
pcDNA3.1 control (n=6).  The standard deviation of each condition is shown.  
Significance of activation relative to pcDNA3.1 control wells was determined 
using student’s two tailed t-test; * = p value<0.01. 
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The fourteen super-activating cDNAs were also tested for activity in the absence 

of "NLRP co-stimulation (Figure 12b).  Of the fourteen cDNAs assayed, eight 

significantly activated TCF-dependent transcription independently of pathway co-

activation.  Five of the hits were known Wnt signalling activators with three, the 

transcription factors DMRTA2, GBX1 and HMGB2 having little known association 

with Wnt signalling.  Interestingly, only !-catenin and Wnt 1 activated TCF-

dependent transcription to a greater level than the "NLRP control.   

Using the online resource GeneCodis (Carmona-Saez et al., 2007; Nogales-

Cadenas et al., 2009; Tabas-Madrid et al., 2012), the gene products were 

analysed for over-representation of annotations (relative to the whole genome) in 

several key areas.  Annotation of the genes with a Gene Ontology (GO) identifier 

meant that the hit genes could be compared for enrichment in the categories of 

biological process, molecular function and cellular component.  The genes were 

also compared to the Kyoto Encyclopaedia of Genes and Genomes (KEGG) 

collection of pathway maps to determine any enrichment of specific pathway 

features.  However, no significant enrichment was identified, likely due to the 

very small set of genes being analysed.  In future experiments, it is probable that 

this set of genes could be increased through the analysis of more pools or 

through the analysis of cDNAs on an individual basis, given the greater 

expression level of single cDNAs (if the expense can be justified). 

The super-activators were further investigated In order to determine whether their 

stimulation of TCF-dependent transcription could be disrupted by MSC.  Previous 

studies by J. Freeman (Freeman, 2008), showed that many cDNAs and cDNA 

pairs differed in their sensitivity to inhibition by putative Wnt pathway small 

molecule inhibitors.  Hence mapping compound sensitivity was predicted to 

provide insight into MSC’s mechanism of action. 

 

!
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Figure 13a&b. MSC-compound interference of ‘super-activator’-induced 
TCF-dependent transcription 

The ability of 10µM MSC to disrupt hit super-activation in 7df3 cells was 
determined.  

a.  The percentage effect of MSC treatment on the ability of the 14 ‘super-
activators’ to activate TCF-dependent in the presence of "NLRP was determined 
relative to their DMSO treated control (n=3).  The standard deviation of each 
condition is shown.  

b.  The percentage effect of MSC treatment on the ability of the 8 ‘super-
activators’ capable of activating TCF-dependent independently of "NLRP co-
activation was determined relative to DMSO treated comparisons (n=3).  The 
standard deviation of each condition is shown. 
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Ten micromolar MSC was added to 7df3 cells 24 hours after transfection and 24 

hours prior to analysis.  As can be seen in Figure 13a, the activity of all the 

cDNAs in combination with "NLRP was inhibited by MSC treatment in relation to 

DMSO control treatment.  It is unclear whether the level of inhibition was 

significantly different between each combination as this would need 

reconfirmation with additional experiments and a greater number of repeats.   

Interestingly in the absence of "NLRP co-stimulation (Figure 13b), GBX1 and 

HMGB2 maintained their activation phenotype following MSC treatment, but 

again this requires repetition to confirm the compound resistance seen.  

As MSC’s target had been determined as being the serine/threonine kinases 

CDK8 and CDK19 by this point in the study, it was unsurprising that MSC was 

able to interfere with those hits dependent on "NLRP co-expression in order to 

mediate their super-activating effects.  This was because CDK8 acts at the 

transcriptional level of the complex, playing a central role in the coupling of "-

catenin/TCF to RNA polymerase II at Wnt target genes, meaning any processes 

synergising with the upstream constitutively active "NLRP would be disrupted by 

MSC.  The more interesting hits for consideration at this point were those able to 

activate TCF-dependent transcription in the absence of "NLRP.  Again as 

expected MSC was able to reduce !-catenin, Wnt 1, KRAS and HRAS activated 

TCF-dependent transcription.  Interestingly however, MSC was unable to 

interfere with GBX1 and HMGB2 induced TCF-dependent transcription.  It is 

interesting to note that GBX1 and HMGB2 are transcription factors and it is 

possible that they mediate their effects at TCF-dependent promoters without a 

requirement for CDK8/Mediator complex activation (see discussion for further 

consideration of this point).  Further studies into this effect would be required 

since a difference in response was observed between HMGB2 and the 

alternative clone that was sequenced (HMGB2*).  This raises the possibility that 

as yet uncharacterised sequence differences may be present between the 2 

clones or that the HMGB2 MSC response is not highly reproducible.  However, 
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due to a change in project focus as a result of the identification of CDK8/CDK19 

as MSC’s molecular target, this issue was not pursued further. 

In summary, these studies have identified potential novel super-activators of Wnt 

signalling in a conditional setting, and were consistent with previous studies that 

suggested the activity of MSC was located at the transcriptional regulation level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 82 

3.2 esiRNA screen 

This section describes a synthetic lethality screen for genes whose function in 

colorectal cancer cell 2D cell growth was required only in the presence of the 

MSC CDK8/19 inhibitor. 

Before discussing the details of the screen, it is important to describe a result that 

was surprising in the context of the literature that was known at the time (Figure 

14).  Bafico et al. (Bafico et al., 2004) showed that HCT116 cells, in which Wnt/"-

catenin driven transcription was reduced (by loss of "-catenin and reduction in 

Wnt ligand levels) had reduced levels of 3D cell proliferation (Bafico et al., 2004). 

This suggested that if MSC reduced TCF-dependent transcription, it should 

reduce 2D cell proliferation.  In addition, Firestein et al. (Firestein et al., 2008), 

showed that shRNA-depletion of CDK8 expression reduced HCT116 cell growth 

in 2D culture.  Based on these results reports, it was predicted that a highly 

active CDK8/19 inhibitor with 12.4nM activity against 7df3 TCF-dependent 

transcription would inhibit HCT116 cell proliferation.   

To test this prediction, HCT116 cells were treated with a titration of MSC (from 

4.5nM – 30µM) for 48 and 72 hours and cell proliferation was measured using an 

ATPlite assay.  Surprisingly, it can be seen in Figure 14a that there was no effect 

of compound on proliferation even at 2000 times the 7df3 TCF-reporter IC50 of 

MSC (12.5nM) at either 48 or 72 hours. This result further suggested that the 

growth-inhibitory activity that had previously been observed using the initial ‘hit’ 

compound from the same series (CCT071459) may have been due to ‘off target’ 

effects of the initial compound that were unrelated to its ability to inhibit TCF-

dependent transcription or to bind CDK8/19.  Interestingly, MSC was shown to 

have some anti-proliferative activity in 3D culture and in vivo anti-tumour studies 

(Figure 33 and data not shown; see Discussion). 

To examine whether the lack of a 2D growth response was due to the inactivity of 

the MSC compound in HCT116 cells against TCF-dependent transcription, a 

variant of the HCT116 line with a TCF-reporter HCT116 line (AT506; stably 
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transfected with the TOPflash TCF-reporter construct) was tested (Figure 14b). 

MSC exhibited a dose-dependent inhibition of TCF-reporter activity in the AT506 

cells with the 48 hour IC50 (154nM) being 12 times that observed in the 7df3 cells. 

Inhibition of TCF-dependent transcription was also observed in other TCF-

reporter cell lines studied in the collaboration, including colorectal cancer cells 

(e.g. Ls174T cells).  However, a particular point of note from this study was the 

observation that TCF-reporter activity was only inhibited to ~45% of maximum; by 

contrast inhibition of TCF-reporter activity in 7df3 cells was >90% in most assays 

(data not shown).  Similar ‘partial efficacy’ responses to compound treatment 

were observed in other colorectal cancer cell lines with integrated TCF-reporters 

(e.g. ~40% in SW480 cells; Merck Serono data not shown).  

There are several reasons that could explain the lack of growth inhibition in the 

HCT116 cells following MSC compound treatment. These include one or more of: 

1. Partial efficacy.  It is possible that the final level of Wnt reporter activity 

remained sufficient to maintain cell proliferation. i.e. There is a minimum 

threshold level of Wnt reporter activity that is required for cell proliferation 

and the MSC compound failed to reduce activity below this level. 

2. 2D versus 3D (in vivo).  2D cell models don’t reveal a cell growth 

dependence on TCF-reporter levels.  In Merck Serono studies, it was 

observed that MSC partially inhibited tumour growth in vivo (data not 

shown), suggesting that in vivo studies may maintain this dependence. 

3.  MSC compound treatment is NOT equivalent to a simple reduction in "-

catenin levels or a reduction in TCF-reporter activity.  Since the time the 

project was started, the identity of the MSC target has been determined as 

the kinases CDK8 and CDK19.  Loss of function of these kinases affects 

TCF-reporter activity in ways that are not yet fully understood.  

 

Each of these possible explanations is consistent with the idea that MSC 

compound activity effects in 2D culture may be masked by contributions from 
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other pathways or gene products.  Many of these pathways may also function in 

vivo and could act to reduce the potential clinical activity of MSC. 

It is thus possible to view the lack of response to MSC compound as an 

opportunity to identify gene products whose activity co-operates with MSC’s 

target in maintaining tumour growth.  This stimulated the design of a whole-

genome ‘chemical sensitisation’ screen.            

The goal of the chemical sensitisation screen was to identify genes whose 

function was required for 2D cell proliferation in the presence of MSC.  It was 

predicted that genes whose inhibition had no affect on cell viability in the 

absence of compound but resulted in complete loss of viability in the presence of 

compound would be ideal starting points for the design of rational compound 

combination strategies for the treatment of Wnt/CDK8/19-dependent cancers. 
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Figure 14a&b. Effects of MSC on HCT116 cells 2D cell proliferation and 
TCF-dependent transcription.!

a. The viability dose response of HCT116 cells to MSC at 48 and 72 hours as a 
percentage of DMSO control.  Viability of the cells was measured using the 
ATPlite luminescence assay.  Mean values ±S.D. of 6 replicate wells per 
condition are displayed. 

b.  The TCF-luciferase reporter dose response of (HCT116)-AT506.C2 Wnt 
reporter cells to MSC at 48 and 72 hours as a percentage of DMSO control.  
TCF-luciferase was measured using the BrightGlo luminescence assay.  Mean 
values ±S.D. of 6 replicate wells per condition are displayed. 
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3.2.1 esiRNA assay development and optimisation 

Before a synthetic lethality screen could be carried out, a major series of 

optimisation experiments had to be performed since the scale of the final assay 

(total 216,576 individual data points) would be prohibitively expensive both in 

cost and time to repeat. Based on published and in house data on Wnt/"-

catenin/CDK8 dependence, HCT116 cells were chosen for the assays.  

Following the Dale group’s previous success with reverse siRNA transfection 

approaches (Freeman, 2008; Lloyd-Lewis, 2011), cells were set up to deplete 

gene products by transfection with esiRNA  for 48 hours followed by compound 

addition for a further 24 or 72 hours, resulting in total assay durations of 72 hours 

and 120 hours respectively.  The assay readout selected was a reduction in 2D 

cell viability as measured using a ‘simple’ ATPLite luminescence assay.  This 

assay is based on the principle that there is a decrease in ATP (and hence 

luminescence from exogenous supplied luciferase enzyme that is added to the 

lysed cell extracts) as cell viability or cell number decreases.  This provided a 

rapid, quantitative method for determining viability. 

The key reagent in this study was the 17,188 gene esiRNA library provided by 

Prof. Frank Buchholz.  Endoribonuclease synthesised small interfering RNAs 

(esiRNAs) comprise a set of overlapping siRNAs that are enzymatically 

generated by the digestion of longer dsRNA hybrids by the Dicer/RNAse III 

enzyme (Buchholz et al., 2006). The advantages of this reagent by comparison 

with chemically synthesised siRNAs are that they more efficiently target more 

genes (fewer false negatives) based on their greater sequence complexity, while 

having fewer false positives due to the lower concentration of any particular 

sequence siRNA. These advantages have been extensively documented 

(Buchholz et al., 2006; Echeverri et al., 2006; Kittler et al., 2004; Theis and 

Buchholz, 2011).  

The overall plan of the optimisation process is shown in Figure 15.  
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Figure 15. Overview of esiRNA screen optimisation processes 

Initial studies identified the optimal transfection reagent. Cells were seeded at 
3,000 and 6,000 cells per 384-well compared 3 different transfection reagents 
using a set of control esiRNAs. The best performing reagent was then used for a 
more extensive optimisation of cell numbers and transfection reagent 
concentrations. The volume of the assays was subsequently scaled down and 
fine-level assay optimisation was conducted under final screen conditions. This 
involved tests on batches of frozen or live cells and optimisation of plate reader 
parameters. The work culminated in a pilot screen that was based primarily on 
the use of control esiRNAs. 
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Figure 15. Overview of esiRNA screen optimisation processes

Initial studies identified the optimal transfection reagent. Cells were seeded at 3,000 and 6,000 
cells per 384-well compared 3 different transfection reagents using a set of control esiRNAs. The 
best performing reagent was then used for a more extensive optimisation of cell numbers and 
transfection reagent concentrations. The volume of the assays was subsequently scaled down 
and fine-level assay optimisation was conducted under final screen conditions. This involved tests 
on batches of frozen or live cells and optimisation of plate reader parameters. The work 
culminated in a pilot screen that was based primarily on the use of control esiRNAs.
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Transfection reagent selection 

A key reagent for esiRNA transfection studies is the transfection reagent. Most 

optimised commercial reagents for esiRNA transfection are based on the 

formation of lipid-nucleic acid complexes however unfortunately the identity of the 

lipid/lipid mixes are normally proprietary information (hence undisclosed).  

Nonetheless, it has been established that key parameters for optimisation include 

cell number (the target being the lipids in the plasma membrane), the esiRNA 

and the lipid concentration (lipid delivery systems often mediate cytotoxic effects 

by compromising cell membranes), together with details of protocol that optimise 

the size and uniformity of siRNA-containing micelles. As a first step in this 

optimisation process, several transfection reagents were compared (Figure 16).  

 

 

 

 

 

!

!

!

!

!

!

!

!



 89 

"#$%&'!13+45!)*+,'-'./!

!

**ON OPPOSITE PAGE** 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



48 hours

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA
0

25

50

75

100

125
%

 V
ia

bi
lit

y

5!l/ml
3000 cells

15!l/ml
3000 cells

5!l/ml
6000 cells

15!l/ml
6000 cells

72 hours

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA

Untre
ate

d

Tra
nsfe

cti
on re

ag
en

t
eG

FP
R-L

uc
PLK1

EG5

PLK1 s
iR

NA
0

25

50

75

100

125

%
 V

ia
bi

lit
y

5!l/ml
3000 cells

15!l/ml
3000 cells

5!l/ml
6000 cells

15!l/ml
6000 cells

Figure 16a
DharmaFECT

Figure 16b
DharmaFECT

89



 90 

"#$%&'!13,46!)*+,'-'./!

!

**ON OPPOSITE PAGE** 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



48 hours

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA
0

25

50

75

100

125

150

175

200
%

 V
ia

bi
lit

y

5!l/ml
3000 cells

15!l/ml
3000 cells

5!l/ml
6000 cells

15!l/ml
6000 cells

72 hours

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA
0

25

50

75

100

125

150

175

200

%
 V

ia
bi

lit
y

5!l/ml
3000 cells

15!l/ml
3000 cells

5!l/ml
6000 cells

15!l/ml
6000 cells

Figure 16c
HiPerFect

72 hours

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA

Untre
at

ed

Tra
nsf

ec
tio

n re
ag

en
t

eG
FP

R-L
uc
PLK1

EG5

PLK1 s
iR

NA
0

25

50

75

100

125

150

175

200

%
 V

ia
bi

lit
y

5!l/ml
3000 cells

15!l/ml
3000 cells

5!l/ml
6000 cells

15!l/ml
6000 cells

Figure 16d
HiPerFect

90



 91 

"#$%&'!13'78!)*+,'-'./!

Figure 16. Transfection reagent selection 

The transfection efficiency and cytotoxicity of three transfection reagents; 
DharmaFECT (a & b), HiPerFect (c & d) and INTERFERin (e & f) was 
determined at 5µl/ml and 15µl/ml transfection reagent.  Cell seeding densities of 
3000 cell and 6000 cells per well were reverse transfected with control esiRNA 
(‘non-targetting’ eGFP and R-Luciferase; ‘targetting’ PLK1 and EG5) in 384 well 
plates and viability assessed using the ATPlite luminescence assay at 48 and 72 
hours.  Mean values ±S.D. of 3 repeats are displayed as percentage of untreated 
control. 
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Three transfection reagents; a & b: DharmaFECT, c & d: HiPerFect; e & f: 
INTERFERin were compared for their ability to transduce esiRNAs against 

enhanced green fluorescent protein (eGFP), renilla luciferase (R-Luc), polo-like 

kinase 1 (PLK1) and kinesin-related motor protein 11 (EG5) esiRNAs at 48 and 

72 hours post-transfection (as shown in Figure 16).  PLK1 siRNA was used as an 

additional control.  Cells were assayed for ATP levels using the ATPlite 

luminescence assay, with reduction of cellular ATP level being equated as loss of 

cell viability since ATP rapidly declines when cells undergo necrosis or apoptosis. 

Optimal reagents were expected to show no (or minimal) viability reduction with 

eGFP and R-Luc reagents but to exhibit target-related reduction in cellular 

viability in response to depletion of PLK1 (mitotic progression regulator, 

knockdown of which results in mitotic arrest) and EG5 (required for the 

establishment of a bipolar spindle in mitotic cells).  PLK1 siRNA had previously 

been used at Merck Serono and was used as a ‘known control’ as targeted gene 

knockdown with this reagent was expected to result in >70% reduction in viability 

at 72 hours (data not shown). 

Each transfection reagent was tested using the afore mentioned controls, and 

cellular viability measured alongside untreated cells and cells treated with 

transfection reagent alone in order to determine transfection reagent toxicity.  

20ng esiRNA (or 5µl TE buffer for untreated/transfection media controls) was 

aliquotted into a 384 well plate and transfection reagent dispensed directly into 

the wells at 5µl/ml or 15µl/ml (final assay volume concentration).  Following 

micelle formation, cells were dispensed onto the esiRNA:lipid complexes at 3000 

or 6000 cells/well and viability measured at either 48 or 72 hours post-

transfection.  ATP-dependent luminescence was measured (as relative light 

units; RLU) using a luminometer, and the effect of each condition given as a 

percentage of the mean of the untreated control cells (Figure 16 a-f).  As can be 

seen in Figure 16c, 3000 cells transfected with 15µl/ml HiPerFect (at 72 hours) 

showed the closest response to that expected, with ~70% reduction in cell 

viability with EG5 esiRNA and PLK1 siRNA knockdown.  However, with ~25% 
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reduction in viability mediated by transfection reagent alone, and no apparent 

targetted-knockdown as expected with PLK1 esiRNA transfection, it was evident 

that further optimisation would be required from this starting point.  By 

comparison, the use of DharmaFECT (Figure 16a and b) resulted in both 

transfection reagent toxicity and off-target esiRNA toxicity (as seen by further 

reduction in cell viability even with transfection of the eGFP and R-Luc controls), 

and so it was not used any further.  INTERFERin (Figure 16 e and f) exhibited 

limited transfection efficiency and non-specific transfection reagent toxicity was 

evident at 3000 cells transfected with 15µl/ml (at both 48 and 72 hours), and so it 

was concluded that HiPerFect was the most promising reagent to take forward 

for assay optimisation.  

 

Cell seeding optimisation 
In order to determine ideal parameters for the high-throughput screen, cell 

numbers and the assay timecourse were further optimised using HiPerFect 

(Figure 17a-d). 
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Figure 17. Cell number and timecourse assessment 

Cell seeding of 2000, 3000, 4000, 5000 and 6000cells/well were reverse 
transfected with 15µl/ml HiPerFect and cell viability mediated by the panel of 
control esiRNAs measured at 72, 96, 120 and 144 hours post-transfection.  Cell 
seeding of 2000cells/well responded most effectively, with loss in viability 
sustained across all timepoints.  Mean values ±S.D. of 3 repeats are displayed 
as percentage of untreated control. 
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Using the reagents and assay format previously described (see previous 

‘Transfection reagent selection’ section), 2000, 3000, 4000, 5000 and 6000 

cells/well were transfected with the esiRNA panel of controls using 15µl/ml 

HiPerFect (Figure 17a-d).  Measurements were to be taken at 72 and 120 hours 

post transfection, as it was anticipated that this would have given sufficient time 

for the various esiRNA target mRNAs to be degraded and for their existing gene 

products to be degraded / diluted due to cell proliferation.  Measurements were 

also taken at 96 hours (in order to monitor assay performance between the final 

read parameters) and 144 hours post-transfection (to determine any cell over-

growth and its potential effect on assay window). 

Despite transfection reagent-mediated cytotoxicity at 72 and 96 hours, HCT116 

cells seeded at 2000 cells/well recovered well and achieved >90% reduction in 

viability (with the ‘targetting’ controls) at 120 and 144 hours (Figure17c and d).  

Significantly, it appeared that cells seeded at greater than 3000 cells/well elicited 

higher signals from the ‘targetting’ controls at the longest timepoints (120 and 

144 hours), suggesting that either the knockdown was unsustainable over an 

extended time or that cell overgrowth masked the RNAi effects Figure17a-d).  

Hence, seeding at 2000 cells/well was selected for further optimisation as 

sustained targetted reduction in viability was achieved across all time-points. 

 

Transfection reagent concentration optimisation 
In order to reduce the non-specific toxic effect of HiPerFect on cells seeded at 

2000 cells/well it was necessary to titrate the concentration of transfection 

reagent down from 15µl/ml.  It also became evident during the course of the 

optimisation assays that the primary screen plates would have to be stored as 

frozen samples prior to ATPlite luciferase measurements due to the number of 

plates involved (564 plates in total).  The expansion of the reagent in each well 

upon freezing increased the risk of well-to-well contamination (particularly at the 

defrosting stage), and as a consequence the total assay volume had to be 

reduced.   
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Figure 18. Transfection reagent titration 

Cells seeded at 2000cells/well were reverse transfected with 5, 10 and15µl/ml 
HiPerFect and cell viability mediated by the panel of control esiRNAs measured 
at a. 48, b. 72, c. 96, d. 120 and e. 144 hours post-transfection.  Mean values 
±S.D. of 3 repeats are displayed as percentage of untreated control. 
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Figure 18.  Transfection reagent titration

Cells seeded at 2000cells/well were reverse transfected with 5, 10 and15μl/ml HiPerFect 
and cell viability mediated by the panel of control esiRNAs measured at a. 48, b. 72, c. 96, 
d. 120 and e. 144 hours post-transfection.  Mean values ±S.D. of 3 repeats are displayed 
as percentage of untreated control.
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Using the previously described transfection ‘control panel’, 2000 cells/well were 

transfected using 5µl/ml, 10µl/ml and 15µl/ml HiPerFect (Figure 18a-e).  The total 

assay volume was also reduced from 50µl to 30µl to prevent reagent overflow 

during the freeze-thaw process (by reducing both the cell seeding and 

transfection reagent mix volumes).  Viability measurements were taken (using 

the ATPlite assay) at 48, 72, 96, 120 and 144 hours post-transfection in order to 

determine the complete range of RNAi effects. 

As can be seen in Figure 18a-e, 2000 cells transfected with 5µl/ml HiPerFect 

resulted in consistent optimal non-targetted and targetted esiRNA effects (in 

particular from 72 hours onwards), with no non-specific transfection reagent 

cytotoxicity.  It was evident, however, that the reduction in assay volume resulted 

in the previously minimally toxic HiPerFect concentration of 15µl/ml becoming 

highly non-specifically cytotoxic.  This was likely due to the reduction in serum 

and nutrient-rich media concentrations, limiting the ability of the cells to recover 

from the transfection process.  Nevertheless, transfection using the lower 

concentration of 5µl/ml HiPerFect prevented this effect, and was determined to 

be the optimal transfection reagent assay parameter. 

 

Pre-assay cell culture conditions 
To limit cross-screen variation it was essential that the HCT116 cells used were 

from the same batch and cultured for the same duration.  Hence, cells could not 

maintained in continuous culture as they had been for the assay development 

process.  As cells transfected directly from frozen were likely to require further 

extensive optimisation due to their post-thaw fragility, frozen cells were cultured 

for 72 hours prior to transfection (using the protocol described in the previous 

section; Figure 19a-e), and RNAi response compared to the previous assay 

using continually cultured cells. 

!
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Figure 19. Optimisation of conditions using defined-passage cells 

HCT116 cells were thawed and cultured for 72 hours prior to assay seeding. 
Cells seeded at 2000cells/well were reverse transfected with 5, 10 and15µl/ml 
HiPerFect and cell viability mediated by the panel of control esiRNAs measured 
at a. 48, b. 72, c. 96, d. 120 and e. 144 hours post-transfection.  ‘Minimally-
cultured cells’ responded comparatively to long-term cultured cells, indicating that 
culturing cells in this method was suitable for HTS.  Mean values ±S.D. of 3 
repeats are displayed as percentage of untreated control. 
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Figure 19.  Optimisation of conditions using defined-passage cells

HCT116 cells were thawed and cultured for 72 hours prior to assay seeding. Cells seeded 
at 2000cells/well were reverse transfected with 5, 10 and15μl/ml HiPerFect and cell viability 
mediated by the panel of control esiRNAs measured at a. 48, b. 72, c. 96, d. 120 and e. 
144 hours post-transfection.  ‘Minimally-cultured cells’ responded comparatively to long-
term cultured cells, indicating that culturing cells in this method was suitable for HTS.  Mean 
values ±S.D. of 3 repeats are displayed as percentage of untreated control.
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The minimally-cultured cells responded in a similar manner to the continually-

cultured cells, however at 144 hours cells appeared to recover from targetted 

knockdown.  Although this timepoint was beyond that of the final screen scope, 

this observation was noted and the 120 hour screen timepoint closely monitored 

for signs of cell overgrowth (which would mask ‘true’ viability reduction as cells 

began to suffer the effects of nutrient depletion).   

 

Pilot screen 
The optimisation process was carried out on a small scale with reagents being 

dispensed a single well at a time and plate ATPlite measurement times taking >5 

minutes (per plate).  However, this was not conducive to a high-throughput 

screen set-up, and as such semi-automated equipment, spacious tissue culture 

facilities and a rapid-reading luminometer were required.  It was essential that the 

optimised assay was tested under the screen conditions to ensure that there 

were no alterations in assay performance upon transfer to the high-throughput 

setting.  
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Figure 20. Pilot assay 

Repetition of the final assay set-up (2000 cells/well, 5µl/ml HiPerFect) using high-
throughput conditions (72 hour timepoint measured only) demonstrated that the 
assay was directly transferable and suitable for the HTS setting.  Mean values 
±S.D. of 3 repeats are displayed as percentage of untreated control. 
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Cell response was assessed under the optimally established conditions (at the 

72 hour timepoint alone for simplicity; Figure 20).  In addition, PLK1 and EG5 

from the esiRNA library were isolated and tested alongside the controls in order 

to confirm the library’s viability (Figure 20; PLK1 test, EG5 test).  These test 

esiRNAs performed comparatively to the control PLK1 and EG5, thus the library 

esiRNA reagents were determined to be functional and suitable for the high 

throughput screen. 

A useful method for the determination screen of robustness (and the 

potential for false positive and negatives) is the calculation of the assay’s Z-factor 

(Zhang et al., 1999).  By comparing the ‘high’ (eGFP and R-Luc) and the ‘low’ 

(PLK1 and EG5) controls of the pilot test, the calculated Z-factor for the 

optimised assay was 0.55.  A Z-factor of >0.5 in a cell-based screen is deemed 

to be excellent for high-throughput screening, and so this assay format was 

deemed suitable for the full-scale high-throughput screen. 

Taken together the final conditions determined for the primary screen were:  

 

! 2000 cells/well (batch-controlled) 

! 5µl/ml HiPerFect 

! 72 and 120 hour timepoint measurements 

! LEADseeker luminometer; 3 second read 
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3.2.2 Primary esiRNA screen 

The primary screen was conducted over a 35 day period and following cell lysis, 

plates were frozen down such that the ATPlite assays could be carried out in one 

session to enhance reproducibility.  A total of 216,576 data points were acquired 

comprising 3 repeats of esiRNA transfections for 72 and 120 hour timepoints, in 

the presence and absence of MSC. 

As a first step in the data analysis, internal controls that had been placed 

on each plate (eGFP, R-Luc, PLK1 and EG5 esiRNAs) were assessed on a per-

plate basis to determine whether any plates had failed based on the dynamic 

range of the controls.  As can be seen from the example in Figure 21, the 

controls on some plates failed and it was assumed that all data from the 

corresponding plate may have been compromised (using the criteria listed in 

Figure 21, a total of 62/564 plates were rejected from further analysis).  Repeat 

esiRNA transfections were carried out for plates for which more than one of the 

triplicates had failed (one complete set of 72 hours + compound, and 120 hours + 

compound repeats required re-assessment).  This ensured that at least 2 repeats 

existed for every plate, allowing a robust analysis to be carried out.  
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Figure 21.  Primary screen quality control 

a. Examples of plate controls from a plate that ‘passed’ (1) and ‘failed (2) quality 
control (from 72 hour timepoint). The 16 bars from each plate showing the 
relative luminescence units (RLU) are grouped into 4 repeats of 4 single well 
esiRNA control assays. From left to right, the sets are: eGFP (1-4), EG5 (5-8), R-
Luc (9-12), PLK1 (13-16)). As can be seen, plate 1 showed clear effects of the 
EG5 and PLK1 cytotoxic esiRNAs while plate 2 showed no effect. b. The cut-off 
values used to include or exclude plates in further data analysis. Typical values 
indicate the approximate RLUs most commonly observed. 
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Following the control assessment to ensure sufficient overall data quality, the 

primary data required pre-processing before statistical modelling and hit selection 

could be conducted.  The R-based software package cellHTS2 was used for this 

purpose (see Methods 2.6.2.3 for details), which enabled relatively rapid 

processing of the large-scale whole-screen dataset according to selected 

parameters.  Non-controls based normalisation of the screen dataset was 

conducted.  Each repeat was first normalised relative to the plate median (this is 

less prone to being skewed by extreme outliers than the mean value).  The 

nature of high-throughput screening means that it can be assumed that the 

majority of samples screened are ‘inactive’ providing an accurate representation 

of the plate’s true ‘central value’.  As such, normalised sample values 

represented deviation from the whole-plate sample median.  This method was 

used in preference to control-based normalisation, as although control-based 

normalisation scales data within a defined range (with the non-targetting and 

targetting controls acting as the upper and lower boundaries respectively in this 

instance) and account for plate-to-plate variations in assay window, the controls, 

due to their lower numbers are susceptible to greater error.  

Using cellHTS2, each normalised cellular viability value (derived from ATPlite 

luminescence) was assigned a B-score.  The B-score value was generated using 

an algorithm that incorporates parameters that help control for plate-based 

screening artefacts, for example the variation in temperature across a plate that 

can result in 384-well plate dependent edge effects ((Brideau et al., 2003); see 

Methods 2.6.2.3).  The B-score is a modified measure of the data point variance 

from the median.  At this point the B-score values were assigned to their 

corresponding gene identity (as detailed in the esiRNA library plate/well Ensembl 

ID file) and were stored as an excel file that is available on the attached data CD, 

Appendix 7.  These gene-associated cellular viability B-scores were 

subsequently used for esiRNA effect modelling. 

A statistical model was required that was capable of identifying hits that exhibited 

synergistic synthetic lethality when compound treatment was combined with gene 
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targetting, compared with RNA-mediated target knockdown (RNAi) or compound 

effects alone.  This ‘Linear Model Interaction Test’ was developed by Dr. Eike 

Staub of the department of Discovery Bioinformatics, Merck Serono (and 

implemented using the R statistics package version 2.9.1).  Details of the model 

are described in Methods. In brief, the relationship of the dependent variable 

(cellular viability B-score, resulting from previously described normalization 

procedures) and the two independent variables i.e. esiRNA knockdown (yes/no) 

and compound treatment (yes/no) were assessed using a linear model: 

Viability ~ esiRNA + MSC + esiRNA:MSC 

Thus, the model was developed to include the interaction between esiRNA and 

MSC combination treatment as the main target parameter, as we were interested 

primarily in effect on ATP levels that was exerted by treatment with both esiRNA 

and MSC in combination, but to a lesser extent by esiRNA or compound alone.  

Hence, an ‘interaction value’ was determined that statistically summarised 

synergy (including the interaction significance) between compound and RNAi, 

whilst taking the effect of esiRNA knockdown alone on cellular viability into 

consideration.    

Two interaction values were generated for each sample; a 72 hour and a 120 

hour timepoint interaction value. The interaction values for the 120 hour dataset 

were plotted in order to give a visual indication of whole-screen performance 

(Figure 22). 
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Figure 22a&b.  Visualisation of 120 hour primary screen interaction data 

Following esiRNA transfection of HCT116 cells and treatment with MSC, an 
‘interaction value’ of the effect of the combination was statistically determined.  
Negative interaction values indicate a reduction in ATP levels as a result of 
synthetic interactions in HCT116 cells (e.g. decreased cell proliferation, 
increased apoptosis or a reduction in ATP levels), whilst positive values indicate 
a synthetic increase in ‘viability’.  The combination interaction value for each 
sample is shown individually, and each of the plates is individually coloured.  Due 
to the size of the screen the data has been split into two panels; a - plates 1 to 24, 
b - plates 25 to 47. 
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Figure 22 illustrates the spread of the RNAi-MSC interaction values on a plate-

by-plate basis.  The majority of the 368 samples on each plate had little or no 

effect, and had interaction values centred between -10,000 - +10,000.  Synthetic-

interactions leading to a reduction of ATP levels in the presence of esiRNA and 

MSC are indicated by negative values, whilst positive values indicated RNAi-

MSC dependent increase in ATP levels.   Negative interactions can be 

interpreted as an alteration in cell numbers (e.g. ‘viability reduction’ through 

reduction in cellular proliferation or an increase in cell death) or as a reduction in 

the ATP level per cell.  For selected esiRNA:MSC combinations, it was clear that 

alterations to total cell numbers were responsible for synthetic interactions 

although this was not systematically examined.  Unless specifically stated, 

subsequent comments on ‘cell viability’ as characterised in the primary and 

reconfirmation screens will actually refer to a reduction in ATP levels as this is 

the most likely interpretation. 

Interestingly, some plates exhibit a greater number of hits at either end of the 

interaction scale than others.  A possible explanation for this was that although 

the genes were randomly distributed across the plates, the genes that were 

easiest to clone (and so generate esiRNA against) were located in the earlier 

plates, with genes of unknown function or pseudogenes located in the later 

plates.  Importantly, it was evident that the screening method and chosen data 

analysis were capable of identifying putative hits for further investigation, and 

these linear model interaction values were subsequently used for hit selection 

(discussed below).  
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3.2.3 Hit selection 

The objective of the screen was to determine a defined hit (or hits) whose 

silencing in combination with MSC resulted in loss of HCT116 viability.  However, 

there are in reality many different categories of potential interactions between an 

esiRNA and the MSC compound, which are important to consider prior to hit 

selection.  These are graphically illustrated in Figures 23a and b, together with an 

approximation of the number of hits that were observed in each category based 

on the relevant interaction score.  Conceptually simple synthetic interactions are 

shown in Figure 23a and more complex interactions in Figure 23b. Failure to 

discriminate these hits classes may have resulted in the selection of false 

positive interactions for further analysis.!
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Figure 23a.  Simple synthetic interactions 

Schematic representation of the four ‘simple’ RNAi-MSC interaction outcomes. 
Hypothesised decrease in HCT116 viability is shown by a negative interaction 
value, and increase in viability is shown by a positive interaction value.  MSC 
alone had no effect on viability across all conditions and so is only shown once 
for clarity.  

1. MSC alone = no effect 
esiRNA alone = no effect  
esiRNA+MSC = no effect 

2. esiRNA alone = no effect 
esiRNA+MSC = complete reduction in viability 

3. esiRNA alone = no effect 
esiRNA+MSC = moderate reduction in viability 

4. esiRNA alone = no effect 
esiRNA+MSC = increase in viability 

 

Approximate percentage of samples (in relation to the whole screen) falling into 

each category is shown. 
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Figure 23b.  Complex synthetic interactions 

Schematic representation of the hypothesised complex RNAi-MSC interaction 
outcomes.  Decrease in HCT116 viability is shown by a negative effect value, 
and increase in viability is shown by a positive effect value.  Scenario 1 from 
Figure 23a is shown for comparison.  

i. esiRNA alone = marginal to moderate reduction in viability  
esiRNA+MSC = moderate to large reduction in viability 

ii. esiRNA alone = moderate increase in viability 
esiRNA+MSC = no effect 

iii. esiRNA alone = moderate reduction in viability 
esiRNA+MSC = no effect 

 

Approximate percentage of samples (in relation to the whole screen) falling into 
each category is shown.   
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The interpretation of the different hit categories in Figure 23a is discussed in 

more detail:  

Figure 23a shows simple interactions, 4 types of which can be described: 

1. No interaction (blue).  The vast majority of esiRNAs had no effect on 

cell viability and did not co-operate to alter cell viability with MSC. 

2. Strongly decreased signal (dark green). These were the desired 

category of hits showing a strong synthetic interaction between MSC 

and esiRNA. 

3. Moderate synthetic effect (pale green). 

4. Positive effect on cell viability (yellow). The combination of MSC 

treatment and esiRNA knockdown had a positive effect on the ATPlite 

readout. The reason why ATP levels would increase following esiRNA 

and MSC treatment are unclear but could be because ATP synthesis 

or degradation rates are disturbed within target cells or because loss of 

the esiRNA targets increased cellular proliferation rates or decreased 

levels of cell death. 

 

More complex synergies are summarised in Figure 23b. These include 3 types: 

i. One where esiRNA inhibition alone moderately decreased cellular 

viability, while the addition of MSC further reducing it.  This was a 

potential ‘grey area’ of the screen, as hits located within this category 

may have been valuable ‘true hits’, however there was also the 

potential risk that these were ‘false leads’ resulting from off-target 

toxicity of MSC in that were already suffering from an esiRNA-

dependent reduction in integrity (Figure 23b, condition i).      

ii. One where gene silencing increased ‘viability’ which was then reduced 

to normal levels in the presence of MSC (Figure 23b, condition ii); 

resulting in a negative interaction value. 
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iii. One where the esiRNA:MSC combinations increased cell proliferation 

when esiRNA alone reduced cell viability (Figure 23b, condition iii), 

again resulting in a positive interaction value. 

 

The approximate percentage of samples within each category (in relation to the 

whole screen) is summarised in Figure 23.  These values were generated with 

reference to the output of the linear interaction statistical model (see Methods for 

details). For the simple category 2/3 hits described above, the selection criteria 

that were used were: 

• Interaction value < -1000  
• esiRNA p value > 0.1  
• Ratio (interaction p value / esiRNA p value) < 1x10-2  

Using appropriately adapted parameters (see Methods), the hits in the other hit 

categories were identified and counted as a proportion of the total esiRNAs as 

shown in Figure 23:1. 

Two examples of single esiRNA data outputs and the values generated by the 

linear interaction model analysis are illustrated in Figure 24.  Figure 24a shows 

the interaction of HARS (histidyl-tRNA synthetase; ‘PlusCmpd-sample’) with 

MSC, in relation to HARS alone (NoCmpd-sample) and the eGFP control in the 

absence and presence of MSC (NoCmpd-egfp and PlusCmpd-egfp respectively).  

This is an example of a clear synthetic lethal interaction (c.f. Figure 23a:3), with a 

large significant interaction value, and a minimal insignificant RNAi value.   A 

second example in the form of a ‘hit’ that would be selected based on its 

interaction value alone is demonstrated with CD79B (CD79b molecule, 

immunoglobulin-associated beta; Figure 24b).  However, this hit could prove to 

be a ‘false positive’ if selected as RNAi alone affects viability, thus resulting in a 

complex esiRNA:MSC interaction (c.f. Figure 23b:i). 

!

!
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Figure 24a
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Figure 24. Example hits from the primary esiRNA screen 

Box and whisker plots for a. HARS, b. CD79B are shown.  ‘Signals’ on the Y-axis 
denote the ‘interaction effect’ (y).  On the X-axis, the eGFP -/+ compound 
controls are shown alongside the sample +/- compound for cells treated for 120 
hours with esiRNA followed by 72 hours with compound.  Individual well readings 
are represented as green dots while the median of the readings is shown as a 
thick black bar.  The light box covers the interquartile range (25% and 75% 
quartiles) while the whiskers show the most extreme datapoints. 

 

 

**ON OPPOSITE PAGE** 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 24b
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The aim of the screen was to focus on hit genes whose inhibition resulted in 

HCT116 lethality conditionally in the presence of MSC (Figure 23a:2+3, Figure 

24a), In order to identify significant hits (and reduce false positive hit selection), 

stringent criteria were implicated to select conditionally lethal genes based on the 

linear model statistical output. These were: 

• Interaction value < -1000  

• esiRNA p value > 0.1  

• Ratio (interaction p value / esiRNA p value) < 1x10-2  

 

These parameters defined hits that had significant interaction values less than     

-1000 (i.e. loss of viability), with no significant effect of esiRNA alone.  

Furthermore, selecting hits with an interaction:esiRNA p value ratio less than 

1x10-2 ensured that putative hit gene effects were genuine, and not simply on the 

borderline of significance.  This provided a more effective way of conclusively 

defining hits than simply ranking hits (by interaction values, for example) as it 

factored in false positive elimination strategies.  

Only hits that satisfied all selection criteria were chosen for reconfirmation.  In 

total, 83 genes that elicited RNAi-MSC dependent synthetic lethality fulfilled the 

necessary selection requirements.  Interestingly, no esiRNAs were found that 

induced complete cell killing in the presence of compound; the maximal effect 

recorded was ~45% killing.  Furthermore, only samples from the 120 hour assay 

timepoint passed the screen quality selection criteria.  The list of these primary 

hits (ranked according to their interaction p value) is shown in Table 2.  In 

addition to the principal means of selection, a further 10 hits that met some but 

not all of the selection criteria were chosen, as they were of potentially 

biologically relevant or interesting.  JAK3, for example, was selected due to the 

known ability of the activated JAK/STAT pathway to mediate cellular proliferation 

and tumour growth in cancer (Klampfer, 2008), and evidence that JAK/STAT 

signalling functions synergistically with Wnt signalling in cancer (Lin et al., 2011), 

and hence this was a biologically relevant hit.  Conversely, Dkk2, a Wnt 
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signalling antagonist, would hypothetically confer a degree compound resistance 

when inhibited.  However, a significant interaction effect of -12,700 was observed, 

thus this could serve to be a biologically interesting hit.  This subset of manually 

selected hits is listed under the primary hits in Table 2 (in alphabetical order).  

The gene list was analysed for over-representation of annotations in the GO 

categories of biological process, molecular function and cellular component (as 

described in Results 3.1).  The DAVID bioinformatics database (Huang et al., 

2009a) was searched in addition to GeneCodis.  The gene products were also 

compared to both the KEGG and Ingenuity (Ingenuity® Systems) collections for 

enrichment of specific pathway features.  However, no significant enrichment 

was identified.   
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Hit Rank 
Gene 

Name 
Ensembl ID 

Interaction   

p value 

Interaction 

Value 

1 HARS ENSG00000170445 !"#$%&'() &!*''')

2 MEN1 ENSG00000133895 +",-%&'-) &!#*'')

3 PTPN14 ENSG00000152104 ."+(%&'-) &!'!'')

4 FKBP10 ENSG00000141756 -"!,%&'-) &!+.'')

5 PLEKHG4B ENSG00000153404 ,"(#%&'-) &*.(')

6 LIMCH1 ENSG00000064042 !"''%&'.) &*-'')

7 HPD ENSG00000158104 '"'''!'+) &!+-'')

8 SERF1A ENSG00000172058 '"'''!-) &-$!')

9 IL4R ENSG00000077238 '"'''!(!) &!+#'')

10 DDX55 ENSG00000111364 '"'''+(,) &,.+')

11 KIF27 ENSG00000165115 '"'''..!) &-*+')

12 SKA1 ENSG00000154839 '"'''-+.) &!--'')

13 IL2RB ENSG00000100385 '"'''(!#) &,#+')

14 OR51E1 ENSG00000180785 '"'''(-#) &('.')

15 UGP2 ENSG00000169764 '"'''(*+) &*(-')

16 GEMIN6 ENSG00000152147 '"'''*'*) &!+!'')

17 NOP14 ENSG00000087269 '"''',(+) &,.'')

18 FOLR3 ENSG00000110203 '"'''$,#) &!!-'')

19 CELA3A ENSG00000142789 '"''!'$) &*+$')

20 TPT1 ENSG00000133112 '"''!'+) &!'!'')

21 MTAP ENSG00000099810 '"''!#) &-*.')

22 PRSS38 ENSG00000185888 '"''!+.) &,+*')

23 C2orf69 ENSG00000178074 '"''!.#) &!#''')

24 SLC12A6 ENSG00000140199 '"''!.+) &#.('')

25 CCDC30 ENSG00000186409 '"''!--) &+$*')

26 C2orf76 ENSG00000186132 '"''!*.) &$,,')

27 SLC25A39 ENSG00000013306 '"''!,-) &,$*')
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28 PLD6 ENSG00000179598 '"''!$) &!#,'')

29 U2AF2 ENSG00000063244 '"''!$) &$'$')

30 NHEJ1 ENSG00000187736 '"''#'-) &.!'')

31 TRIM28 ENSG00000130726 '"''##+) &,!!')

32 THAP6 ENSG00000174796 '"''#+.) &!+!'')

33 ULK1 ENSG00000177169 '"''#+.) &(#,')

34 CRHR2 ENSG00000106113 '"''#.*) &--!')

35 FOXG1 ENSG00000176165 '"''#$#) &!#-'')

36 FBF1 ENSG00000188878 '"''#$() &+..')

37 CCL4 ENSG00000129277 '"''++#) &**$')

38 LRP4 ENSG00000134569 '"''+*,) &!','')

39 FBXO5 ENSG00000112029 '"''+,$) &!#,'')

40 SLC29A1 ENSG00000112759 '"''+$) &*+.')

41 RNGTT ENSG00000111880 '"''.!() &-,#')

42 BRCA1 ENSG00000012048 '"''..!) &!#('')

43 NT5DC3 ENSG00000111696 '"''.-.) &,(#')

44 CYLD ENSG00000083799 '"''.-$) &!+#'')

45 SLC28A3 ENSG00000197506 '"''.**) &!##'')

46 DHRS2 ENSG00000100867 '"''-*.) &($(')

47 ENOX1 ENSG00000120658 '"''(.*) &!#''')

48 ZC3H13 ENSG00000123200 '"''*#+) &!+''')

49 SPP2 ENSG00000072080 '"''*..) &##''')

50 TNFRSF1A  ENSG00000067182 '"''*-$) &!'('')

51 TMEM61 ENSG00000143001 '"''*(() &(.'')

52 BRAF ENSG00000157764 '"''**() &!#('')

53 CTBP2 ENSG00000175029 '"''*,*) &!'$'')

54 SNRNP48 ENSG00000168566 '"'',##) &!'('')

55 CCDC33 ENSG00000140481 '"'',.() &!#,'')



 124 

56 C6orf162 ENSG00000111850 '"'',-#) &$*,')

57 MATN2 ENSG00000132561 '"'',(-) &!'+'')

58 MSH3 ENSG00000113318 '"''$#.) &$((')

59 CDCA2 ENSG00000184661 '"''$.-) &-('')

60 C8orf42 ENSG00000180190 '"''$-.) &$!'')

61 PDE6B ENSG00000133256 '"''$,+) &-+$')

62 CCDC120 ENSG00000147144 '"''$,.) &!'.'')

63 SLC37A3 ENSG00000157800 '"'!'.) &.*'')

64 GPN2 ENSG00000142751 '"'!!() &*-'')

65 COG5 ENSG00000164597 '"'!!,) &!'.'')

66 ACTC1 ENSG00000159251 '"'!!$) &(*#')

67 BOLA2B ENSG00000169627 '"'!##) &,#-')

68 MMP20 ENSG00000137674 '"'!#-) &,'$')

69 MIER3 ENSG00000155545 '"'!#() &($!')

70 KCNB2 ENSG00000182674 '"'!+*) &!'*'')

71 TNPO3 ENSG00000064419 '"'!.*) &##!'')

72 WDR16 ENSG00000166596 '"'!-) &!,,'')

73 IER3 ENSG00000137331 '"'!-#) &$#.')

74 SART1 ENSG00000175467 '"'!-#) &-+!')

75 HS6ST1 ENSG00000136720 '"'!-#) &-*-')

76 JOSD2 ENSG00000161677 '"'!(#) &,**')

77 PRSS21 ENSG00000007038 '"'!(() &.*.')

78 MARCH8 ENSG00000165406 '"'!($) &!.#'')

79 SCYL1 ENSG00000142186 '"'!*!) &!#,'')

80 MED11 ENSG00000161920 '"'!*.) &,,*')

81 DFNA5 ENSG00000105928 '"'!*-) &!#,'')

82 NCAPG2 ENSG00000146918 '"'!*,) &!.('')

83 KCNIP2 ENSG00000120049 '"'!$!) &-.*')
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      )) ))

N/A ALS2 ENSG00000003393 '"''!-,) &!!('')

N/A DKK2 ENSG00000155011 -"!.%&'*) &!#*'')

N/A JAK3 ENSG00000105639 !"-*%&!#) &!!*'')

N/A KRTCAP2 ENSG00000163463 !"#(%&',) &!-*'')

N/A LIN54 ENSG00000189308 '"''!!$) &!#.'')

N/A PLSCR4 ENSG00000114698 +"-*%&'() &!.*'')

N/A PTP4A3 ENSG00000184489 ."'$%&'-) &,,$')

N/A ROGDI ENSG00000067836 ."!'%&'-) &!!#'')

N/A SRSF1 ENSG00000136450 #"'+%&'() &!!+'')

N/A THRA ENSG00000126351 ."'-%&'-) &!!#'')

 

Table 2. Primary hit selection 

The top 83 hit genes selected from the primary screen data (120 hour timepoint) 
are ranked according to their p value.  esiRNA:MSC linear interaction model 
values are given.  10 additional ‘biologically interesting’ hits are listed below the 
primary hits in alphabetical order.   

 

Although the focus of the study was to identify RNAi:MSC synthetic lethal 

combinations, hits at the ‘opposite end’ of the scale were determined, i.e. 

combinations that were able to increase cellular proliferation or increase ATP 

production (Table 3).  36 genes with significant interaction values > +5000 and 

significant esiRNA effects (-10,000 – 0) were identified (arbitrarily selected values 

used to putatively determine hits in this category).  The gene list was analysed 

for over-representation of annotations in the GO categories of biological process, 

molecular function and cellular component (as described in Results 3.1).  

Additionally the gene products were also compared to the KEGG collection for 

enrichment of specific pathway features.  However, no significant enrichment 

was identified, potentially due to the small set of genes analysed. 
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Gene 
Name) Ensembl ID) Interaction  

p value Interaction value)

TMEM132B ENSG00000139364 0.000753 8090 

KLK6 ENSG00000167755 0.00384 9540 

TTC27 ENSG00000018699 0.00413 8860 

NDNF ENSG00000173376 0.00456 6950 

SPTY2D1 ENSG00000179119 0.00524 8190 

CCDC42 ENSG00000161973 0.00678 7190 

KDR ENSG00000128052 0.00714 10200 

C9orf139 ENSG00000180539 0.00862 13200 

ERP29 ENSG00000089248 0.00889 9010 

SRP72 ENSG00000174780 0.011 10300 

NA ENSG00000186841 0.0113 9570 

NEDD4 ENSG00000069869 0.0122 7110 

FAM47E ENSG00000189157 0.0136 8000 

TTC6 ENSG00000139865 0.0194 7180 

KLF1 ENSG00000105610 0.0233 8000 

PYCARD ENSG00000103490 0.0264 7200 

BMP5 ENSG00000112175 0.0277 8380 

FCHO2 ENSG00000157107 0.0281 15800 

C9orf43 ENSG00000157653 0.0288 9730 

GXYLT1 ENSG00000151233 0.0308 7230 

SCN4B ENSG00000177098 0.0318 9570 

PRLHR ENSG00000119973 0.0331 10500 

ENTPD5 ENSG00000187097 0.0339 13500 

CASP9 ENSG00000132906 0.0367 23000 
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IGSF6 ENSG00000140749 0.0372 12300 

TMEM150B ENSG00000180061 0.0381 11000 

INPP5E ENSG00000148384 0.0391 8460 

PPP6R1 ENSG00000105063 0.0418 7170 

GOT1 ENSG00000120053 0.0424 6850 

CCNG1 ENSG00000113328 0.0433 7020 

MTL5 ENSG00000132749 0.0438 9200 

NKAIN1 ENSG00000084628 0.0463 9560 

PASK ENSG00000115687 0.0472 8580 

LRRC39 ENSG00000122477 0.048 7150 

ZNF684 ENSG00000117010 0.0481 10200 

AMN1 ENSG00000151743 0.0495 11900 

 

Table 3.  esiRNA ‘activator’ ranking 

esiRNA:MSC combinations with positive interaction values (> +5000) and 
significant esiRNA effects (-10,000 – 0) were determined.  Genes were ranked 
according to their significance (p value) of interaction. 

 

Future detailed analysis of these hits could provide important information 

regarding drug resistance mechanisms, and may also identify novel Wnt pathway 

interactions and feedback mechanisms. However, further work in the project was 

restricted to genes showing synthetic lethality. 
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3.2.4 Reconfirmation assays 

Following the identification of RNAi:MSC interactions from the primary screen, 

selected gene hits were further characterised (see Figure 25 for the 

characterisation assay cascade).   
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Figure 25.  Hit characterisation  

Schematic representation of the hit characterisation process.  Hits identified from 
the primary screen were reconfirmed using two methods.  Non-overlapping 
esiRNAs against 45 of the primary hits were synthesised and RNA:MSC 
interactions re-verified.  Simultaneously, 12 commercially available inhibitors 
against the 9 of the primary hits were identified and obtained.  Small molecule 
inhibitor:MSC assays were conducted.  Hit protein knockdown was subsequently 
ascertained.  Further downstream assay plans are detailed.    
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As hit reconfirmation assays were conducted in parallel, the left branch of the 

diagram (non-overlapping esiRNA reconfirmation) will first be discussed, followed 

by the small molecule inhibitor assays.  

 

3.2.4.1  Non-overlapping esiRNA reconfirmation 

Of the 93 hits identified in the primary hit list (Table 2), 45 genes were selected 

for the synthesis of a non-overlapping esiRNA.  Effects mediated in the presence 

of non-overlapping esiRNAs (designed to target a different region of the gene 

away from the original esiRNA) should validate synthetic RNAi:MSC interactions 

(i.e. that the conditional reduction in viability was not due to off-target effects).  

Due to resource limitation, 45 genes were selected for revalidation based on both 

their rank order in the primary screen and information on their background 

biology.  Biological insight was restricted to searches for known links to Wnt 

signalling or an involvement in oncogenesis.  Examples within this list include 

HARS (the top hit), LRP4 and Dkk2 (known Wnt signalling components and 

antagonists (Johnson et al., 2005; Wu et al., 2000)), TPT1 (translationally-

controlled tumour protein 1) and BRCA1 (breast cancer type 1 susceptibility 

protein (Hall et al., 1990; Miki et al., 1992)). 

Interaction of the non-overlapping esiRNAs with MSC was determined using the 

previously established assay conditions, with the raw data analysed for evidence 

of interaction by determining the percentage reduction in viability compared to 

the ‘high’ and ‘low’ controls, and the significance of the interaction determined 

using two-way ANOVA.  The reconfirmed genes can be seen in Table 4.   
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Gene Name Ensembl ID 
Percentage 

inhibition 
p value 

HARS ENSG00000170445 32 0.0038 

/%0!! ENSG00000161920 9 <0.0001 

BRAF ENSG00000157764 7 0.01 

FKBP10 ENSG00000141756 5 0.0057 

MEN1 ENSG00000133895 

Borderline – require further investigation U2AF2 ENSG00000063244 

1230# ENSG00000161677 

!

Table 4.  Non-overlapping hits  
The seven significant hit and borderline genes determined using non-overlapping 
esiRNA.  ‘Interaction’ was determined from the raw data by calculating the 
interaction based on the percentage reduction in viability compared to the ‘high’ 
control (R-Luc; with EG5 used as the baseline) and significance of interaction 
determined using a two-way ANOVA (n=3).  The percentage viability reduction 
and p values are given for the significant hits. 

 

Of the 45 genes tested, the interaction of 4 hits was significantly reconfirmed, 

with three additional hits indicating ‘borderline’ activity.  Further repetition may be 

needed to validate ‘borderline’ hits.  The reconfirmation rate of 4/45 (or 7/45 

using lower stringency criteria) was low by comparison with a rate of 

approximately 30-40% that was observed for screens for regulators of TCF-

dependent transcription and !-catenin levels and subcellular distribution 

(Freeman, 2008; Lloyd-Lewis, 2011).  Interestingly, the previous screen 

conducted by B. Lloyd-Lewis used the same esiRNA library and had identified 

many more primary hits using non-cell killing readouts (~250 primary hits per 

screen; 35-40% reconfirmation).  At present, we cannot be certain that the 

different primary and secondary hit reconfirmation rates are not related to the 

stringency of the hit selection in this screen.  However, it is more likely that the 

low reconfirmation rate reflects an intrinsic aspect of the biology of cell survival in 
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the presence of MSC compound since ‘true hits’ that had been selected in the 

primary screen would have been expected to reconfirm at similar rates. 

Interestingly, HARS, was again the top hit in the non-overlapping reconfirmation 

analysis.  Both the primary and secondary esiRNAs against HARS specifically 

resulted in a loss of HARS protein expression (Figure 26).  Importantly, in the 

larger-scale assays required for protein expression analysis, a significant 

reduction in cell number was observed only in HARS esiRNA: MSC combinations. 

Future studies could aim to determine whether this was driven by reductions in 

cell proliferation or increased apoptosis. 

Interestingly the second ranked hit was MED11; a component of the multiprotein 

Mediator complex (involved in the activation of RNA polymerase II transcription), 

situated in the ‘head’ module (Taatjes, 2010; Takagi et al., 2006).  The molecular 

target of MSC, CDK8, is central to the kinase module of this complex (Malik and 

Roeder, 2005), thus further disruption of the complex through interference of the 

head module may be required in order reduce cell viability.  

The serine threonine protein kinase BRAF is a third interesting hit.  With defects 

in BRAF linked found in a wide range of cancers (Davies et al., 2002), and 

notably a cause of metastasis in colorectal cancer (Tol et al., 2009), it was 

intriguing as to why inhibition of its functional isoform in combination with MSC 

should result in death of cultured colorectal cancer cells. 
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Figure 26.  HARS protein depletion 

Western blot analysis for HARS expression showing depletion of HARS protein 
(56kDa) with both the primary screen esiRNA and the secondary reconfirmation 
non-overlapping esiRNA at each time point analysed.  GAPDH levels are shown 
as controls for loading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 26.  HARS protein depletion

Western blot analysis for HARS expression showing depletion of HARS protein (56kDa) with 
both the primary screen esiRNA (48, 72 and 120 hour knockdown) and the secondary 
reconfirmation non-overlapping esiRNA (48 and 120 hour knockdown).  HiPerFect 
transfection media and R-Luciferase non-targetting controls are shown.  GAPDH (38kDa) 
levels are shown as controls for loading.  
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3.2.4.2  Small molecule inhibitor ‘reconfirmation’ 

In parallel with the non-overlapping esiRNA revalidation assays, attempts to 

replicate the conditional viability reduction with small molecule inhibitors 

(replacing esiRNAs) were made.  The rationale for this was two fold.  Firstly it 

was postulated that gene targetting by RNAi may not downregulate the hit targets 

completely (perhaps due to incomplete depletion of the gene).  In this case, 

residual gene product activity may have prevented a strong conditional response 

being observed – as was observed in the esiRNA screen where no genes 

showed 100% synthetic lethality.  Secondly, it would have been very time-

consuming and costly to correlate the level of each protein reduction with 

response for each putative esiRNA target. 

Compounds were identified that inhibited the corresponding esiRNA gene 

products with the rationale that they should synergise to inhibit cell growth.  In the 

longer-run, it was anticipated that the identification of any commercially available 

compounds (or compounds in the clinic) would improve the potential for clinical 

application of MSC in chemotherapeutic combination therapies. 

In order to identify commercially available compounds, an extensive in silico 

search was conducted for any inhibitors against the primary hit list (Table 2).  A 

secondary search of the ChEMBL and DrugBank databases ((Gaulton et al., 

2012; Knox et al., 2011)) was conducted by Dr. Oliver Karch (Dept. of Discovery 

Bioinformatics, Merck Serono).  In instances where multiple compounds were 

available against a single molecular target, only two were obtained (due to 

practical and resource limitations).  Apart from UGP2, all compound targets also 

had a corresponding non-overlapping esiRNA, thus results from the two 

reconfirmation assays could be used to corroborate one another.  In total, twelve 

compounds were accessible against nine of the primary hit targets (Table 5a). 

In addition, a panel of Wnt inhibitors (available ‘in-house’) were selected for 

combination testing with MSC (Table 5b; this included a second CDK8 inhibitor, 

Senexin A (Porter et al., 2012)).  It was postulated that the partial inhibition of 
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Wnt signalling by MSC may have been insufficient to reduce cellular viability in 

response to MSC in HCT116 cells (see Figure 14b).  Thus it was hypothesised 

that MSC might functionally synergise with other Wnt pathway inhibitors by 

targetting a separate ‘branch’ of the signalling network (see Figure 5); a 

suggestion that was supported by the identification of Wnt regulators in the 

primary esiRNA screen (Table 2).  

Together this approach should allow the identification of targets that synergise 

with MSC via reductions in Wnt signalling and through unrelated ‘interactor’ 

mechanisms that could not have been predicted at the outset.  

 

Table 5a.  Inhibitors against primary screen hit genes  

Inhibitors identified (and purchased) against genes from the primary hit list are 
detailed (in hit alphabetical order).  Where there are 2+ inhibitors for a target, 
only 2 have been selected.  Compound synonyms are listed, with the name in 
bold indicating the name used in all assays.  CAS (Chemical Abstracts Service) 
numerical identifiers are detailed. 

Hit Gene Name Ensembl ID Compound (with synonyms) CAS Number 

BRAF %435'''''!-**(.) BAY-43-9006, Nexavar, Sorafenib 284461-73-0 

BRAF %435'''''!-**(.) RAF265 (CHIR-265) 927880-90-8 

CRHR2 ENSG00000106113 K 41498 434938-41-7 

HPD ENSG00000158104 Nitisinone 104206-65-7 

JAK3 ENSG00000105639 BX-795 702675-74-9 

JAK3 ENSG00000105639 Tofacitinib citrate 540737-29-9 

PDE6B ENSG00000133256 Revatio, Sildenafil, UK-92480, Viagra 171599-83-0 

PTP4A3 ENSG00000184489 Emodin 518-82-1 

SLC29A1 ENSG00000112759 Lidoflazine 3416-26-0 

THRA ENSG00000126351 Tiratricol, TRIAC 51-24-1 

THRA ENSG00000126351 

Cytomel, Euthroid, Liothyronine, 

Rathyronine, Tertroxin, Thyrolar, 

Triostat 6893-02-3 

UGP2 ENSG00000169764 Iodoacetamide 144-48-9 
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Target Compound CAS Number 

PORCN LGK-974 (derivative) 1243244-14-5 

LRP6/Fz1 Niclosamide 50-65-7 

LRP6 Salinomycin 53003-10-4 

GSK3 BIO 667463-62-9 

TNKS1&2 XAV 939 284028-89-3 

PP2A IQ-1 331001-62-8 

TCF4 - !-catenin  PKF118-310 84-82-2 

CBP ICG-001 847591-62-2 

CDK8 Senexin A N/A 

Multiple Sulindac 38194-50-2 

 

Table 5b.  Inhibitors against Wnt signalling components 

Wnt inhibitors are listed according to their site of action in the pathway (from 
extracellular to nucleus).  CAS (Chemical Abstracts Service) numerical identifiers 
are detailed. 

 

To investigate the interaction between the compound test list in Table 5 and MSC, 

an initial simple combination viability assay was conducted to rapidly ascertain 

any compound-compound synergy.  HCT116 cells were treated (24 hours post 

96-well plate seeding) with 10µM MSC in combination with 1, 5 and 25µM test 

compound for 24, 48 and 72 hours.  The most significant effects were seen at 48 

and 72 hours treatment, with 1 and 5µM test compound (Figures 27 and 28).  
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Figure 27a&b.  esiRNA-directed inhibitor:MSC combination effect on 
HCT116 cell viability 

HCT116 cells seeded in a 96 well plate at 4500 cells/well for 24 hours were 
treated with either 1µM (blue bars) or 5µM (green bars) test compound in the 
presence (dark bars) and absence (light bars) of 10µM MSC.  Cell viability was 
measured at a. 48 and b. 72 hours post treatment using the ATPlite assay.  All 
controls are normalised to DMSO treated cells (grey bar).  10µM MSC treatment 
alone is shown in grey.  5FU was used as a control for viability reduction.  n = 5  
(* = P < 0,05; ** = P < 0,01; *** = P < 0,001; 1 Way ANOVA and Tukey Test).  N.B.  
This data was produced by Daniel Winter under my supervision during his visit to 
the laboratory. 
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Figure 28a&b.  Wnt-Wnt inhibitor combination effect on HCT116 cell           
viability 

HCT116 cells seeded in a 96 well plate at 4500 cells/well for 24 hours were 
treated with either 1µM (blue bars) or 5µM (green bars) test compound in the 
presence (dark bars) and absence (light bars) of 10µM MSC.  Cell viability was 
measured at a. 48 and b. 72 hours post treatment using the ATPlite assay.  All 
controls are normalised to DMSO treated cells (grey bar).  10µM MSC treatment 
alone is shown in grey.  n = 5  (* = P < 0,05; ** = P < 0,01; *** = P < 0,001; 1 Way 
ANOVA and Tukey Test).  N.B. This data was produced by Daniel Winter under my 
supervision during his visit to the laboratory. 
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This initial compound-compound combination assay was used to determine 

whether compounds (if any) were able to synergise with 10µM MSC (the same 

concentration used in the primary screen).  The plan was then to study 

compounds exhibiting synergy more extensively.   

At the 24 hour timepoint no compounds exhibited combinatorial reduction in 

viability (data not shown), however this was not surprising as this treatment time 

was equivalent to the 72 hour esiRNA primary screen timepoint which also 

revealed no significant interactions.  As can be seen in Figures 27 a and b (48 

hour and 72 hour timepoint respectively), several compounds induced weak 

combination-dependent loss in viability.  RAF265 (1µM) and BX-795 (1µM and 

5µM) both demonstrated significant reduction in viability in combination with MSC 

compared with test inhibitor treatment alone at both 48 and 72 hours treatment, 

with 5 µM Sorafenib significantly reducing viability at 48 hours alone.  

Interestingly, both RAF265 and Sorafenib are BRAF inhibitors, supporting the 

reconfirmation of BRAF with non-overlapping esiRNA.  By contrast, the 

interaction between the JAK3 inhibitor BX-795 and MSC was not replicated by 

the second JAK3 inhibitor tofacitinib citrate. Future studies with additional JAK 

pathway inhibitors may be able to help resolve whether the BX-795 interaction 

was based on an essential underlying role for the JAK pathway in the presence 

of MSC. 

Notably, only four Wnt pathway component inhibitors exhibited any significant 

activity in combination with MSC (salinomycin, BIO, ICG001 and Senexin A), with 

BIO (6-Bromoindirubin-3'-oxime) being the only compound to significantly reduce 

HCT116 viability across both timepoints (Figure 28a&b).  This was a somewhat 

surprising observation as BIO is a well-characterised inhibitor of GSK3 and 

powerfully activates TCF-dependent transcription in many systems.  

It was also somewhat surprising that this initial assay indicated Senexin A (a 

CDK8 inhibitor) was able to reduce cellular viability in combination with MSC as 

data from the drug discovery programme had shown that MSC was a selective 
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and potent CDK8 inhibitor.  Further investigations would be required to reconfirm 

this observation. 

Five compounds were selected for extended studies: BIO, RAF265, BX-795, 

salinomycin and Senexin A.  Test inhibitors were titrated (25nM to 25µM) in a 

‘chequerboard’ assay against MSC titrations (40nM to 25µM) in order to 

ascertain whether combinatorial activity was evident at defined compound 

concentration combinations (at 24, 48 and 72 hours).  Of the five compounds, 

only RAF265 and salinomycin demonstrated synergistic activity in these 

preliminary assays (see Appendix 8 for detailed BIO, BX-795 and Senexin A 

dose response curves).  Subsequent reconfirmation studies showed that there 

was in fact no synergy between salinomycin and MSC (Appendix 8, however the 

synergy between RAF265 and MSC, although weak, was highly reproducible 

both in studies presented here (Figure 29a and b) and in several (n=4 total) 

independent repeats (data not shown).  !
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Figure 29.  RAF265:MSC combination  

HCT116 cells seeded in a 96 well plate at 4500 cells/well for 24 hours were 
treated with a range of RAF265 inhibitor concentrations (20nM – 25µM) in the 
presence (green) and absence (red) of 2.5µM MSC.  Cell viability was measured 
at a. 48 hours and b. 72 hours post treatment using the ATPlite assay.  All 
controls are normalised to DMSO treated cells. n = 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Co
nt

ro
ls 0.01 0.1 1 10

0

20

40

60

80

100

120

140

RAF265 Concentration (!M)

%
 D

M
SO

 C
on

tr
ol

 V
ia

bi
lit

y RAF265

RAF265 + 2.5!M MSC

2.5!M MSC

DMSO

Co
nt

ro
ls 0.01 0.1 1 10

0

20

40

60

80

100

120

140

RAF265 Concentration (!M)

%
 D

M
SO

 C
on

tr
ol

 V
ia

bi
lit

y

b

Figure 29.  RAF265:MSC combination 

HCT116 cells seeded in a 96 well plate at 4500 cells/well for 24 hours were treated with a 
range of RAF265 inhibitor concentrations (20nM – 25μM) in the presence (green) and 
absence (red) of 2.5μM MSC.  Cell viability was measured at a. 48 hours and b. 72 hours post 
treatment using the ATPlite assay.  All controls are normalised to DMSO treated cells. n = 3.
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RAF265:MSC synergy was most evident in combination with 2.5µM MSC (Figure 

29) with the most significant difference in compound effect being observed at 48 

hours treatment (Figure 29a).  Note also that at high concentrations, RAF265 

alone showed significant toxicity that may have obscured its potential to interact 

with MSC.  At both 48 and 72 hours (Figure 29a&b), the most significant 

combinatorial inhibition was seen with 1µM RAF265:2.5µM MSC treatment.  

Importantly, 2.5µM MSC is 200 times the 7df3 IC50 for MSC. At these 

concentrations, it is not easy to exclude the possibility that MSC synergy might 

be functioning through action on off-target (non-CDK8/CDK19) targets including 

other protein kinases. 

To determine whether BRAF inhibition using alternative inhibitors would elicit the 

same result, Debrafenib (CAS 1195765-45-7) and SB590885 (CAS 405554-55-

4) were examined in combination with MSC.  The multi-kinase inhibitor, 

Sorafenib was also further assessed as it had shown activity in the preliminary 

compound assays (Figure 27a) but had not been tested in the chequerboard 

assays.  In addition, the activity of two MEK inhibitors (acting downstream of 

BRAF in the MAP kinase pathway) in combination with MSC were measured in 

order to determine whether MAP kinase pathway inhibition in combination with 

Wnt signalling inhibition synergised to reduce HCT116 viability.  However, neither 

the BRAF inhibitors nor MEK inhibitors showed any synergistic activity with MSC 

(data not shown), suggesting that that the RAF265 compound was the exception 

in its ability to synergise with MSC. 

Preliminary investigations were undertaken in alternative cancer cell lines to 

determine whether the RAF265:MSC dependent effect in HCT116 cells was 

more broadly observable.  At present a panel of seven CRC cell lines has been 

assessed (Colo205, Colo320, SW480, SW620, Ls174T and DLD1; see Methods 

2.1 for cell line details) using the assay design developed for HCT116 cells.  

Although these assays require further optimisation (as the HCT116-optimised 

format is not necessarily the most suitable for other lines), Ls174T cells showed 

RAF265:MSC conditional lethality at 48 hours treatment (Figure 30).   !
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Figure 30.  RAF265:MSC combination in Ls174T cells 

Ls174T cells seeded in a 96 well plate at 4500 cells/well for 24 hours were 
treated with a titration of 200nM, 1µM and 5µM in the presence (circles) and 
absence (triangles) of 10µM MSC.  Cell viability was measured 48 hours post 
treatment using the ATPlite assay.  All controls are normalised to DMSO treated 
cells. n = 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 30.  RAF265:MSC combination in Ls174T cells

Ls174T cells seeded in a 96 well plate at 4500 cells/well for 24 hours were treated with a 
titration of 200nM, 1μM and 5μM in the presence (circles) and absence (triangles) of 10μM 
MSC.  Cell viability was measured 48 hours post treatment using the ATPlite assay.  All 
controls are normalised to DMSO treated cells. n = 5.
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Taken together, the esiRNA screen identified a small number of genes, the loss 

of whose gene products co-operated with MSC to reduce cellular viability. The 

most significant of these effects was observed with HARS.  At present, no HARS-

specific compounds are available to explore this interaction further.  Of the other 

confirmed hits, BRAF appeared the most interesting since a number of small 

molecule inhibitors have been developed against both the wild-type and mutant 

protein.  One of these inhibitors, RAF265, synergised with MSC in multiple 

assays and in at least 2 cell lines (HCT116 and Ls174T).  However it is currently 

unclear whether the RAF265:MSC synergy operates via the Ras-MAP kinase 

pathway since other pathway inhibitors showed little effect. 
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Chapter 4. Discussion 

The Wnt/!-catenin signalling cascade is critically implicated in the development 

of many organisms, with its dysregulation linked to several disease processes.  

The original aim of this study was to identify novel modulators of TCF-dependent 

signalling by means of cDNA and esiRNA high-throughput cell-based screens.  

The identity of these novel hits and their biological activity were anticipated to 

provide tools with which to characterise the activity and targets of a number of 

small molecule inhibitors of TCF-dependent transcription that had been identified 

from cell-based compound library screens (Ewan et al., 2010).  In the early 

stages of this study it was not apparent which of several compound series under 

investigation, would ultimately be translated into a single clinical therapeutic 

candidate. 

During the project it became clear that a member of the CCT071459 small 

molecule chemical series was going to become the lead compound for further 

drug discovery efforts. The ‘daughter analogue’ of this series that was studied in 

the work described here is referred to throughout as MSC. In the course of the 

first two years of the project the molecular target of the CCT071459 series was 

determined to be the serine threonine kinases CDK8 and CDK19 through the use 

of bead-conjugated analogues, affinity purification and mass spectrometry.  At 

this point the esiRNA branch of the research changed direction to focus on the 

identification of genes whose function co-operated with MSC to maintain HCT116 

cancer cell growth in 2D culture. 

Both cDNA and esiRNA screens were successfully completed and identified 

fourteen cDNA regulators of TCF-dependent transcription and four genes whose 

function synergised with MSC to maintain HCT116 viability.  To provide a context 

for a discussion of the identity/function of the genes from each screen, it is 

necessary to consider the function of the MSC target, CDK8/CDK19. 
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CDK8 as the MSC molecular target 

CDK8 is a ubiquitously expressed cyclin-dependent serine-threonine kinase, 

functioning in the nucleus in a wide range of roles.  However, CDK8’s best 

characterised function is as a regulator of transcription as part of the Mediator 

complex (Galbraith et al., 2010).  In complex with Cyclin C (CycC) and the 

mediator proteins Med12 and Med13, this CDK8:CycC kinase core forms the 

regulatory module of the multi-protein Mediator complex (Figure 31), bridging 

RNA polymerase II (Pol II) and DNA-binding transcription initiation factors (Malik 

and Roeder, 2010).  Unlike cell-cycle CDKs, CDK8 is able to phosphorylate Ser2 

and Ser5 of the CTD of RNA Pol II, regulating its activity (Hengartner et al., 1998; 

Ramanathan et al., 2001).  Interestingly, a component of the core Mediator 

complex, MED11, was one of the four validated esiRNA hits that were identified 

in the whole esiRNA genome screen, suggesting that the absolute level of 

Mediator complex activity may be critical for cell survival in the presence of MSC.  

!

!

!

!

!

!

!

!

!

!



 149 

"#$%&'!<1!)*+,'-'./!

Figure 31.  The Mediator complex 

Diagrammatic plan of Mediator complex components (taken from (Malik and 
Roeder, 2010)).  Distinct Mediator components interact and connect distinct 
classes of transcriptional regulators with the basal transcription apparatus 
including RNA polymerase II.  The kinase module CDK8/19, Cyclin C, Med12 
and Med13 acts as a switch to induce transcription of a subset of the ‘core 
Mediator complex’ target genes and repress others.  In particular, the kinase 
module activates Wnt target genes, while the Med12 component has been 
shown to directly interact with !-catenin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 31.  The Mediator complex

Diagrammatic plan of Mediator complex components (taken from (Malik and Roeder, 
2010)).  Distinct Mediator components interact and connect distinct classes of 
transcriptional regulators with the basal transcription apparatus including RNA 
polymerase II.  The kinase module CDK8/19, Cyclin C, Med12 and Med13 acts as a 
switch to induce transcription of a subset of the ‘core Mediator complex’ target genes 
and repress others.  In particular, the kinase module activates Wnt target genes, 
while the Med12 component has been shown to directly interact with β-catenin.
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A manual search of the esiRNA screen ‘interaction’ data set also identified 

Med12L and Cyclin C as reducing HCT116 viability (see Appendix 7 table), 

however they were not selected since they narrowly missed the hit selection 

cutoffs.  CDK8 itself (or CDK19) was not identified in the esiRNA screen, either in 

synergy with MSC or alone as being required for HCT116 viability.  This 

contrasted with the study by Firestein et al. (Firestein et al., 2008), which showed 

that 2D cultured HCT116 viability was reduced by ~70% following CDK8 short 

hairpin RNA (shRNA) lentiviral infection after 120 hours.  CDK8 function may be 

critical in many cell types since CDK8 null mice did not survive beyond 2.5-3.0 

days of early embryogenesis as it is required for pre-implantation (Westerling et 

al., 2007).  The contrast between the lack of response of esiRNA to CDK8 and 

the published studies suggests that the lack of response we observed in the 

screen may be due to a failure of the specific esiRNA reagent that was used.  

Further support for this observation has come from the demonstration that 

shRNAs targeted against CDK8 reduced proliferation of other colorectal cancer 

cell lines studied in the collaboration (data not shown).   

It is important to recognise that there are two major differences between the loss 

of CDK8 function and treatment with a highly selective CDK8 inhibitor.  Firstly, 

MSC inhibits the activity of both CDK8 and the closely related CDK19 paralogue 

(80% amino acid identity (Malumbres et al., 2009)), while siRNA-mediated loss of 

CDK8 does not reduce the activity of CDK19.  As yet, a detailed study of CDK8, 

CDK19 and CDK8/CDK19 loss has not been carried out in HCT116 cells.  

However initial data from the drug discovery programme suggests that shRNA 

dependent loss of both proteins synergises in the reduction of other colorectal 

cancer cell types in 2D culture (data not shown).  Despite this observation, it is 

unlikely that these kinases are completely functionally redundant, since 

knockdown of CDK8 alone in human cell cultures results in clear phenotypes 

(Donner et al., 2010; Firestein et al., 2008), and opposite roles of the kinases 

have been identified under certain conditions (Furumoto et al., 2007; Tsutsui et 

al., 2008).  Thus CDK8 loss alone may be predicted to induce fewer effects than 

MSC due to functional compensation by CDK19.   
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Secondly, and by contrast, MSC treatment might have been predicted to have 

had less of an effect than CDK8 siRNA depletion because it only blocks CDK8’s 

biochemical functions through ATP competition while the esiRNA removes both 

catalytic and structural functions.  Interestingly, previous studies involving 

transfection of human A375 and WM165-1 cells  (melanoma lines with high 

CDK8 protein levels) with kinase-dead mutants of CDK8 demonstrated that 

CDK8 structural/scaffolding functions can play a key role in cell survival (Kapoor 

et al., 2010; Knuesel et al., 2009). 

Given the lack of growth inhibition that was observed in HCT116 cells in 2D 

culture following MSC treatment (Figure 14a), it is unlikely that CDK8/CDK19 

catalytic activities are essential for HCT116 cell viability, although a net 

‘transcriptional’ output of the Mediator complex may be essential for viability 

when kinase activity is combined with the structural loss of other Mediator 

components. 

CDK8 and Wnt signalling 

The MSC CDK8/CDK19 inhibitor was developed from the CCT series of 

compounds that were originally identified as being potent inhibitors of TCF-

dependent transcription in the HEK293-based 7df3 reporter cell screen ((Ewan et 

al., 2010); unpublished data).   It has been established that the CDK8 kinase 

core is recruited to the regulation of Wnt/!-catenin signalling through the 

interaction of Med12 with !-catenin’s transactivation domain (Kim et al., 2006), 

enhancing !-catenin-TCF/LEF dependent transcription (Figure 32).  This 

enhancer effect has been linked with the observation that CDK8 is amplified in 

colorectal cancer, potentiating malignancies driven by aberrant Wnt/!-catenin 

signalling (Firestein et al., 2008; Firestein and Hahn, 2009).  CDK8 was also 

shown to indirectly induce TCF-dependent transcription by preventing the 

inhibitory action of E2F1 on !-catenin/TCF (Morris et al., 2008).  Thus, it is 

unsurprising that the primary ‘Wnt inhibitor’ screen identified a compound with 

CDK8 antagonistic activity. 
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Figure 32.  CDK8 and Wnt signalling 

Two pathways have been suggested to link CDK8 action to the regulation of 
TCF-dependent transcription.  In the first, CDK8 was suggested to directly 
regulate the coupling of the TCF/!-catenin complex to the core RNA polymerase 
II complex via its role in the Mediator complex.  In the second, CDK8 was shown 
to phosphorylate and inhibit the activity of E2F1, although it is unclear whether it 
does this in the context of the Mediator complex (adapted from (Galbraith et al., 
2010)).  
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Figure 32.  CDK8 and Wnt signalling

Two pathways have been suggested to link CDK8 action to the regulation of TCF-dependent 
transcription.  In the first, CDK8 was suggested to directly regulate the coupling of the TCF/β-
catenin complex to the core RNA polymerase II complex via its role in the Mediator complex.  In the 
second, CDK8 was shown to phosphorylate and inhibit the activity of E2F1, although it is unclear 
whether it does this in the context of the Mediator complex (adapted from (Galbraith et al., 2010)). 
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Despite its potency in the original cell-based screen, TCF-reporter activity in 

HCT116 cells was only partially inhibited (~45%) by MSC (Figure 14b), and there 

was no effect of MSC on HCT116 viability (Figure 14a).  Several inferences can 

be made from this result.  Firstly, it is possible that insufficient knockdown of TCF 

activity was achieved.  As is highlighted in Figure 5, TCF-dependent transcription 

can be modulated at many points along the classic ‘linear’ pathway, most 

significantly at highly connected core components.  However, further ‘branches’ 

of interactions exist that may comprise MSC-resistant pathways or may function 

to maintain ‘homeostatic’ levels of Wnt signalling through feedback mechanisms.  

More than one mechanism of pathway activation has previously been identified in 

HCT116 cells, where only the simultaneous removal of both the endogenous 

mutant !-catenin allele and the prevention of an autocrine Wnt ligand feedback 

loop inhibited cell growth (Bafico et al., 2004).  To explore the ‘network 

compensation hypothesis’ explanation for the lack of effect of MSC on HCT116 

viability, combinations of Wnt pathway inhibitors were tested together (Figure 28).  

Interestingly, no strong synergy was observed between any of the ten Wnt 

pathway component inhibitors and MSC in reducing cellular viability, suggesting 

that the absolute level of TCF-dependent transcription may not be critical for the 

proliferative response of HCT116 cells.  A demonstration that Wnt:Wnt inhibitors 

synergised to reduce TCF-dependent transcription levels in HCT116 reporter 

cells would be required to fully validate this suggestion. 

A second ‘stem cell’ hypothesis can explain the lack of MSC effect on HCT116 

viability in 2D culture (Clarke and Fuller, 2006).  Wnt signalling (and CDK8) has 

been extensively linked to stem cell function in multiple tissues, significantly 

including the intestine (Adler et al., 2012; Pinto and Clevers, 2005b).  The lack of 

a HCT116 ‘viability response’ to MSC and the low levels of response observed 

with even the most efficacious RNAi:MSC combinations may be because the 

reduction in stem cell targets (e.g. Wnt signalling targets) is only critical for a sub-

population of ‘stem cell’ like cells; although whether ‘stem cell’ like cells exist 

within 2D culture is a matter of debate.  Nonetheless, it has been shown that in 

many 2D systems, subpopulations of cells may respond to pharmacological 
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inhibition with different responses at the same compound concentration (Fallahi-

Sichani et al., 2013).  Interestingly, collaborators within the CCT series research 

programme determined that there was a response HCT116 cells cultured in 3D 

soft agar to MSC treatment (albeit at ~8µM MSC; Figure 33a), suggesting that 

under conditions that may require ‘stem cell’ function growth responses may be 

seen.  Furthermore, the more advanced daughter compound of MSC (MSCi; 

Figure 33b) showed a greater efficacy in 3D cultures, suggesting that larger 

interaction values may be achieved if this compound were to be assessed with 

the hits identified.  In addition, the observation that other cell lines showed MSC-

dependent 3D but not 2D efficacy responses at GI50s close to the 7df3 IC50 

(collaboration data, data not shown) means it remains possible that a repeat of 

the synthetic screen with an alternative cell line could identify targets with greater 

efficacy. 
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Figure 33.  HCT116 3D soft agar assay 

The HCT116 anchorage independent growth assay in soft agar was conducted 
over 14 days (Stefanie Gaus, Merck Serono).  The more advance 'daughter' 
compound (MSCi) that was developed during this study is also shown for 
comparison (b).  Cells were treated with compound every 2-3 days, and cell 
viability measured by AlamarBlue assay (n=4). 
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Figure 33.  HCT116 3D soft agar assay

The HCT116 anchorage independent growth assay in soft agar was conducted over 14 days 
(Stefanie Gaus, Merck Serono).  The more advance 'daughter' compound (MSCi) that was 
developed during this study is also shown for comparison (b).  Cells were treated with 
compound every 2-3 days, and cell viability measured by AlamarBlue assay (n=4). 

b

155



 156 

Other CDK8 functions 

There are many additional roles for CDK8 (and CDK19) outside of their role in 

Wnt signalling (some of which are summarised in Figure 34).  Its function in 

processes such as embryonic stem cell pluripotency, the positive regulation of 

STAT transcription factors and the promotion of growth factor dependent 

transcription elongation has been determined (reviewed in (Galbraith et al., 

2010)).  In addition, there are potentially many roles for CDK8 outside of the 

Mediator complex.  Of note, up to 30% of this CDK8:CycC regulatory module can 

be purified without Mediator, suggesting that CDK8 function may extend beyond 

transcriptional regulation (Galbraith et al., 2010).  

Not only are there many alternate roles for CDK8 other than in Wnt signalling, 

there are many other potential biological responses that may be relevant for the 

biology of CDK8 inhibitors in tumour cells in 2D culture and in vivo.  Interestingly, 

Adler et al. suggested that the responses following inducible-shRNA-dependent 

CDK8 loss were particularly linked to the loss of a stem cell component ((Adler et 

al., 2012) and in house studies).   

It is important to consider that this is a large field of research that is in its relative 

infancy at present and as such CDK8 is a constantly moving target, with over 

2,200 studies published in the past five years (1,200 of which were published in 

the last two years alone) compared to 1,600 in the time prior to 2008.  The 

responses that were seen in the cDNA and esiRNA studies here cannot yet be 

definitively linked to any one CDK8 function and may be due to one or a 

combination of CDK8 effectors or due to processes that are only indirectly linked 

to CDK8 pathways and are required for the far-downstream contribution of CDK8 

to cell viability. 
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Figure 34 Placement 

Figure 34.  Many roles for CDK8  

Schematic illustration of the known functions of CDK8. 
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In house assays have shown that CCT family compounds induce a reduction of 

HCT116 xenograft tumour proliferation in vivo (data not shown).  As tumours are 

subject to numerous paracrine signalling events between tumour cells and 

between tumour cells and stromal cells (fibroblasts, endothelial cells, immune 

cells), CCT-series compound action in vivo may be indirectly mediated by effects 

on CDK8 action in the stromal as well as the tumour component. Supporting this 

suggestion, it has recently been shown that HCT116 cells were able to protect an 

apoptosis-sensitive fibroblast population from apoptosis in co-culture in a CDK8-

dependent paracrine manner (Porter et al., 2012), suggesting that epithelial (with 

elevated CDK8)-stromal interactions in vivo are critical in mediating response to 

MSC.  Furthermore, the majority of the surface area of cells cultured in 2D is 

either in contact with the plastic culture surface or nutrient media, thus cell-cell 

interaction and communication is limited.  Therefore a reduction in cellular 

viability mediated by the compound in vivo (and 3D spheroid cultures) could 

appear more pronounced than in 2D assays.  Such a response may be occurring 

with RNAi:MSC dual inhibition in the 2D HCT116 cell assay, raising the 

possibility that the effects of hits identified under 2D conditions may be amplified 

when transferred into 3D and in vivo systems.  

In summary, the role of distinct CDK8 functions in HCT116 cellular responses is 

currently unclear.  What is also unclear is whether any gene products (identified 

here) that mediate HCT116 viability in the presence of MSC (in 2D culture) are 

linked to Wnt or immediate CDK8 targets.  Nonetheless, consideration of the 

biological function of two of the top esiRNA hits does raise possible mechanistic 

links.  These gene products are HARS and BRAF. 
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Histidyl Aminoacyl tRNA Synthetase  

The outstanding hit of the esiRNA chemical sensitisation screen was cytoplasmic 

Histidyl Aminoacyl tRNA Synthetase (HARS or HisRS; (Ibb, 2004)), whose 

endogenous expression in HCT116 cells conferred resistance to MSC.  HARS’s 

enzymatic activity is essential for protein translation, charging the cognate tRNA 

with histidine for its subsequent incorporation into proteins.  Identification of this 

enzyme as the strongest hit in the esiRNA screen was surprising and equally 

very interesting, as few direct links have previously been described connecting it 

to either Wnt or CDK8 function.  Interestingly, manual scrutiny of the interaction 

data also showed an RNAi:MSC combination-dependent with the inhibition of 

RARS (arginyl-tRNA synthetase), however this gene did not reach the stringent 

hit selection criteria.  

A link of potential significance between HARS and Wnt is the observation that the 

kinase TNIK (TRAF2 and NCK-interacting protein kinase) was able to bind to 

HARS in a yeast-2-hybrid protein-protein interaction assay (Camargo et al., 

2007).  Although TNIK was shown to be required for Wnt signalling in the 

intestine this link has only been made in one report (Mahmoudi et al., 2009), and 

evidence has yet to been presented to validate its suggested binding to HARS.  A 

second putative link may also exist between HARS and Wnt-driven hair biology.  

Despite its ubiquitous expression, a mutation in HARS causes its aminoacylation 

function to become defective resulting in Usher syndrome (Puffenberger et al., 

2012).  Patients with Usher syndrome experience progressive hearing loss 

(amongst other pathologies) resulting from mutations in HARS, which may be 

linked to damage or loss of cochlea hair cells (although the data is preliminary).  

More generally, an emerging literature suggests that there is great potential in 

combining translational inhibitors including rapamycin analogues and other 

chemotherapeutic agents. The results presented here hint at a possible future 

combinatorial link between an inhibitor of transcription (MSC:CDK8) and 

inhibitors of translation, perhaps via pathways including HARS.  



 160 

Interestingly recent evidence suggests that amino-acyl tRNA synthetases may be 

‘repurposed’ for non-translational roles, as nuclear and extracellular roles have 

been uncovered; sites where translation does not occur.  Eukaryotic amino-acyl 

transferases have been shown to be organised into multi-synthetase complexes 

that have roles in regulation (Yang, 2013) and non-translational functions for 

amino-acyl transferases have been demonstrated in roles including angiogenesis, 

mTOR signalling, inflammatory responses and tumour growth (Bonfils et al., 

2012; Dorrell et al., 2007; Han et al., 2012; Park et al., 2012; Pierce et al., 2011; 

Xu et al., 2012).  Of particular interest is the observation that leucine tRNA 

synthetase (LARS) is a key component of a regulatory complex that controls the 

activity of the mTORC1 complex since the AKT/mTOR pathway is required 

downstream of APC loss for tumourigenesis and can be blocked by treatment 

with the mTOR inhibitor, rapamycin (Ashton et al., 2010; Fujishita et al., 2008).  

There are two key questions that must be addressed by further studies in order 

to determine the utility of HARS as a drug target: 

1. How general is the requirement for HARS? 

2. Is HARS enzymatic activity required for conditional lethality? 

A panel of colorectal cancer cell lines could be probed to assess the breadth of 

the necessity of HARS inhibition to confer MSC sensitivity.  This will help to 

ascertain HARS’s role as a broadly-relevant ‘druggable’ target.  Furthermore, 3D 

spheroid assays could identify whether the HARS RNAi:MSC combinatorial effect 

is amplified in 3D culture.  

It is currently unclear whether either the structural or enzymatic properties of 

HARS are critical for HCT116 survival when treated with MSC.  In order to 

understand the mechanism of synergy of MSC with the loss-of-function of HARS, 

HARS inducible shRNA knockout cell lines could be generated, and the ability of 

wild-type or mutant (e.g. kinase dead) HARS to rescue RNAi:MSC synthetic 

lethality elucidated.  If HARS enzymatic activity were to be shown to be critical in 

maintaining cells viability in the presence of MSC, the rational design of HARS 
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inhibitors could be conducted (based on the knowledge of HARS’s active site).  

Alternatively a high-throughput screen for HARS inhibitors could be carried out 

using compound libraries.  It is predicted that any HARS inhibitors 

created/identified would improve the potency of MSC when used in combination, 

and may potentially broaden the panel of patients that would benefit from 

treatment with MSC.  

Additionally, it would be useful to know what effects MSC has on HARS (if any), 

to determine how its function may be altered (and hence providing further 

information that may help understanding of the resulting biology, i.e. viability 

reduction).  For example, determination of MSC-dependent changes in HARS 

phosphorylation by mass spectrometry may provide insights into the viability 

reduction mechanism. 

 

Serine/threonine-protein kinase B-raf 

A further significant hit was the serine/threonine protein kinase, BRAF.  One of 

three Raf kinases, BRAF functions as part of the Ras/MAP (Mitogen-activated 

protein) kinase signalling pathway to phosphorylate MEK (MAP kinase kinase), 

thus it has a key role in the regulation of downstream Ras/MAPK target genes.  

RAF kinases are critical to cellular function, and defects in BRAF are found in a 

wide range of cancers, including colorectal cancer.  Despite the Ras/MAPK 

activation process being tightly regulated by multiple phosphatases and kinases, 

an activation mutation of BRAF (V600E) is commonly seen in many cancer 

subtypes (Davies et al., 2002). 

In the cDNA screen, the identification of Medaka HRAS and KRAS ability to 

super-activate TCF-dependent transcription complemented the previous 

identification of HRAS and KRAS in Jamie Freeman’s Xenopus tropicalis cDNA 

screen (Freeman, 2008).  The determination of synergistic interactions between 

Wnt and Ras/MAPK signalling was in line with studies showing that Ras/MAPK 
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signalling can modulate Wnt/!-catenin signalling, and may be essential for the 

expression of Wnt target genes and tumour progression in colorectal cancer (Kim 

et al., 2007; Phelps et al., 2009). 

Of the three Raf kinases only BRAF was determined to have synergistic 

interaction with MSC, although a manual search of the esiRNA:MSC interaction 

dataset showed that ARAF also exhibited MSC dependent interaction (but this 

was not significant enough to pass the selection criteria; see Appendix 7).  

Despite BRAF RNAi:MSC only reducing HCT116 viability by ~10%, this result 

was highly reproducible and this clear evidence of synergy was mirrored in BRAF 

inhibitor investigations.  Interactions were probed further using compound-

compound assays, assessing the interaction of MSC with the highly selective 

BRAF inhibitor (against both wild-type and mutant), RAF265, in HCT116 cells.  

RAF265 (at 1µM) synergised reproducibly with MSC, albeit a relatively high 

concentration of 2.5µM MSC in HCT116 cells (Figure 29; 200 times the 7df3 

TCF-reporter IC50, but lower than RAF265 inhibitor cellular IC50 of 5 and 10µM in 

HT29 and MDAMB231 cells respectively (Mordant et al., 2010)), with synergy 

also evident in Ls174T cells (Figure 30).  Interestingly, three other BRAF 

inhibitors and two MEK inhibitors (that act downstream of BRAF in the MAPK 

pathway) did not show synergy (data not shown).  The reason for this is unclear 

but may be related to the specificity of RAF265, since it is postulated to be highly 

wild-type BRAF specific with lower mutant kinase specificity.  Further studies are 

required to determine the biology of this response since RAF265 also targets 

VEGFR2 (and CRAF to a lesser extent), thus the ‘pan-inhibitory’ activity of the 

compound may be contributing to its combinatorial efficacy with MSC.  The 

observation that some RAF inhibitors show a paradoxic activation of the 

Ras/MAPK, pathway particularly when Ras is mutant (as with HCT116 and 

Ls174T cells) due the ability of the inhibitors to induce BRAF-CRAF-dimer 

formation and MEK activation (Baljuls et al., 2013), is also an interesting one.  

Further studies will be required to investigate whether RAF265 actually activates 
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Raf-MAPK signalling as part of its ability to co-operate with MSC in reducing 

tumour cell viability. 

Novel cDNA regulators of Wnt signalling 

Fourteen cDNAs were shown to super-activate TCF-dependent transcription in 

the presence of Wnt signalling co-activation, of which SezL2 (seizure related 6 

homolog (mouse)-like 2), IKZF1 (Ikaros family zinc finger 1) and TGIF1 (TGFB-

induced factor homeobox 1) currently have no known links to Wnt signalling.  

Both TGIF1 and IKZF1 act at the transcriptional level, although their potential 

function in the context of Wnt signalling is unclear as TGIF1 is a transcriptional 

co-repressor (Bertolino et al., 1995), and IKZF1 both activates and inhibits 

transcription (Kim et al., 1999).  Little is known about Sez6L2, other than it is 

likely to be expressed exclusively in the brain where it may contribute to a 

specialised endoplasmic reticulum function within neurons (by comparison with 

its murine homologue (Miyazaki et al., 2006)). One additional hit of interest was 

HMGXB4 (HMG box domain containing 4).  This non-histone chromosomal 

protein is believed to negatively regulate Wnt/!-catenin signalling during 

development (by similarity to the Xenopus laevis homologue, (Yamada et al., 

2003)), thus why its overexpression in the HEK-based context activates TCF-

dependent transcription is unclear.  Further work is required to determine the 

mechanism of action of these activators within the Wnt/!-catenin signalling 

context. 

Of the fourteen cDNAs determined to super-activate TCF-dependent 

transcription in the presence of Wnt signalling co-activation, eight induced activity 

independently of pathway stimulation by "NLRP (including the putatively labelled 

‘HMGB2*’ hit previously described).  Four of the hits were known Wnt signalling 

activators (Wnt-1, !-catenin, KRAS and HRAS) with three, including the 

transcription factor DMRTA2, having little known association with Wnt signalling.  

It had been shown that Wnt/!-catenin signalling positively regulates the 

expression of DMRTA2 during the development of the cerebral cortex (Konno et 
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al., 2012), however whether DMRTA2 has any direct effect on Wnt signalling in 

other contexts is unknown.  The work presented here would suggest that 

DMRTA2 might positively regulate TCF-dependent transcription by means of a 

feedback loop, however this would require further investigation. 

The ability of MSC to disrupt the activating ability of the cDNA hits (both with and 

without "NLRP co-activation) was determined.  As expected, all "NLRP-

dependent interactions were inhibited by MSC since MSC is able to block 

transcription induced by "NLRP alone.  Significantly, MSC was unable to disrupt 

GBX1 and HMGB2 induced "NLRP-independent TCF-dependent transcription.  

Overexpression of these transcription factors conferred resistance to the CDK8 

inhibitor, suggesting that their transcriptional regulation functions may not require 

Mediator complex co-activation.  Again, there is limited information describing the 

wider activity of these transcription factors; GBX1 has been shown to be 

essential for Wnt/!-catenin dependent regulation of neural patterning in zebrafish 

embryos (Rhinn et al., 2009), and HMGB2 enhances Wnt signalling in murine 

embryos and is essential for forelimb digit development (Itou et al., 2011).  This 

study suggests that GBX1 and HMGB2 might have important roles in MSC 

resistance via the maintenance of Wnt signalling.  For example, overexpression 

of either gene in a clinical context might be regarded as a contra-indication for 

MSC-class therapies.  Further studies of these functions may identify the 

underlying mechanisms by which they induce TCF-dependent transcription. 

 

Overall, novel Wnt pathway regulators and genes that co-operate with MSC were 

identified in two whole genome screens.  The results point to a particularly novel 

area of biology in the role of aminoacyl tRNA synthetases that will be followed up 

in future studies.  In addition, many future avenues of work have been raised that 

could be of benefit to patients in the long term.  Of highest priority may be studies 

that translate the observations here into 3D culture where stem cell function can 

be analysed. 
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Appendix 1. Wnt ‘canonical pathway’ therapeutics 

Wnt therapeutics are listed according to their approximate order of action from the extracellular space (Ex) via the cytoplasm (Cy) 

to the nucleus (N).  MU; molecules with multi-level or undefined action.  Targets are indicated together with specific interactions, in 

italics, that are blocked if known.  Therapeutics in bold have been demonstrated to have action in mammalian systems in vivo.  

Inhibitory (I) or activating (A) effects are noted by Small Molecule (SM), Peptide (P) or Biological agents (B).  Stage of development 

of the therapeutic is noted or estimated (Preclinical, Pre; Phase I, P I; Tool compound, T; Discovery phase, D). 
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Appendix 2. Colorectal cancer cell line mutation status 

The mutation status of each of the cell lines used for further compound combination studies. 

Cell Line Type

Wnt/!-
catenin 
pathway 
alteration

Fold Reporter 
Induction: 
Topflash/Fopflash

Reference Biomarkers Minus Confirmed mutations Notes Sanger CGP cell line DB

HCT116 colon 
carcinoma

oncogenic !-
catenin, ! 
Wnt1, ! 
Wnt7b 

6 fold PNAS 2002: 99, 
8265-70

Biomarkers 
available: 
Axin2, 
Bmp4, 
Emp1, FGF9 
(CE)

Relatively 
low reporter 
induction

CDKN2A p.R24fs*20; 
CTNNB1 p.S45del; KRAS 
p.G13D; MLH1 p.S252*; 
PIK3CA p.H1047R 
c.3140A>G Reported in 
another cancer sample as 
somatic Heterozygous 
Verified

http://www.sanger.ac.uk/perl/geneti
cs/CGP/core_line_viewer?action=sa
mple&id=905936

SW480
colon 
carcinoma

APC 
inactivation, 
(C terminal 
trunc.) ! 
Wnt1 

4-6 fold
Oncogene 2008: 
27, 966-75. Axin2, cMyc

905962 APC p.Q1338*; 
KRAS p.G12V; MAP2K4 
p.? ; SMAD4 p.? ; TP53 
p.R273H; TP53 p.P309S

check if same applies to 
SW620 (APC mutant, same 
patient, better xenograft

SW620
colon 
carcinoma

APC 
inactivation, 
(C terminal 
trunc.) ! 
Wnt2

good in Merck 
Serono model

also PNAS 2004: 
101, 12682-87

905962 APC p.Q1338*; 
KRAS p.G12V; MAP2K4 
p.? ; SMAD4 p.? ; TP53 
p.R273H; TP53 p.P309S

Isolated from lymph node 
metastases 1 year after 
SW480 isolated from primary.  
In house SNP profiling 
confirmed SW480 and SW620 
from same patient

http://www.sanger.ac.uk/perl/geneti
cs/CGP/core_line_viewer?action=sa
mple&id=905962

Ls174T colon 
carcinoma

oncogenic b-
catenin

10 fold Cell 2002: 111, 
241-50

Lots of 
biomarkers 
available, 
Cell 2002: 
111, 241-50

Relatively 
low reporter 
induction

 CTNNB1 p.S45F; KDM6A 
p.E1316fs*17; KRAS 
p.G12D; PIK3CA p.H1047R

Beta-catenin shRNA reporter 
line available

http://www.sanger.ac.uk/perl/geneti
cs/CGP/core_line_viewer?action=sa
mple&id=907793

DLD-1 colon 
carcinoma

APC 
inactivation

4 fold Cell 2002: 111, 
241-50

Lots of 
biomarkers 
available, 
Cell 2002: 
111, 241-50

Relatively 
low reporter 
induction

KRAS G13D; PIK3CA 
E545K; also APC, BRCA2, 
p53

COLO 205 
colon 
carcinoma APC mutant

APC p.T1556fs*3; BRAF 
p.V600E; SMAD4 p.?; 
TP53 p.Y103_L111>L

highly amplified CDK8; 
shCDK8 and CDK19 
underway

http://www.sanger.ac.uk/perl/geneti
cs/CGP/core_line_viewer?action=sa
mple&id=905961

COLO320
colon 
carcinoma APC mutant

APC  p.S811*;  TP53  
p.R248W

Amplified CDK8 - line is 
distinct from colo205

http://www.sanger.ac.uk/perl/geneti
cs/CGP/core_line_viewer?action=sa
mple&id=910569
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Appendix 8. Small molecule:MSC chequerboard compound combination studies in HCT116 cells 

The dose response curves for RAF265, BIO, BX-795 (labelled as MSC2119074A), Senexin A (labelled as MSC2501503A) and 

Salinomycin (labelled as MSC1913177A) are shown with and without MSC titration (labelled as MSC2316900).  
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