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The role of FOXK transcription factors in Wnt signal transduction 

Lisa Heinke 

Wnt signalling is a highly conserved signal transduction pathway with key functions 

in developmental processes including patterning during embryogenesis and stem 

cell homeostasis in the adult organism. Wnt signals are received at the cell 

membrane and transduced through cytoplasmic and nuclear multiprotein 

complexes; the degradasome, signalosome and enhanceosome. The latter is 

tethered to enhancers by T-cell transcription factors (TCF), and core components 

include the chromatin reader Pygopus as well as the transcriptional repressor 

Groucho/TLE3. While much is known about the basic interactions within the 

enhanceosome, it remains elusive how the enhanceosome accesses native chromatin 

and is established during development. Furthermore, it is controversial how 

transcriptional inhibition is re-installed after active signalling ceases and whether 

Groucho/TLE3 remains attached to the enhanceosome throughout signalling.  

In order to elucidate novel binding partners, as well as assess potential restructuring 

of the enhanceosome during different stages of signalling, I employed a proteomics 

approach based on proximity labelling (BioID) using TLE3 and Pygopus as bait 

proteins. This revealed little changes of the core enhanceosome subunits between 

active or inactive signalling but indicated the Forkheadbox transcription factors 

FOXK1/2 as potential members of the Wnt enhanceosome. FOXK proteins are 

interesting candidates as they are thought to function as pioneer factors that bind to 

closed chromatin resulting in its opening and increased accessibility for transcription 

factors.  

Use of a minimal Ubx enhancer system corroborates the function of FOX proteins 

in general during Wg signalling in the fly. I found that a previously published FoxK 

fly mutant does not carry a FoxK null allele and consequently generated new 

knockout alleles using CRISPR/Cas9. Phenotypic analysis identified a function for 
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FoxK during early embryogenesis whereby null mutants derived from germ line 

clones arrest in early development and strikingly show lack of Wg as well as 

segmentation and gastrulation defects. I identified a specific requirement of FoxK 

for patterning of the wing blade. I further assessed a putative interaction of 

FOXK1/2 with DVL, a key player of the signalosome. Contrary to published results, 

I was able to show that FOXK1/2 do not function to recruit DVL into the nucleus 

and do not drive expression of a TCF reporter.  

This work expands our knowledge on FOXK transcription factors during fly 

development and in mammalian cells and establishes a function for FOX proteins 

during processes known to be regulated by Wg. 
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1. Introduction 

Wnt, or Wingless (Wg), signalling is a signal transduction pathway that is highly 

conserved in species as simple as sponges or cnidarians as well as more complex 

organisms ranging from invertebrates to mammals (reviewed in Bejsovec, 2006; Loh 

et al., 2016). Its key function is to regulate developmental processes including 

patterning during embryogenesis and stem cell homeostasis in the adult organism.  

The Wnt1 gene was originally discovered in 1982 by Nusse and Varmus as a gene 

activated by integration of the mouse mammary tumour virus within chromosome 

15, and termed Int-1 (Nusse et al., 1984). At this time, the Drosophila homologue 

wingless had already been described as a segment polarity gene by Nüsslein-Volhard 

and Wieschaus in their Nobel prize-winning work (Nüsslein-Volhard and Wieschaus, 

1980), but it was only in 1987 that the two genes were found to be related (Rijsewijk 

et al., 1987) and the amalgam of Wg and Int-1 as Wnt was coined.  

Much of the early Wnt research was done in Drosophila and Xenopus as many 

proteins of the Wnt pathway are conserved between invertebrates and vertebrates 

including mammals. However, it was the discovery that mutations in b-catenin or 

Adenomatous Polyposis Coli protein (APC; E-APC in Drosophila) are responsible for 

constitutive transcriptional activation of T cell factor (TCF) target genes in colon 

cancer (Korinek et al., 1997; Morin et al., 1997) that catapulted Wnt signalling into 

the focus of cancer research. 

In the next paragraphs I will outline the Wnt pathway, with a particular focus on the 

aspects that are most relevant for this thesis. The introductions to the individual 

results chapters also contain detailed information that is pertinent to the specific 

proteins studied and experiments conducted. 
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1.1. Wnt signalling in human development and disease 

Wnt signalling functions at several steps during mammalian development, ranging 

from events in early embryogenesis to stem cell homeostasis in adult tissues. Key 

events during patterning include the establishment of the anterior-posterior axis, 

gastrulation and the formation of the primitive streak, all of which require Wnt 

signalling (reviewed in Wang et al., 2012).  

The pathway becomes reactivated in adult tissues, where it is crucial for the 

maintenance of stem cell niches, famously in the intestinal epithelium. Here, Wnt 

signalling controls the stem cell population in the crypts that divide to replace cells 

shed from the villi of the gut (reviewed in Reya and Clevers, 2005), Figure 1.1). In 

synergy with other signalling pathways such as Notch, TGFb and Hedgehog, Wnt 

signalling is thus a vital player during development and, unsurprisingly, associated 

with a number of human diseases including cancer.  

Since the discovery of APC as the main factor in familial adenomatous polyposis 

(FAP) and spontaneous colorectal cancers, a plethora of studies have described 

mutations in the Wnt pathway in other cancer types, including gastric (reviewed in 

Doucas et al., 2005), skin (Rubinfeld et al., 1997), ovarian (Arend et al., 2013) or 

hepatocellular (Miyoshi et al., 1998) carcinoma.  

Wnt signalling is not only implicated in the initial formation of tumours but also in 

their progression to malignancy based on the dual role of several Wnt pathway 

components in cell adhesion and transcriptional regulation (see below, reviewed in 

Valenta et al., 2012). The most common mutations found in Wnt-related cancers 

affect APC (80% of colorectal cancers carry APC truncations (reviewed in Giles et al., 

2003)) or b-catenin, the core effector of canonical Wnt signalling (Figure 1.2) and 

cause inappropriate activation of the pathway. Animal models such as the APCmin 

mouse, first described by the Dove lab (Moser et al., 1990), and cell lines isolated 
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from cancer patients have been invaluable in studying effects of Wnt pathway 

mutations in vivo.  

 
Figure 1.1. Wnt signalling in normal intestinal epithelium and Wnt mutations leading to 
cancer.  
A) Stem cells in the crypts of the normal intestinal epithelium function to replenish cells of the 
intestine. Stem cell proliferation occurs close to the Wnt source and is tightly controlled by 
restricting Wnt activation to cells in the bottom of the crypts. 
B) Initiating mutations in APC, Axin or b-catenin lead to formation of benign polyps that 
eventually accumulate further genomic mutations, e.g. in KRAS, resulting in genomic 
instability and tumour progression.  
LOF = loss of function; GOF = gain of function. Figure adapted from Sancho et al. (2004). 
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To this day, colorectal cancers represent the third most common cancer type in the 

world with a high mortality rate (WHO, https://gco.iarc.fr/today/home). Research on 

Wnt signalling thus remains important to identify novel drug targets and develop 

therapeutic strategies. 

 

1.2. Canonical Wnt signalling 

Several divergent Wnt-based signalling cascades have been characterised, of which 

the Wnt/b-catenin pathway has been studied in the most detail due to its role in 

cancer. Signal transduction through b-catenin (Armadillo in Drosophila) is also known 

as canonical Wnt signalling and results in transcriptional control of Wnt target genes.  

The two main non-canonical pathways are the planar cell polarity (PCP) pathway, 

which directs cell orientation (Yang and Mlodzik, 2015), and Wnt/Ca2+ signalling, 

which is involved in developmental processes including convergent extension 

(reviewed in De, 2011). The pathways diverge at the level of Dishevelled (DVL in 

vertebrates, Dsh in Drosophila), which constitutes a switch between the different Wnt 

pathways.  

Wnt signalling is also tightly linked to cell adhesion: b-catenin is a component of 

adherens junctions through its binding to E-cadherin (Bienz, 2005) and accordingly 

functions in two distinct processes, cell adhesion and signalling, making it a dual 

function protein. Similarly, the function of APC is two-fold, and this provides an 

intriguing explanation for the link between aberrant signalling and cancer 

progression as these mutations increase metastasis by facilitating the epidermal-to-

mesenchymal transition process (EMT) (Vincan and Barker, 2008). 

A fundamental mechanism during Wnt signalling is the dynamic formation of 

oligomeric assemblies that act as interaction platforms to provide a high local 
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concentration of binding partners: the degradasome and signalosome complexes, 

both of which control Wnt signal transduction in the cytoplasm.  

  

1.3. The Wnt degradasome and signalosome complexes 

The initial step of the Wnt signalling cascade is the secretion of lipid-modified Wnt 

(Wg in Drosophila) ligands, of which 19 are described in the human genome. 

Although Wnts are typically listed as morphogens, they are thought to act as close-

range signals and through direct cell contacts, whereas long-ranging signals are rare 

– the wing imaginal disc in Drosophila is one such instance and will be described 

below. 

In the absence of a Wnt ligand, signal transduction to the nucleus is prevented by 

the Axin degradasome consisting of Axin as a scaffold, APC and the two kinases 

glycogen synthase kinase 3 (GSK3, Shaggy/Zeste-white 3 in Drosophila) and casein 

kinase 1a (CK1, discs overgrown/dco in Drosophila). This complex sequesters 

cytoplasmic b-catenin through binding of its characteristic Armadillo repeat domains 

(ARDs) by Axin (Ikeda et al., 1998). This process earmarks b-catenin for degradation, 

where CK1 acts as a priming kinase by phosphorylating b-catenin residue Ser45 

resulting in subsequent phosphorylation of Ser33, Ser37 and Thr41 by GSK3 (Liu et 

al., 2002). Phosphorylated b-catenin thus becomes a substrate for the SCFb-TRCP E3 

ubiquitin ligase (slmb in Drosophila) leading to its ubiquitylation and subsequent 

proteasomal degradation (Orford et al., 1997; Winston et al., 1999) (Figure 1.2, left 

panel).  

Wnt ligands are bound by a heterodimeric complex consisting of a seven-

transmembrane receptor called Frizzled (FZD1-10 in mammals) and its co-receptor 

low-density lipoprotein receptor-related protein 5/6 (LRP5/6, Arrow in Drosophila). 

Upon binding, the formation of a second multiprotein complex, the signalosome, is 
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triggered by DVL polymerisation (see Chapter 4) leading to recruitment of the Axin 

degradasome to the plasma membrane (Fiedler et al., 2011).  

GSK3 and CK1 then sequentially phosphorylate the PPPSPxS motifs in LRP5/6 (Zeng 

et al., 2005), which strongly increases Axin binding and leads to inhibition of the 

active site of GSK3 ((Stamos et al., 2014), Figure 1.2, right panel). b-catenin is no 

longer a target of phosphorylation through the destruction complex and can 

translocate into the nucleus, where it is captured by the adaptor protein B-cell 

lymphoma 9 (BCL9/B9L, collectively referred to as BCL9 unless otherwise stated, 

Legless in Drosophila) and tethered to the Wnt enhanceosome. 

 
Figure 1.2. Wnt signalling is governed in the cytoplasm by multi-protein complexes 
termed the degradasome and the signalosome. 
In the absence of a Wnt ligand, the Axin degradasome containing Axin, APC and the kinases 
GSK3 and CK1 leads to phosphorylation and subsequent proteasomal degradation of b-
catenin, effectively blocking Wnt target gene transcription (left panel). Upon binding of Wnt to 
its receptor Frizzled and co-receptor LRP5/6, polymerisation of DVL is triggered and a 
signalosome is formed (right panel). This results in inhibitory phosphorylation of GSK3, which 
allows b-catenin to translocate into the nucleus. Figure from Gammons and Bienz (2018). 
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1.4. The Wnt enhanceosome 

This type of multiprotein complex at enhancers allows for efficient signal integration 

and switching between ON and OFF stages through rapid exchange of bound 

factors. The term enhanceosome was initially coined by Panne et al. (2007) to 

describe the transcription factors, coactivators and nucleosome remodellers 

assembled at the interferon-b enhancer. The Wnt enhanceosome was first described 

at Wnt response elements (WREs) after the discovery that the ChiLS complex (see 

below) acts as a scaffold to connect proteins known to control Wnt target gene 

transcription (Fiedler et al., 2015).  

Central to the Wnt enhanceosome are DNA-binding proteins of the T cell 

factor/lymphoid enhancer-binding factor family (TCF/LEF, dTCF/Pangolin in 

Drosophila). These proteins bind WREs via their consensus sequence 5’CTTTGAT 

(Molenaar et al., 1996; Riese et al., 1997) regardless of Wnt signalling directly 

through their HMG domain (Sierra et al., 2006). In the absence of Wnt stimulation, 

WREs are kept inactive by TCF binding to the repressor proteins TLE/Groucho which 

were first described for their role in Wnt/Wg signalling in the late 1990s (Cavallo et 

al., 1998; Levanon et al., 1998). TLE binding to TCF results in recruitment of histone 

deacetylases (HDAC) leading to chromatin compaction and transcriptional 

repression (Chen et al., 1999; Sekiya and Zaret, 2007). Binding of b-catenin 

overcomes this repression and different models exist to explain how TLE3-mediated 

silencing is inhibited during active Wnt signalling (see 2.1.2).  

Unphosphorylated (active) b-catenin is captured by the PYGO-BCL9 module of the 

enhanceosome: chromatin-bound PYGO (PYGO1/2 in humans, Pygopus in 

Drosophila) binds to BCL9, which in turn directly interacts with b-catenin leading to 

nuclear retention of both proteins (Townsley et al., 2004). b-catenin subsequently 

binds to TCF, switching the enhanceosome from a repressive to an active state by 
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recruiting transcriptional coactivators and chromatin remodellers through its C-

terminal transactivation domain. These include the histone acetyltransferase (HAT) 

CREB-binding protein (CBP/p300) (Hecht et al., 2000; Waltzer and Bienz, 1998) and 

methyltransferase SET1 (Sierra et al., 2006) among other factors – all of which 

function together to orchestrate the ON switch of transcription (see also Mosimann 

et al., 2009 for review).  

The ternary complex between PYGO, BCL9 and b-catenin is instrumental in 

facilitating interaction of b-catenin with TCF, and PYGO has an additional function as 

a chromatin reader by interacting with histone modifications through its PHD finger 

(from plant homology domain; Fiedler et al., 2008). PYGO also contains an 

asparagine-proline-phenylalanine (NPF) motif (Städeli and Basler, 2005) which binds 

to the scaffold module ChiLS, consisting of two subunits of LIM-domain binding 

protein (LDB1, Chip in Drosophila) and four single-stranded DNA-binding protein 

subunits (SSDP1/2, also known as SSBP3/4) (Fiedler et al., 2015; Renko et al., 2019).  

ChiLS fulfils an important role as a scaffold within the complex and connects a variety 

of enhanceosome components, thereby allowing for integration of lineage specific 

input (Fiedler et al., 2015). Importantly, ChiLS also mediates interaction with the Brg-

1/Brahma-associated factor (BAF) complex through the ARID1 subunit of BAF (Osa 

in Drosophila; Fiedler et al., 2015). ARID1 antagonises b-catenin-mediated 

transcription (Collins and Treisman, 2000) and likely plays a role in re-silencing the 

enhanceosome once Wnt signalling ceases (van Tienen et al., 2017). The importance 

of this chromatin remodeller is further underscored by direct binding of b-catenin to 

its subunit Brg-1 (also known as SMARC4A, Brahma in Drosophila; (Barker et al., 

2001)). The ChiLS complex is thus a core component of the enhanceosome and offers 

an interaction platform for integration of additional, context- or lineage-specific 

factors (Waterman and Jones, 1990).  
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Figure 1.3 summarises the current model of the enhanceosome as well as mapped 

protein-protein and protein-DNA interactions within the complex. It is unknown how 

the multitude of factors are initially assembled at Wnt target loci and whether a 

preceding priming event is required to set up the enhanceosome during 

development. It is conceivable that so-called pioneer factors play a role in this 

process. 
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Figure 1.3. Schematic overview of the Wnt enhanceosome as outlined in van Tienen et 
al. (2017) and mapped interactions of core enhanceosome components. 
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A) In the nucleus, transcription of Wnt target genes is strictly controlled by a multiprotein 
complex centred around the scaffold complex ChiLS, consisting of 2 subunits LDB1 (green) 
and 4 subunits SSDP1/2 (blue). The ChiLS core module mediates interaction with several 
components including the corepressor TLE3 (pink) and the chromatin reader PYGO (yellow). 
The latter binds to the adaptor BCL9 (purple), which functions to capture b-catenin (red) 
facilitating formation of a b-catenin-TCF (turquoise) complex to activate transcription. In order 
to respond to changes in signalling, the enhanceosome needs to remodel and exchange 
repressive for activating factors. Figure adjusted based on van Tienen et al. (2017). 
B) Interactions between proteins within the enhanceosome are depicted underneath the 
respective domain or, if the exact interacting domain is unknown displayed with a dotted line. 
See text (1.4) and section 2.1.1 & 2.1.2 for details. Scale bar = 100 amino acids (aa) for b-
catenin, PYGO, TCF, TLE, LDB and SSDP; = 200 aa for BCL. 
 
 

1.5. Pioneer factors prime silenced loci for gene expression 

The existence of factors that engage with compact chromatin to facilitate 

accessibility for transcription factors has been hypothesised since the late 1990s, and 

this was underscored by the discovery that the Forkhead box factor FOXA (previously 

known as HNF3) is able to bind to inaccessible chromatin by Kenneth Zaret’s lab in 

2002 (Cirillo et al., 2002).  

The Zaret lab has since assayed a range of pioneer factors in different developmental 

and disease contexts and has confirmed that FOXA binding results in opening of 

chromatin, thereby making it more accessible for downstream transcription factors. 

While FOX proteins and the FOXA subclass in particular have attracted a 

considerable amount of attention in the field, other pioneer factors have been 

described, including the pluripotency factor OCT4 (King and Klose, 2017), the GATA 

family (Wu et al., 2014,,Theodorou et al., 2013) as well as RUNX proteins (Lee et al., 

2019). 

Pioneer factors are crucial for development, such as during differentiation of 

pluripotent embryonic cells, and are thought to initiate developmental lineages 

which are then further maintained by specialised transcription factors. In human and 

Drosophila development, the pioneer factors Oct4/Sox2 and Zelda, respectively, 
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play a central role in switching on zygotic gene expression (Schulz et al., 2015). 

Functionally, these proteins can either prime a locus actively by opening up 

chromatin structure through diverse interactions, or passively by reducing the 

number of subsequent binding events required for activation. This allows a rapid 

response later in development when the correct tissue- or context-dependent signals 

are present (Figure 1.4).  

An active, but ATP-independent mechanism through histone binding and 

nucleosome positioning has been proposed for a number of FOX proteins, including 

FOXA (Cirillo et al., 2002, Iwafuchi-Doi et al., 2016), FOXE (Cuesta et al., 2007) and 

FOXO (Hatta and Cirillo, 2007). Conversely, OCT4 requires the chromatin 

remodelling protein BRG-1 to make chromatin accessible (King and Klose, 2017). 

GATA2 has been shown to form and maintain chromatin loops to put enhancer and 

promoter sequences in proximity (Wu et al., 2014). FOXA has also been identified as 

a binding partner of Groucho/TLE3 and, interestingly, this interaction results in 

silencing rather than activation (Sekiya and Zaret, 2007). The authors speculate that 

this might be a failsafe mechanism to prevent inappropriate gene expression 

following priming of the locus (Zaret and Carroll, 2011).  

Overall, while pioneer proteins have been the focus of a significant amount of 

research in the past decade, mechanistic details are often lacking and, despite their 

considerable involvement in cancer development, therapeutic approaches are still 

under investigation. 
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Figure 1.4. Pioneer factors access compact chromatin to prime it for binding by other 
transcription factors. 
In contrast to most transcription factors (green), pioneer factors (purple) can access closed 
chromatin and make it more accessible by actively affecting nucleosome positioning or by 
recruiting remodellers (red) such as BRG-1. 
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1.6. Wingless signalling in Drosophila development 

Given that much of this thesis, in particular Chapter 3, uses Drosophila as a model 

organism, I will briefly introduce the function of Wg during patterning and midgut 

development of the fly embryo as well as during larval development. 

In the early fly embryo, a cascade of genes is switched on to provide the initial axis 

and broad body plan: maternal effect genes, gap genes, pair-rule genes, and 

segment polarity genes, each specifying smaller and smaller domains of the 

developing embryo. Wg is a classic example for a segment polarity gene and its 

expression is activated by Even-skipped (Eve) and Fushi-tarazu (Ftz) and restricted to 

the posterior boundary of parasegments during stage 9-10 of embryogenesis 

(Ingham et al., 1988).  

Interactions between Wg, Hedgehog (Hh) and Engrailed (En) define and uphold the 

parasegment boundaries, and Wg and En govern the patterning of the cuticle 

through downstream factors such as Serrate, Rhomboid and Shaven baby (Alexandre 

et al., 1999; Payre et al., 1999) as well as Naked (Zeng et al., 2000): en-expressing 

cells specify 8 characteristic denticle belts on the ventral cuticle with Wg-specified 

naked cuticle separating them (Bejsovec and Wieschaus, 1993) (Figure 1.5, for review 

see Swarup and Verheyen, 2012).  

Aberrant Wg signalling therefore affects the formation of these denticles, leading to 

a “denticle lawn” if underactive (e.g. through inactivation of wg itself) or an excess 

of naked cuticle when overactivated (e.g. following loss of Axin or APC). 

Differentiation of the embryonic cuticle is one of the earliest visible signs of 

mutations in the Wg pathway and is often used as a sensitive assay to determine 

function of putative Wg pathway components (Mieszczanek et al., 2008; Peifer et al., 

1994).  
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Figure 1.5. Wingless signalling is required for correct patterning of the cuticle during 
Drosophila embryogenesis.  
Interaction of Wg, En and Hh define the parasegment boundary leading to specification of 
naked cuticle and denticle belts (upper panel). Loss of wg or Tcf results in loss of naked cuticle 
and embryos exhibit a characteristic denticle lawn (middle panel), whereas loss of negative 
regulators of Wg signalling such as APC or overexpression of wg results in excessive naked 
cuticle (lower panel).  
Cartoon adjusted from Swarup and Verheyen, 2012; cuticle images taken from Bejsovec, 
2006. 
 

Later in embryogenesis, Wg signalling plays an important role during patterning of 

the midgut (reviewed in Bienz, 1994): wg is expressed in parasegment 8 of the 

visceral mesoderm and controls expression of two homeotic genes, Ultrabithorax 

(Ubx) and labial (lab) by acting at different thresholds (Hoppler and Bienz, 1995). Low 

levels of Wg lead to induction of Ubx and lab in their respective tissues, whereas high 

levels of Wg are required to activate Teashirt, which encodes a transcriptional 
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repressor that interacts with Armadillo to silence target genes in cells receiving a 

high amount of Wg (Waltzer et al., 2001).  

Ubx is thus maintained in parasegment 7 by low Wg levels and itself induces 

Decapentaplegic (Dpp, of the TGFb family of growth factors) (Sun et al., 1995; Yu et 

al., 1996). Labial expression is controlled by both Dpp and Wg in the subjacent 

endoderm where it directs differentiation of copper cells in the larval midgut 

(Hoppler and Bienz, 1994). Ubx is required for the formation of the middle midgut 

constriction (Bienz and Tremml, 1988) (Figure 1.6A) and loss-of-function of the Wg 

pathway results in defects in this process. Thus, Ubx expression in the midgut is a 

very sensitive assay to analyse activity of the Wg pathway in vivo (Thuringer et al., 

1993). 

Wg signalling is also crucial in larval stages, notably for the intricate patterning of the 

imaginal discs, the epithelial sacs of cells that give rise to ectodermal structures such 

as the body appendages. The most prominent example for Wg-mediated regulation 

in larval development is the wing disc, and weak mutations in wg itself give rise to 

wingless flies (Sharma and Chopra, 1976). Other well documented functions include 

the differentiation of the eye and leg discs.  

In the wing disc, wg is initially expressed broadly across the entire disc in 2nd and 

early 3rd instar larvae before becoming more restricted: in wing discs of 3rd instar, 

“climbing” larvae, wg is expressed in two circles surrounding the presumptive blade 

tissue to specify the hinge region as well as along the presumptive wing margin at 

the dorso-ventral boundary (Baker, 1988). This expression pattern is the result of 

collaboration of several pathways, most importantly Notch signalling (Couso and 

Arias, 1994), which induces Vestigial (Kim et al., 1996) at the dorso-ventral boundary 

resulting in localised wg expression.  
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Here, Wg induces expression of senseless in cells directly adjacent to the Wg source 

(Parker et al., 2002) and acts in a morphogen-like fashion to induce genes requiring 

lower levels of Wg further away from the source, such as Distalless (Neumann and 

Cohen, 1997) (Figure 1.6B). The dorso-ventral boundary thus acts as an organising 

centre during wing patterning. This view was challenged by findings that membrane-

tethered Wg leads to largely normal development and expression of target genes, 

although a mild decrease in wing size indicated a requirement of secreted Wnt for 

sustained proliferation (Alexandre et al., 2014). Newer studies showed that secreted 

Wg reaches cells up to 11 cells away from the margin (Chaudhary et al., 2019), 

reinforcing the definition of Wg as a morphogen. 

 
Figure 1.6. Wingless signalling during Drosophila development. 
A) Wg, Ubx and Dpp form a regulatory circuit in the visceral mesoderm, whereby expression 
of wg in parasegment 8 (PS8) of the visceral mesoderm is required to maintain Ubx expression 
in PS7. Both Wg and Ubx (through dpp) are required for labial expression in the subjacent 
endoderm to drive cell differentiation. Ubx is further necessary for the formation of the 2nd 
midgut constriction.  
B) Patterning of the 3rd instar wing imaginal disc requires Wg signalling at the presumptive 
wing margin as well as in two rings surrounding the blade. Senseless is a direct Wg target 
gene and is induced in two stripes flanking the dorso-ventral boundary. 
VM = visceral mesoderm, E = endoderm, A = anterior, P = posterior, PS = parasegment, D = 
dorsal, V = ventral, Ubx = Ultrabithorax, dpp = decapentaplegic, lab = labial, Sens = 
Senseless. 
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1.7. Outstanding questions in the Wnt field 

While the main steps of Wnt/Wg signalling during development and disease as 

presented here are generally accepted in the field, questions prevail concerning 

mechanistic details of several steps. One of the key issues that needs to be resolved 

is the mechanism of Wnt target gene regulation in the nucleus, and this will be the 

main focus of this thesis. Specifically, while we know that transcription is tightly 

regulated by an enhanceosome complex, open questions concerning its composition 

remain:  

(1) In addition to the core components of the enhanceosome, what other factors, 

e.g. lineage-specific effectors, bind to and regulate enhanceosome activity? 

(2) How is the composition of the enhanceosome adapted to different stages during 

development or disease as well as in different cell lineages?  

(3) Are repressive and activating factors bound throughout the signalling cycle and 

become activated or inhibited as appropriate or is the enhanceosome a more 

dynamic structure, with factors coming and going as the signalling status changes? 

(4) And, maybe most intriguingly, how is this multiprotein complex correctly 

assembled at its target loci? Does this process require pioneering factors?  

In this work, I tackle some of these open questions using a proteomics approach 

based on BioID (Chapter 2) to assess enhanceosome remodelling during signalling 

as well as to uncover novel interactors of the core components PYGO and TLE3. I 

find the Forkheadbox factors FOXK1/2 associated with the enhanceosome and 

examine their potential role during Wnt/Wg signalling in Drosophila (Chapter 3) 

and mammalian cells (Chapter 4). Chapter 5 will discuss these novel findings and 

how they add to our knowledge of enhanceosome-based gene regulation. I will 

also highlight future strategies for the field in each chapter discussion as well as in 

Chapter 5.    
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2. Interactions within the Wnt Enhanceosome 

2.1. Introduction 

Many of the known components of the Wnt enhanceosome outlined in section 1.4 

have been discovered using proteomic approaches. For example, the fundamental 

role of ChiLS as a scaffold became evident following tandem-affinity purification 

studies searching for novel ligands of PYGO-NPF (Fiedler et al., 2015). More recently, 

proximity labelling based on promiscuous biotin ligases (BioID) has helped elucidate 

remodelling of the enhanceosome as it switches from ON to OFF (van Tienen et al., 

2017).  

We decided to expand our model of the enhanceosome and address the open 

questions listed in Chapter 1 by using BioID with TLE3 and PYGO2 as bait proteins. 

The ensuing sections will introduce both bait proteins in more detail and will explain 

the advantages and limitations of the BioID system. 

 

2.1.1.  Role of PYGO in the Wnt enhanceosome  

Pygopus/PYGO was discovered as a downstream effector of Wnt/Wg signalling in 

several independent genetic screens in Drosophila in the early 2000s (Kramps et al., 

2002; Parker et al., 2002; Thompson et al., 2002). There are two PYGO paralogues 

in mammalian genomes (PYGO1/2), of which PYGO2 appears to be the more 

physiologically relevant protein based on its broader expression domain (Li et al., 

2004).  

Experiments using Drosophila revealed a strict requirement for PYGO function only 

in the presence of transcriptional repressors such as TLE3/Groucho, and groucho 

pygo double mutants show rescue of the wg-like phenotypes of pygo single mutant 

(Mieszczanek et al., 2008). PYGO thus has an important anti-repressor function that 
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predisposes the enhanceosome for rapid activation of transcription once b-

catenin/Armadillo has docked to the complex (Figure 2.1). 

PYGO is constitutively associated with Wnt target loci in a Wnt-independent, TCF-

dependent manner (de la Roche and Bienz, 2007), which is in part mediated by 

binding of its NPF motif (also known as N-Box) to the ChiLS module of the 

enhanceosome (Fiedler et al., 2015). An important role of PYGO is to “read” the 

histone code by specific interaction between the PYGO-PHD finger and differentially 

methylated histones. Structural and biophysical analyses have shown that PYGO-

PHD preferentially binds to H3K4me2, a sign of active transcription, but is less 

sensitive to methylation on H3K2, a marker of transcriptional repression (Fiedler et 

al., 2008).  

Histone binding by PYGO is affected by simultaneous binding to the homology 

domain 1 (HD1) of BCL9: both interactions are mediated by opposite surfaces of the 

PHD finger, and binding of BCL9 allosterically increases affinity for histone binding 

(Miller et al., 2010), i.e. BCL9 acts as a modulator of PYGO histone decoding. Human 

and fly Pygo proteins differ in a crucial amino acid within the PHD finger resulting in 

slight differences in their histone binding properties. This appears to affect the 

activity of PYGO in Notch signalling – fly Pygo is exclusive to Wg signalling, but 

mutation of the fly amino acid to the residue found at this position in the human 

ortholog changes the property of Pygo, which becomes active in Notch signalling, 

leading to derepression of Notch targets (Miller et al., 2013).  

It is currently not known whether the PYGO NPF motif or PHD finger have additional 

interaction partners that are required for its anti-repressor function.  
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Figure 2.1. PYGO binds to methylated histones and BCL9 through its PHD finger and is 
tethered to the Wnt enhanceosome through binding to the ChiLS complex. 
PYGO comprises a C-terminal chromatin-binding PHD finger (Parker et al., 2002) and an NPF 
motif in its N-terminus (Parker et al., 2002; Städeli and Basler, 2005). Biophysical studies 
revealed that binding of BCL9 results in allosteric changes within the PHD finger, increasing 
the affinity towards K4me2-methylated histone H3. The NPF motif is thought to bind to a 
pocket created by the SSDP2-LDB1-SSDP2 structure of the ChiLS complex.  
ChiLS structure from Renko et al. (2019) (LDB1-DD (wheat), LDB1-LCCD (orange), SSDP 
dimers (cyan)). Ternary complex consisting of BCL9-PYGO-H3 from Miller et al. (2013), BCL9-
HD1 shown as blue ribbon, PYGO-PHD as molecular surface representation in yellow with 
dually methylated histone (H3R2me2aK4me2) bound to the histone binding pocket. 
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2.1.2.  Role of TLE3 in the Wnt enhanceosome 

Given the constitutive association of WREs with TCF and PYGO, cells require a means 

to repress transcription in the absence of Wnt signalling. This mechanism relies 

heavily on binding of the corepressor protein transducin-like enhancer of split (TLE1-

4, Groucho in Drosophila) to TCF via the TLE Q domain (Cavallo et al., 1998; 

Chodaparambil et al., 2014).  

TLE proteins are broadly expressed and important for diverse developmental 

processes including segmentation, neurogenesis and haematopoiesis (reviewed in 

Agarwal et al., 2015). Apart from their role in Wnt signalling, TLE proteins are also 

crucial corepressors for Notch target genes (Barolo et al., 2002). Experiments in 

Drosophila found that Groucho-mediated repression of Wg target genes is limited 

to tissues that normally respond to Wg, such that loss of groucho does not lead to 

derepression of Wg targets in tissues that do not receive a Wg signal (Mieszczanek 

et al., 2008). 

TLE3 is a large protein with several domains that mediate interaction with other 

proteins as well as oligomerisation (Figure 2.2). The N-terminal Q domain is required 

for transcriptional repression as well as tetramerisation (Pinto and Lobe, 1996; Song 

et al., 2004), which increases the number of interaction sites through which TLE can 

bind to different binding partners simultaneously. The Q domain is followed by a 

region rich for glycine and proline residues (GP domain), which mediates interaction 

with histone deacetylases that TLE recruits to silence loci (Brantjes et al., 2001; Chen 

et al., 1999). Further downstream are a CcN motif, which contains casein kinase II 

and cdc2 kinase phosphorylation sites and a nuclear localisation sequence, and a 

serine and proline rich region (SP domain). The C-terminal WD40 domain is highly 

conserved between different TLE proteins and is made up of several repeats of 40 

amino acids separated by tryptophan-aspartic acid (WD) dipeptide sequences (Neer 
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et al., 1994). Structural analysis has shown that the repeats are arranged in a b-

propeller structure with blades consisting of antiparallel b-sheets (Chen and Courey, 

2000).  

The WD40 domain mediates binding to crucial interactors including the Notch 

pathway regulator Hairy (Fisher et al., 1996), Runt factors (Aronson et al., 1997) and 

the Wnt proteins ChiLS and BCL9 (Fiedler et al., 2015; van Tienen et al., 2017). The 

same domain also binds UBR5, an agonist of Wnt-mediated transcription and 

negative regulator of TLE3 (Flack et al., 2017, see below). Since TLE proteins do not 

bind to DNA directly, these interactions are also necessary to recruit TLE to its 

respective loci as in the case of TLE recruitment to Notch targets by Hairy-

related/HES proteins (Fisher et al., 1996). 

While earlier evidence suggested that activation of Wnt signalling and associated 

nuclear translocation of b-catenin leads to displacement of TLE from TCF (Daniels 

and Weis, 2005; Hikasa and Sokol, 2011), newer studies have shown that b-catenin 

and TLE can bind to TCF simultaneously (Chodaparambil et al., 2014), and that 

recruitment of coactivators and/or inhibition of TLE3 ultimately allow target gene 

expression.  

Recent evidence for TLE3 inhibition during Wnt signalling by Flack et al. (2017) 

describes the HECT3 ubiquitin ligase Hyd/UBR5 as instrumental for the inhibition of 

TLE3. Together with the AAA ATPase valosin-containing protein (VCP/p97) this 

results in extraction of TLE3 from the chromatin, thereby releasing repression and 

allowing the transcriptional switch to proceed. Other authors have proposed a model 

by which the E3 ubiquitin ligase XIAP mediates ubiquitination of the TLE3 Q domain, 

thereby disrupting the interaction with TCF and allowing transcription to be 

activated (Hanson et al., 2012).  
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It remains unknown whether these mechanisms act in parallel or sequentially, or 

whether additional mechanisms are required to facilitate the transcriptional switch of 

the Wnt enhanceosome. 

 
Figure 2.2. TLE3 oligomerisation is mediated through the N-terminal Q domain, while 
the GP and WD40 domains recruit additional interactors. 
Tetramerisation of TLE via the Q domain is required for its repressive actions, which are 
mediated mostly by recruitment of histone deacetylases (HDACs) by the GP domain resulting 
in chromatin compaction. The 7-8 WD40 repeats per TLE protein form a b-propeller, allowing 
interaction with SSDP for tethering to the Wnt enhanceosome as well as with negative 
interactors such as UBR5.  
Structure of Q domain: PDB 4OM2 (Chodaparambil et al., 2014); histone cartoon from 
biorender.com; structure of WD40 domain: PDB 1GXR (Pickles et al., 2002). 
 
 

2.1.3.  Proximity labelling of the enhanceosome interactome 

In contrast to classic protein interaction assays, proximity-based approaches rely on 

labelling with a small molecule such as biotin, which allows identification of proteins 
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within up to 30 nm of the protein of interest (bait) and makes capture of indirect and 

transient interactors, in addition to direct binding partners, possible. The two main 

methods based on biotin labelling are APEX (established by the Ting lab; Rhee et al., 

2013) and BioID, which was developed by Roux et al. (2012). 

BioID employs engineered biotin ligases (BirA*) fused to bait proteins to assess 

interactomes of any protein of interest. This has been used to analyse the 

composition of the Wnt enhanceosome previously with PYGO and BCL9 as bait 

proteins (van Tienen et al., 2017). These experiments have confirmed its strength in 

detecting both novel and transient interactions as well as revealing subtle 

rearrangements upon ON switch of transcription: using BioID, the authors were able 

to show a re-organisation pertaining to the linker protein BCL9 which changes its 

orientation upon b-catenin binding, abutting its C-terminus with TCF (previously 

proposed by Sampietro et al., 2006). The same study also revealed a constitutive 

association of the BAF complex with the Wnt enhanceosome and identified an 

interesting link to nuclear co-receptor proteins. 

The workflow for BioID experiments is described in the Materials and Methods 

chapter (section 6.9.) and summarised in Figure 2.3. The output is a list of peptides 

of putative interactors and the number of total spectral counts (TSC) is often taken 

as the basis for comparison (Liu et al., 2004). This list includes direct binding partners 

and proteins that bind these factors (i.e. indirect partners of the bait protein) as well 

as unrelated proteins within the same cellular compartment. To minimise the risk of 

taking forward hits that are not part of the bait interactome, the data needs to be 

carefully normalised to a suitable control (see below). 

A caveat of BioID is that it relies on available and accessible lysine residues for 

biotinylation and the spectral counts for each protein hit are therefore dependent on 

the number of suitable lysines as well as abundance of the interacting protein leading 

to a risk of over- or underestimation of certain interactors. Candidate interactors 
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identified in BioID experiments need to be validated by coimmunoprecipitation 

(CoIP) and other methods, such as functional disruption, to verify the interaction and 

determine how this interaction affects cellular processes. 

Early BioID experiments were subject to limitations based on use of the original set 

of BirA* enzymes from E. coli (BioID1) (Roux et al., 2012) or A. aeolicus (BioID2) (Kim 

et al., 2016). These enzymes are not very efficient and require high amounts of biotin 

as well as long labelling times (12-16 h) and a high amount of starting material (usually 

four confluent T175 cell culture flasks) to acquire a representative list of interactors. 

While the latter issue can be resolved by scaling the experiment as needed, the long 

labelling times pose a problem in capturing the temporal resolution of subtle 

adaptations within the Wnt enhanceosome upon b-catenin binding.  

Fortunately, in later stages of this work a range of novel engineered BirA* enzymes 

became available for use in BioID essays. TurboID and MiniID have reported labelling 

times of as little as 1 min (Branon et al., 2018) and do not require high amounts of 

biotin, which is also of advantage for BioID studies in living organisms like Drosophila. 

While my initial BioID studies with PYGO2 as a bait relied on use of the original 

BioID1 enzyme (described in section 2.2.), I was able to employ the new TurboID 

enzyme for a time course experiment with TLE3 as the bait protein (see 2.3.). 
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Figure 2.3. Workflow for proximity-based labelling of the interactome of different 
enhanceosome components. 
The bait proteins (here TLE3 or PYGO2, including PYGO2 mutants) are fused to a BirA* 
enzyme and cloned into an FRT plasmid which is stably inserted into Flp-In HEK293 cells. 
Expression of bait-BirA* fusion proteins is controlled by tetracycline (tet). Duration of biotin 
(bio) as well as amount of cells required depend on the biotin ligase in use; BioID1/2 require 
a higher volume and longer labelling times than TurboID. Interactors labelled with biotin are 
pulled down using a streptavidin matrix, separated on a protein gel and measured using LC-
MS/MS. Data analysis is done by comparing fold change of proteins associated with the bait 
of interest vs. proteins associated with a background or wildtype (WT) control. 
 

As with other proteomic experiments, dealing with a large data set is another 

challenge of proximity labelling methods. Several aspects need to be considered: 1) 

abundance of each protein hit, i.e. how often are peptides from this protein found in 

the sample, 2) reproducibility of hits and 3) normalisation, i.e. how specific is 

association of this protein with a bait vs. a control construct.  

Several methods exist to assign a score to each protein hit. The most straightforward 

method is to calculate the fold change of each protein identified in each condition 

in comparison with its respective control, as done in this work. This approach is most 
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suitable for experiments based on wildtype (WT) vs. mutant proteins, where 

background subtraction is easiest.  

Similar to other proteomic approaches it is important to control for variability, since 

results can be inconsistent and vary dramatically in between independent 

experiments. The impact of variation can be minimised by generating several 

replicates and integrating sample data using the Comparative Proteomic Analysis 

Software Suite (CompPASS, http://besra.hms.harvard.edu/ipmsmsdbs/cgi-

bin/tutorial.cgi) developed by the Harper lab. This approach identifies high-

confidence candidate interacting proteins (HCIPs) based on reproducibility, which 

helps avoid bias in comparison of sample data (Sowa et al., 2009).  

This suite also factors in metrics such as abundance and uniqueness by assigning a 

higher score to proteins that are exclusive to one sample even if they are identified 

with a low TSC. This scoring system thus prevents loss of potential specific interactors 

that are not very abundant. For example, a protein with a TSC of 1 is often 

disregarded because its fold change over the control is not high enough to meet 

exclusion criteria, but if this protein is only found in a specific bait sample it could be 

an important interactor for that bait protein. 

Due to time limitations, I was unable to produce replicates of either of my BioID 

experiments and therefore the CompPASS suite was not applicable to my data set. 

I thus used fold change analysis to compare total spectral counts of my proteins. 
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2.2. Results I: BioID with PYGO2 

I decided to extend the PYGO BioID data set published in van Tienen et al. (2017) 

by analysing deletion mutants of each PYGO2 domain (PYGO2DN-Box and PYGO2DPHD, 

Figure 2.4A) and measuring changes in interacting partners. Constructs were 

designed to contain a C-terminal fusion to BioID1 (separated by GS linker sequences 

and an HA-Tag) and a nuclear localisation signal to ensure correct localisation of the 

fusion protein. These constructs were stably introduced into Flp-In HEK293 cells and 

independent cell lines selected for low background expression and biotinylation as 

well as strong inducibility using immunofluorescence (IF) and biotinylation assays 

(Figure 2.4B & C, see 6.9).  

BioID experiments were conducted by inducing expression of fusion proteins with 

tetracycline for 12 hrs prior to adding biotin (1 mM) for another 12 hrs before harvest. 

I used four confluent T175 cell culture flasks (~93x106 cells) per bait protein for 

experiments with BioID1. Note that based on the constitutive association of PYGO 

with the Wnt enhanceosome and previous studies that showed little reorganisation 

upon Wnt activation (van Tienen et al., 2017) this experiment was conducted in the 

absence of Wnt signalling.  
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Figure 2.4. Construction and testing of lines for BioID experiments with PYGO2-WT and 
PYGO2 mutants PYGO2DN-Box and PYGO2DPHD.  
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A) Cartoon of fusion constructs used in these experiments. Constructs were designed to 
include GS linkers as well as an internal HA tag for detection and a nuclear localisation signal 
from SV40.  
Bi-iii) IF assays of HEK293 Flp-In lines expressing BioID1 fusion proteins, with or without 
tetracycline-mediated induction. Leaky expression is limited to few cells, whereas induction 
leads to expression of fusion constructs in ≥95% of cells. Bi) PYGO2-BioID1, Bii) PYGO2DN-

Box-BioID1, Biii) PYGO2DPHD-BioID1. Scale bars = 50 µm.  
C) Western blots of the same lines indicating inducible expression of fusion proteins upon 
tetracycline induction as well as biotinylation profiles. Background levels of expression as well 
as biotinylation prior to biotin supply are low in all lines. 
D) BioID1 fusion lines found to be inducible and with low background expression were used 
in BioID experiments with 12h of biotin. Biotinylation smear resulting from these samples as 
sent for mass spectrometry. 
 
 

2.2.1.  PYGO2 interactome 

The list of putative interactors for WT and the two PYGO2 mutants largely yielded 

similar results to the previously published data sets (van Tienen et al., 2017). BioID 

hits shown in Table 2.1 include the top hits (≥ 10 total spectral counts) and are pre-

selected for nuclear proteins and those relevant to Wnt signalling, whereas 

unrelated, cytoplasmic proteins such as naturally biotinylated and highly abundant 

carboxylases are pre-filtered. A colour key was applied to sort proteins into groups 

(Wnt enhanceosome related (green), BAF complex components (blue), nuclear co-

receptor components (orange) and histone modifiers (yellow)) for easier recognition. 

Raw data of this PYGO2 BioID experiment is listed in the appendix (8.7) with a cut-

off at TSC ≥ 3 but without pre-selection of relevant interactors. 

As expected, many Wnt components including TLE3, BCL9 and TCF7L2 (TCF4) 

showed high TSC in my PYGO2 BioID as do most components of the BAF complex 

(ARID1A/B, ARID2, ARID3B, SMARCA2/4/5 etc.). Additionally, my BioID results 

confirmed the strong connection between the Wnt enhanceosome and nuclear co-

receptor components with NCOR1 as well as NCOA2/3 among the highest scoring 

proteins.  
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The BioID list also included low counts for the known PYGO2 binding partner ChiLS 

(both SSDP1/2 and LDB1 display <10 spectral counts each), which is in contrast to 

previous BioID studies where LDB1 scored much higher (van Tienen et al., 2017). My 

list of candidate interactors generally showed lower counts than the previous data 

set despite using the same method and bait-BioID1 fusion proteins based on the 

lines used in this publication.  

Conversely, I identified several hits with high TSC that are absent from the previous 

data set, including SIN3B and the Wnt signalosome proteins DVL2/3. I also found 

two subunits of the BAF complex (SMARCA5 and SMARCC1) that are not identified 

by van Tienen et al., although other BAF subunits are listed with high scores. The 

reason for these discrepancies is unclear but could be related to differences in the 

state of the cell cultures or the performance of the mass spectrometry 

instrumentation. 

Gene ontology (GO) enrichment analysis using the ShinyGO tool (Ge et al. (2019), 

available at http://bioinformatics.sdstate.edu/go/) confirmed that the majority of 

proteins in close proximity with PYGO2 (≥10 spectral counts in PYGO2WT sample) are 

annotated with transcription-related GO terms including “nucleic acid-templated 

transcription” (FDR = 2.5E-36, 111 proteins), “transcription, DNA-templated” (FDR 

= 2.5E-36, 110 proteins) or “regulation of gene expression” (FDR = 2.5E-36, 120 

proteins). 

The top hit (i.e. with the highest spectral counts, higher even than PYGO2 itself) was 

the lysine demethylase JMJD1C. JMJD1C was reported to act as a transcriptional 

coactivator that erases repressive H3K9 methylation (Kim et al., 2010), although this 

has been challenged in more recent publications (Brauchle et al., 2013). Two 

important homologues of JMJD1C are the histone demethylases KDM3A/B and 

KDM6A, both of which also showed high scores in my BioID lists.  
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Histone modifying enzymes were generally among the highest scoring hits with no 

apparent dependence on the presence of either PYGO2 domain, i.e. the association 

was not weakened in either deletion mutant. Among these are known SET-domain 

histone methyltransferases such as KMT2A/B/C/D, which have been shown to 

methylate lysine-4 of histone 3, thereby increasing transcriptional activity, and 

KMT3A/B which specifically mediate H3K36 trimethylation (Edmunds et al., 2008). 

These proteins are close relatives of SET1 (also known as KMT2F), which was one of 

the earliest Wnt-dependent coactivators found to be recruited by b-catenin (Sierra 

et al., 2006).  

DOT1L represents another top hit for PYGO2 interactors and this methyltransferase 

has been implicated in Wnt signalling previously as a known interactor of b-

catenin/TCF (Mahmoudi et al., 2010). DOT1L mediates H3K79 methylation which is 

coupled to active transcription (Steger et al., 2008). The HAT p300 also showed high 

TSC in all PYGO2 BioID data sets as expected based on its recruitment by b-catenin. 

It is striking that all of these histone modifying enzymes are associated with the Wnt 

enhanceosome prior to Wnt activation, reinforcing the hypothesis that PYGO-bound 

WREs are poised for transcriptional activation. However, I was also able to identify 

transcriptional repressors in association with the Wnt enhanceosome, most 

significantly GSE1, which scored high in the list of PYGO2 interactors and is a subunit 

of the BRAF35-HDAC1 deacetylase complex (Hakimi et al., 2003). I also identified 

HDAC1 itself, albeit at low counts. 
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Table 2.1. Top hits of PYGO2 BioID. 
Top hits of BioID of PYGO2WT and N-Box (PYGO2DN-Box) and PHD (PYGO2DPHD) deletions. 
BioID results were pre-sorted for strongest interactors (TSC ≥10) and then filtered for relevant 
hits including known Wnt enhanceosome components (green), BAF complex proteins (blue), 
nuclear co-receptor components (orange) and histone modifying proteins (yellow). Hits 
labelled in red text are either not identified or identified at very low counts in the previous BioID 
data set (van Tienen et al., 2017). Proteins relevant to Wnt signalling or either of the 
aforementioned groups were included even if they were identified with low counts and are 
shown separated by a bold line. 
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2.2.2.  PHD-dependent PYGO2 interactors 

To determine which protein interactors of PYGO2 are dependent on the PHD 

domain, results were sorted for fold change of PYGO2WT over PYGO2DPHD (= 

WT/DPYGO2) and a cut-off was set for ≥5-fold change of WT vs. mutant (Table 2.2). 

As expected based on the interaction of BCL6-HD1 with the PHD finger, spectral 

counts for both BCL9 paralogues are zero following deletion of PYGO2-PHD (BCL9 

TSCs: WT = 34, DPHD = 0; BCL9L TSCs: WT = 4, DPHD = 0). 

Strikingly, this analysis also revealed the DNA repair protein BRCA2 as strongly 

dependent on the PHD finger. While BRCA2 was identified with high spectral counts 

in the WT sample, this interaction was abolished upon deletion of the PHD finger 

(BRCA2 TSCs: WT = 41, DPHD = 0). Note that the association with BRCA2 is also 

diminished in samples stemming from the PYGO2DN-Box bait protein, although not as 

strongly (DN-Box = 15). Interaction with the BRCA2-associated protein EMSY also 

relies on the PHD finger, which is likely indirect due to loss of BRCA2 association 

itself. Additional components known to be involved in DNA repair also depend on 

the PHD finger for interaction with PYGO2 (RRP1B, WRNIP1).  

Two components of the BAF complex (SMARCC1 and ARID1A) also appear to 

require a functional PHD finger for interaction with PYGO2.  
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Table 2.2. PHD-dependent interactors of PYGO2. 
Binding to BCL9 and BCL9L is abolished upon loss of the PHD domain. Several proteins of 
the DNA damage response, most importantly BRCA2, interact with PYGO2 in a PHD-
dependent manner. List includes proteins with a ≥5x change over WT PYGO2. Known 
interactors or proteins relevant to PYGO2 function have been added even if their fold change 
did not meet the criteria (upper bold line). Interaction with proteins of the ChiLS complex 
appears strengthened in PHD mutants as indicated by higher TSC in this sample (lower bold 
line). 

 

In addition to protein interactions that are abolished in PHD mutants, there are also 

a number of interactors that yield higher scores upon loss of PHD. GO enrichment 

analysis revealed these novel interactors to be mostly involved in nucleic acid 
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metabolism, RNA processing, regulation of gene expression as well as chromosome 

organisation and similar, which may reflect displacement of PYGO2DPHD from WREs.  

An unexpected hit amongst the proteins whose interaction is enhanced upon loss of 

the PHD finger is the ChiLS complex, where both subunits show a stronger 

interaction with PYGO2DPHD than PYGO2WT: LDB1, which is strongly (9x) elevated in 

the DPHD-bait sample and SSDP1/2 which yield ~2x more spectral counts in mutant 

vs. WT sample (see Table 2.2 and discussion).  

 

2.2.3.  N-Box-dependent PYGO2 interactors 

Similar to the analysis for PHD-dependent interactors, the fold change between 

PYGO2WT and PYGO2DN-Box was calculated and top hits with a fold change ≥5 used 

for downstream analysis (Table 2.3). This revealed a short list of 8 proteins that show 

decreased spectral counts in DN-Box compared with WT PYGO2.  

The majority of these proteins are also decreased in PHD deletions (ODF2, NIN, 

DSG1, UBA2 and SMARCC1), while only DDX27, TP53BP1 and WRAP73 are 

specifically lost upon deletion of the NPF motif. None of these factors are annotated 

as involved in transcriptional regulation or have been reported as relevant to Wnt 

signalling and show very low overall counts. Based on these arguments, neither of 

the putative N-Box-dependent interactors were addressed in follow-up experiments. 
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Table 2.3. N-Box-dependent interactors of PYGO2. 
Few protein interactors are lost upon deletion of the PYGO2-NPF motif. LDB1, a known direct 
binder of the PYGO2-N-Box does not show a decrease in TSC compared with WT PYGO2. 
Hits above the bold line are top hits, while LDB1 was added due to its known binding to 
PYGO2-N-Box. The Venn diagram depicts the strong overlap between interactors lost in PHD 
and NPF mutants. 

 

Taken together, my analysis of BioID experiments conducted with deletion mutants 

of PYGO2 reveals few previously unknown interactors that are dependent on the 

presence of either the NPF motif or the PHD domain for association with PYGO2. 

Among these proteins, BRCA2 is an interesting candidate that might specifically 

interact with the PYGO2-PHD domain. Future experiments are required to determine 

whether this putative interaction is important for Wnt signalling or other cellular 

processes.  
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2.3. Results II: BioID with TLE3 

One of the key questions concerning transcriptional control through Wnt signalling 

is how the corepressor TLE3 is inhibited during active Wnt signalling and how 

repression is reinstated following a period of active transcription. With the 

development of the next-generation BioID enzymes it became possible to assess the 

restructuring of the enhanceosome before, during and after signalling.  

I first sought to confirm the applicability of these novel ligases versus BioID1/2 in 

time courses by verifying their short labelling times in HEK293 cells. To this end, I 

compared the ability of different eGFP and TLE3 constructs fused to BioID2 or 

TurboID to generate a strong biotinylation profile at different time points (10 min, 

1h, 4h, 8, 12h). BioID2 was chosen for comparability of results since these fusion 

proteins for BioID studies with eGFP and TLE3 were created before the next-

generation enzymes became available.  

This experiment revealed striking differences between BioID2, which leads to a clear 

“biotin smear” only after a minimum of 4 hrs of biotin addition, and the new TurboID, 

which yielded a strong ladder of biotinylated protein after only 10 min labelling 

(Figure 2.5, left panel vs right panels, white spots indicate a strong biotin signal 

leading to bleaching despite limiting exposure to a few seconds). Note that the 

distinct protein bands in samples without added biotin likely correspond to different 

naturally biotinylated carboxylases as described in Bramwell (1987), tentatively 

propionyl carboxylase (70 kDa), b-methyl crotonyl CoA carboxylase (75 kDa) and 

pyruvate carboxylase (120 kDa).  
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Figure 2.5. Comparison of biotinylation profiles created by eGFP or TLE3 fusions 
between the classic BioID2 enzyme and the next-generation biotin ligase TurboID. 
Stably transfected eGFP-BioID2, eGFP-TurboID and TLE3-TurboID fusion proteins were 
induced for 12h with tetracycline before addition of 1 mM biotin for the indicated amount of 
time (10 min, 1 hr, 4 hrs, 8 hrs, 12 hrs). Western blots were developed using streptavidin-HRP 
and exposed for <10 seconds. Biotinylation profiles of both TurboID lines are consistently 
stronger than those based on BioID2. White spots in the two right panels indicate 
overexposure effects due to strong biotinylation. Addition of biotin for 10 min only yields 
sufficient biotinylation for downstream applications, proving that the next-generation enzymes 
are indeed superior to the original enzymes. 
 

Based on these results I devised a time course experiment to analyse interactors of 

TLE3 during different signalling stages. Due to a negative feedback loop based on 

Wnt-induced expression of the Wnt antagonists naked and Axin2, b-catenin-

mediated expression may be downregulated in cells that receive sustained Wnt 

stimulation. This feedback loop may have made interpretation of results from BioID 

experiments based on 12 hrs of Wnt stimulation challenging as these likely represent 

a convolution of different signalling states.  

In order to avoid potential effects of downregulation of Wnt signalling, I chose a 4-

hr window for biotinylation during Wnt stimulation using LiCl. Many Wnt target 

genes including Axin2 and TCF7L2 are highly expressed after 4 hrs of Wnt treatment 
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(Li et al., 2012), but this time point is unlikely to incur changes in the interactome 

owing to re-silencing. I decided to use LiCl, which activates Wnt signalling by 

blocking the degradasome at the level of GSK3 and mimics induction with Wnt-

conditioned medium (WCM, (Stambolic et al., 1996)).  

This led me to develop four different treatments, all preceded by 12 hrs of 

tetracycline for full induction of the TLE3-TurboID fusion protein: (1) labelling for 4 

hrs with LiCl medium to analyse changes to TLE3 interactors upon Wnt induction 

(4h_LiCl+bio), (2) labelling for 4 hrs with NaCl medium to assess TLE3 interactions 

before signalling (4h_NaCl+bio), (3) 4 hrs of LiCl followed by 2 hrs of biotinylation to 

capture processes during immediate re-silencing (4h_LiCl+2h_bio) and (4) a NaCl 

control equivalent to condition (3) to control for the shorter labelling times 

(4h_NaCl+2h_bio). LiCl or NaCl-containing medium was washed off before adding 

biotin for treatments 3 & 4, respectively. Conditions are summarised in Figure 2.6D.  

BioID cell lines were constructed to contain a C-terminal TurboID fusion separated 

by a GS linker and V5 tag from the WD40 domain of TLE3 (Figure 2.6A). I decided 

to use an eGFP-TurboID construct which was specifically targeted to the nucleus as 

a control. This is in contrast to previous BioID studies of enhanceosome components, 

which used a BirA* control that was largely cytoplasmic (van Tienen et al., 2017). I 

surmised that a nuclear control would be more suitable to subtract background 

proteins that are highly abundant in the nucleus and therefore become biotinylated 

by enhanceosome-based bait proteins without any relevance to Wnt signalling (see 

discussion).  

Lines were tested for low background expression and strong biotinylation as before 

(Figure 2.6B & C). BioID experiments with TurboID were conducted with a lower 

amount of starting material compared to above described experiments (2 confluent 

T175 cell culture flasks, approx. 45 x 106 cells). 
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Figure 2.6. Construction and testing of BioID lines for a time course experiment based 
on TLE3-TurboID and an eGFP-TurboID control. 
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A) Cartoon of TLE3-TurboID and eGFP-TurboID fusion constructs used in these experiments. 
Constructs were designed to include GS linkers as well as an internal V5 tag for detection and 
a nuclear localisation signal from SV40.  
B) IF assays of HEK293 Flp-In lines expressing TLE3-TurboID (upper panel) or eGFP-TurboID 
(bottom panel), with or without tetracycline-mediated induction show that leaky expression is 
limited to few cells, whereas induction leads to expression of fusion constructs in ≥95% of 
cells. Scale bars = 50 µm.  
C) Western blots of the same lines indicating inducible expression of fusion proteins upon 
tetracycline addition as well as biotinylation profiles. Background level of expression is very 
low in both lines. Background biotinylation in uninduced TLE3-TurboID is very low, slightly 
higher in eGFP-TurboID. Addition of biotin in all samples results in a strong smear of 
biotinylated proteins. White spots indicate bleaching due to overexposure as before.  
D) Time course chosen for this TurboID experiment with TLE3 and eGFP. TLE3 interactors 
were tested during active Wnt signalling (4h_LiCl+bio), before Wnt signalling (4h_NaCl+bio) 
as well as in the re-silencing phase after Wnt stimulation is withdrawn (4h_LiCl+2h_bio and a 
respective NaCl control). 
E) Resulting biotinylation smear from the same samples in D). Samples in all lanes lead to 
approximately the same amount of biotinylated protein following pull-down with Streptavidin. 
BioID samples were sent for mass spectrometry. 
 
 

2.3.1.  TLE3 interactome 

To determine proteins associated with TLE3 in the absence of Wnt signalling, the 

peptides identified following 4 hrs of biotinylation under NaCl control conditions 

were compared to the respective eGFP control and the fold change calculated (TLE3-

TurboID_4h_NaCl+bio / eGFP-TurboID_4h_NaCl+bio).  

This list includes a high number of unrelated cytoplasmic proteins such as 

carboxylases and therefore required additional filtering for relevant proteins. 

Relevance was determined using database entries and literature research, with 

candidates discarded if they were annotated as exclusively cytoplasmic or elements 

of the cytoskeleton. Raw data of this TLE3 BioID experiment is listed in the appendix 

(8.8) with a cut-off at TSC ≥ 3 but without pre-selection of relevant interactors. 

To compare this list with TLE3 interactors during the ON phase of Wnt signalling, the 

same procedure was applied to the sample treated with LiCl for 4 hrs and high-

scoring proteins (TLE3-TurboID_4h_LiCl / eGFP-TurboID_4h_LiCl ≥ 10) of relevance 
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were added to the list of top hits. None of the top scoring proteins show significant 

change (≥ 4x) in spectral counts following stimulation with LiCl for 4 hrs (Table 2.4).  

Potentially interesting candidate interactors of TLE3 are shown in Table 2.4, topped 

by TLE3 itself. Specific interactors include several Wnt pathway components such as 

TCF7L2 (TCF4) and LEF1 as well as p300, ChiLS and C-terminal binding protein 

(CTBP). Neither of the BCL9 paralogues was identified in any of my samples, despite 

TLE3 scoring very high in the BCL9 BioID lists published in van Tienen et al. (2017).  

As before, several components of the nuclear co-receptor network and the BAF 

complex are associated with TLE3, although the latter components are present at 

lower scores compared with PYGO2 (see above) and BCL9 BioID experiments (van 

Tienen et al., 2017). This could indicate a higher distance between TLE3 and the BAF 

complex owing to the conformation of the enhanceosome.  

My BioID list also confirms GSE1 as a closely associated protein of the Wnt 

enhanceosome, which is identified with high confidence in all enhanceosome-based 

BioID experiments to date (see above). I also found a strong and specific association 

of TLE3 with DVL2 & 3, which is unexpected given the different cellular 

compartments that these proteins localise to. Specific interactors of TLE3 also 

include proteins from different signalling pathways such as YAP1 (Hippo pathway) 

and HES1 (Notch signalling), the latter of which is a known TLE3 interactor (Jennings 

et al., 2006).  

Among the highest scoring interactors are the ubiquitin associated proteins 2 and 2L 

(UBAP2 & UBAP2L). These interact with the Polycomb group protein BMI, which itself 

binds to UBR5, the E3 ubiquitin ligase responsible for TLE3 inhibition during active 

Wnt signalling. This association of BMI and UBR5 appears to be DNA damage-

dependent (Bordeleau et al., 2014; Sanchez et al., 2016) and UBAP2L has been 

described to control the expression of genes involved in EMT in different cancers (Ye 
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et al., 2017). Strikingly, UBR5 itself is absent from all of my BioID lists for TLE3, which 

may be due to technical reasons (see 2.4.4.). PRRC2A/B, which are also top hits for 

TLE3 interactors, are thought bind to UBAPL proteins based on yeast-two-hybrid 

assays (Lehner et al., 2004), which may explain their association with TLE3 in BioID. 

In addition to these factors, the highest scoring TLE3-specific protein hits include 

several Zinc finger proteins, most notably ZNF703 (also known as Zeppo1), which has 

been described as a direct binder of TLE3/Groucho and represses Wnt reporter 

expression (Slorach et al., 2011). 

Based on specificity and a high TSC, the Forkhead box protein FOXK1 as well as its 

paralogue FOXK2 pose interesting top hits for novel interactors of the Wnt 

enhanceosome. Note that both FOXK1/2 are also found in the PYGO2 BioID list 

shown in section 2.2.1. and in other BioID studies focusing on Wnt pathway 

components (van Tienen et al., 2017, Melissa Gammons, Bienz Lab, MRC LMB, 

unpublished observations, see Chapter 3).   

As mentioned, the overall TLE3-TurboID dataset included several cytoplasmic 

proteins, most of which are likely not relevant to Wnt-mediated transcriptional 

regulation. I was, however, intrigued by the identification of several subunits of the 

TCP1 ring complex/chaperonin-containing TCP1 (TRiC/CCT) chaperone: CCT1, 2, 5 

& 6 all show a fold change of ≥9 compared with the eGFP control. The TRiC/CCT 

chaperone has previously been described as required for folding of other WD repeat 

proteins and so is likely to mediate folding of TLE3 (Miyata et al., 2014). 
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Table 2.4. Top hits of TLE3 BioID. 
Top hits of BioID with TLE3-TurboID with a fold change of ≥10 over a nuclearly localised 
eGFP-TurboID control. BioID results were filtered for interesting hits including known Wnt 
enhanceosome components (green), BAF complex proteins (blue), nuclear co-receptor 
components (orange) and the WD40-specific chaperon CCT (pink). Proteins relevant to Wnt 
signalling or either of the aforementioned groups were included even if they were identified 
with low counts, and are separated by a bold line. 
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2.3.2  Cessation of Wnt signalling affects a small fraction of TLE3 

interactors 

In order to determine which TLE3 interactors are lost or gained during 

downregulation of transcription after Wnt signalling ceases, I compared the top hits 

listed above with the spectral counts resulting from the sample which was supplied 

with biotin only after LiCl exposure for 4 hrs had been terminated (TLE3-

TurboID_4h+LiCl_2h Bio) (Table 2.5). Most interactions are unchanged in this 

condition and only 9 proteins are identified as reduced by a factor of ≥ 5x following 

cessation of Wnt signalling compared with either of the two 4-hr samples.  

Importantly, TCF7L2 (TCF4) is decreased in this sample if compared to both the Wnt 

OFF (NaCl_4h) and the Wnt ON (LiCl_4h) samples. At the same time, CTBP1 is also 

decreased. This could indicate that b-catenin-mediated transcription is still active at 

this time (see discussion below).  

 

Table 2.5. Top hits for TLE3 interactors altered after Wnt signalling ceases. 
Few protein interactors are lost and none are gained in the phase of putative re-silencing 
following termination of Wnt signalling. The most interesting change in TSC is seen for 
TCF7L2, which loses its association with TLE3 after 4 hrs of Wnt stimulation. 
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2.4. Discussion 

The new BioID data sets described in this chapter largely validate previous results, 

while also identifying potential novel interactors and giving an insight into the 

dynamicity of the enhanceosome conformation during signalling. However, my 

experiments also highlight the practical constraints of BioID assays and their 

interpretation.  

 

2.4.1.  Interactions within the Wnt enhanceosome 

Most importantly, the data presented here underscore the results by van Tienen et 

al. (2017) showing that most interactions within the enhanceosome are constitutive 

and do not change majorly upon b-catenin binding.  

I was also able to confirm the BAF complex as a key unit of transcriptional regulation 

of Wnt target genes. BAF or SWI/SNF (Switch/Sucrose Non-Fermentable) complexes 

are ATP-dependent chromatin remodellers that have been found to play an 

important role in many cancers (Kadoch and Crabtree, 2015) and mutations in several 

subunits have wg-like phenotypes in Drosophila (Collins and Treisman, 2000). While 

there is now robust evidence for BAF complex association with Wnt target genes, 

further analysis is required to assess how its activity is controlled and whether 

subunits are exchanged upon signalling changes. These questions could be 

addressed by correlating changes in Wnt target gene expression in different cancer 

lines with BAF complex mutations or by analysing subunit binding patterns before, 

during and after Wnt signalling.  

Similarly, the association of nuclear co-receptors is reproducible using different 

enhanceosome components as bait, but there are currently no mechanistic insights 

into whether and how they are involved in regulation of Wnt target gene 

transcription. Nuclear co-receptor proteins are recruited to loci by DNA-binding 
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transcription factors and act either as corepressors (e.g. NCOR and NCOR2/SMRT) 

or coactivators (including NCOA1-6). Factors are exchanged depending on the 

presence of different hormones such as androgen or estrogen, and aid 

transcriptional repression or activation by presenting docking sites to histone 

modifiers (reviewed in Watson et al. (2012) and Dasgupta et al. (2014)).  

Cross-linking experiments in the Bienz group (e.g. RIME, see van Tienen et al., 2017) 

with B9L did not verify either of these proteins as direct binders of BCL9. However, 

TLE3 has been shown to be required for recruitment of ER to chromatin at specific 

loci and accordingly for transcription of a subset of ER-dependent genes (Holmes et 

al., 2012). The association of nuclear co-receptors with the Wnt enhanceosome is 

thus likely to be due to binding of TLE. Future experiments could address 

transcriptional activity at WREs following loss or inhibition of these co-receptors by 

tracking transcripts of target genes to address whether these proteins also play a 

role in Wnt target gene expression. 

 

2.4.2.  The interactome of PYGO2 

The analysis of PYGO2 interactors resulted in the identification of several candidates 

for novel interactors for PYGO2 or one of its domains, with BRAC2 and JMJD1C 

being the most intriguing candidates. 

 

PYGO2 interaction with ChiLS 

It was unexpected that the association of PYGO2 with the ChiLS complex is 

seemingly unaffected by loss of the NPF motif (see Table 2.3), whereas it appears to 

be significantly strengthened in the PHD deletion sample compared with the WT 

sample.  
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Based on previous direct protein interaction studies including tandem affinity 

purification, coIP and NMR, we know that the association between PYGO2 and the 

ChiLS complex is mediated by direct binding between PYGO2-NPF and the LDB1 

subunit (Fiedler et al., 2015). This was further underscored by the earlier PYGO2-

BioID data set by van Tienen et al. (2017) which found relatively high counts for both 

ChiLS components.  

I surmise that the low counts assigned for SSDP1/2 and LDB1 in my WT sample are 

erroneous and that the score reached in the DPHD sample (36 spectral counts) more 

accurately reflects the interaction of PYGO2 containing a WT NPF motif with ChiLS. 

Thus, if the comparison of ChiLS-derived TSC is done between the DPHD and the 

DN-Box mutant, the decrease in ChiLS counts for the DN-Box mutant is as expected, 

underscoring the NPF-dependence of PYGO2-LDB1 binding. 

Given the strong presence of the BAF complex at WREs in association with PYGO2 

and BCL9 (and, to a lesser extent, TLE3) we wondered if PYGO2 and the BAF subunit 

ARID1/Osa compete for binding to ChiLS (note that both interactions are mediated 

by NPF motifs in PYGO2 and ARID1/Osa). This could be a mechanism by which re-

silencing of transcription is achieved following a period of active Wnt signalling by 

exchanging activating for silencing factors via the ChiLS complex.  

To test this, Juliusz Mieszczanek (Bienz Lab, MRC LMB) and I designed an assay 

based on monitoring the effect of overexpression of either Pygo or Osa or both at 

the same time on expression of Ubx in the midgut of Drosophila. Overexpression of 

Osa alone has been shown to diminish Ubx expression as expected based on its 

antagonistic role (Collins and Treisman, 2000), which we were able to confirm.  

Our preliminary results suggest that overexpression of PygoWT can partially rescue 

this effect of Osa-OE but use of a PygoDN-Box mutant did not reveal a competition for 

ChiLS binding: the ability of Pygo-OE to rescue the Osa-OE phenotype was not 
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affected by loss of the NPF motif. This apparent lack of competition for the NPF-

binding site of LDB1 can be explained by the multimeric architecture of the ChiLS 

complex which would allow simultaneous binding of both factors. However, this 

experiment needs to be repeated before I would be confident in drawing a 

conclusion. 

 

BRCA2 as a novel enhanceosome interactor 

I identified a strong and PHD-dependent interaction of PYGO2 with the DNA 

damage regulator BRCA2, which is in line with the previously published data set 

where BRCA2 counts were also high (van Tienen et al., 2017). This result is particularly 

interesting as previous experiments addressing aneuploidy in tumours found that 

loss of BCL9L increases tolerance to genome instability following unresolved DNA 

damage, which is an important driver of tumour evolution (López-García et al., 2017). 

The authors show that BCL9L deficiency results in decreased transcription of the Wnt 

target gene caspase2. Caspase2 regulates apoptosis via two separate mechanisms 

(p53-mediated and p53-independent pathways) and cells expressing low amounts of 

Caspase2 fail to induce apoptosis as needed. The authors speculate that a sensor of 

DNA damage controls caspase2 expression via BCL9. 

BRCA2 is known to regulate the cellular DNA damage response by controlling p53-

mediated transcription as well as binding to RAD51 and recruiting this protein to 

damaged loci resulting in repair by homologous recombination (Mamorstein et al., 

1998; reviewed in San Filippo et al., 2008). I speculate that BRCA2 interaction with 

the enhanceosome – whether through PYGO2-PHD or BCL9 – functions as the 

postulated sensor for genome instability, resulting in upregulation of apoptotic 

genes. If this interaction is lost, decreased caspase2 expression could be the 
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consequence and cells become tolerant to aneuploidy resulting in increased tumour 

survival. 

CoIP studies or direct protein interaction studies with purified protein are required 

to verify this interaction and determine whether BRCA2 is a direct or indirect binding 

partner of PYGO2-PHD. Furthermore, it would be interesting to test a C-terminal 

truncation or PHD deletion in mammalian cells under conditions in which DNA repair 

is required such as following radiation or bleomycin treatment (which induces double 

strand breaks (Lloyd et al., 1978)). Cancer cells, e.g. the colorectal cancer cell line 

SW480, are most suitable for these experiments due to their natural predisposition 

for genomic instability. Survival or IF assays could determine whether PYGODPHD cells 

tolerate aneuploidy better than WT control lines and whether recruitment of RAD51 

to DNA damage is impaired following truncation of PYGO.  

Given that the Swanton lab showed that siRNA-knockdown of BCL9L or C-terminal 

truncations are sufficient to inhibit caspase2 expression (López-García et al., 2017), 

it is possible that PYGO2 is dispensable for this process. However, based on its 

function in tethering BCL9 to the enhanceosome, subtle effects on DNA damage 

response are conceivable even if the interaction with BRCA2 is mediated through 

BCL9/B9L. Note that BCL9L knockout cells are not viable (Mieszczanek et al., 2019) 

and so cannot be used in equivalent assays.  

 

Histone modifying enzymes are in proximity to PYGO2 

My BioID study with PYGO2 as the bait protein identified several histone modifiers, 

many of which are involved in transcriptional activation. Their association with 

PYGO2 is surprising given that these BioID experiments were carried out in the 

absence of Wnt stimulation. It is possible that this is a result of high abundance of 

these proteins within the nucleus paired with the long labelling times which may have 
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led to overestimation of these proteins (see below). Future studies are required to 

clarify whether this association with WREs is real and constitutive even in the absence 

of nuclear b-catenin. If so, these proteins would not be expected to be active at 

WREs prior to Wnt stimulation.  

JMJD1C show the highest TSC in all three PYGO2 BioID experiments and also scored 

highly in previous data sets by van Tienen et al. (2017). This may be due to the fact 

that this histone demethylase is a very large protein (2,540 aa) and contains a high 

number of lysines (205aa). Analysis of the published protein structure of JMJD1C 

(PDB: 2YPD) revealed that many of these lysines are on the surface of the protein 

and are thus likely to be accessible for biotin ligases (see below).  

While the amino acid composition of the protein might account for the high spectral 

counts, JMJD1C has also been reported to associate with nuclear co-receptors 

(Lempiäinen et al., 2017) and RUNX proteins (Chen et al., 2015a), and RUNX proteins 

have been previously indicated as putative components of the Wnt enhanceosome 

(Fiedler et al., 2015). Biophysical assays found an interaction of Runt with the ChiLS 

core module and RUNX proteins have been shown to regulate transcription in 

cooperation with TCF in different developmental contexts (Fiedler et al., 2015). 

However, RUNX proteins have not been confirmed as interactors in BioID studies 

(van Tienen et al., 2017 and my results), although this may be due to technical 

reasons (see below). It is also possible that RUNX binding profiles vary according to 

the differentiation status of the cell lines since they are known as lineage-specific 

factors (e.g. Lee et al., 2019). Use of undifferentiated cell lines in protein interaction 

studies to analyse RUNX association with Wnt enhanceosome proteins or occupancy 

at WREs should help clarify this question.  

JMJD1C is also an interesting candidate for a histone demethylase that could aid in 

a PYGO2-mediated adaptation of the methylation status of histone 3. A similar 

concept has been proposed by Miller et al. (2013), although it is unclear what the 
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consequence of binding of PYGO2-PHD to the repressive chromatin mark H3R2me2 

is: either binding of PYGO2 masks the chromatin mark and attenuates demethylation 

(thereby delaying transcription), or PYGO2 recruits demethylases and exposes 

methylated arginines to favour removal of repressive chromatin marks before 

trimethylation of H3K4 further facilitates transcription.  

Demethylation assays based on JMJD1C or other jumonji-containing demethylases 

should elucidate whether these enzymes display a preference for H3R2 methylation 

and whether their activity or recruitment is steered by PYGO2. For example, 

efficiency of JMJD1C-binding to different chromatin marks in the presence or 

absence of PYGO could be monitored via ITC assays as previously done for other 

jumonji domain enzymes and putative cofactors or inhibitors (Horton et al., 2010). 

 

2.4.3.  TLE3 interactors 

One major conclusion from my TLE3 BioID is that there is little change of the TLE3 

interactome upon activation of Wnt signalling. As I did not recover the UBR5 

ubiquitin ligase in my experiments, I cannot draw conclusions on the dynamics of 

TLE3 inhibition. It thus remains elusive whether one or several mechanisms are 

required to inhibit TLE3. Additionally, I recovered known and novel TLE3 interactors. 

 

Dynamics of TLE3-TCF association 

I did notice an intriguing decrease in TSCs of two TCF proteins as well as CTBP1 

following termination of Wnt signalling in my time course experiment. These findings 

indicate that the period of biotin labelling in this sample (4h_LiCl+2h_bio) is likely 

still within the ON phase of Wnt signalling. It is interesting to speculate that TLE3 is 

displaced from TCF only after prolonged Wnt signalling (> 4 hrs), but not in the initial 
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phase (4h_LiCl+bio) during which it may merely be inhibited. I surmise that the 

experimental setup, in which biotin labelling was induced right after removing LiCl-

medium, failed to terminate Wnt signalling immediately and that my BioID sample 

derived from this treatment still contains sufficient intracellular LiCl to sustain Wnt 

signalling further.  

It is possible that TLE3 is regulated through distinct mechanisms in the initial phase 

vs. extended periods of signalling and such a model could explain and consolidate 

different mechanisms that have been described for TLE3 inhibition. Interestingly, in 

my own preliminary experiments, this displacement was not seen in a sample where 

Wnt signalling was active for 12 hrs while biotinylation was ongoing. Reproducibility 

of this phenomenon might argue that after 4 hrs of Wnt stimulation transcriptional 

activation is not fully activated or that the enhanceosome conformation changes to 

allow sustained signalling only within hours of Wnt activation. Rearrangements 

forcing the enhanceosome back into the OFF state would then only be induced 

several more hours later so that TLE3 binding to TCF is reinstated after 12h. Since 

TLE3 remains associated with other components of the Wnt enhanceosome 

throughout extended periods of signalling (van Tienen et al., 2017), it is conceivable 

that the interaction with TCF is inhibited at specific stages during signalling, but that 

TLE3 does not dissociate from the enhanceosome complex itself (possibly by 

tethering through BCL9 or ChiLS (van Tienen et al., 2017)). 

This hypothesis is underscored by the finding that CTBP1 follows a similar pattern as 

TCF: the association of CTBP1 is strong in the absence of Wnt signalling (i.e. under 

NaCl conditions) and after 4 hrs of Wnt activation but appears weakened following 

cessation of Wnt signalling. High TSC are found again after 12 hrs of prolonged 

signalling.  

It will be interesting to test different time points in between 4 and 12 hrs and assess 

interaction of TLE3 with TCF7L2 (and CTBP1) using a combination of BioID and 
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coimmunoprecipitation (BioIP) to gain experimental support for this hypothesis. 

Here, BioID constructs are expressed and lead to labelling of the interactome as 

before, but rather than measuring all proteins in the sample, specific interactors can 

be tested by CoIP using specific antibodies following streptavidin pulldown. Such a 

refined time course might be able to confirm whether different modes of TLE3 

inhibition act in succession.  

 

Novel candidate interactors for TLE3 in Wnt signalling 

Even though I did not observe strong changes in the enhanceosome conformation 

upon activation of the pathway, the BioID approach had other exciting outputs. 

Specifically, I was able to identify novel candidate components of the Wnt 

enhanceosome.  

Previous reports have already indicated ZNF703/Zeppo1 as a transcriptional 

repressor that targets b-catenin/TCF complexes (Kumar et al., 2016) and it was also 

shown to bind to TLE3 and promote tumour metastasis by regulating EMT (Slorach 

et al., 2011). Like TLE3, the repressive function of ZNF703 is mediated by recruitment 

of histone deacetylases (Nakamura et al., 2008) and it is required for repression of at 

least a subset of Wnt target genes, including E-cadherin and TGFb (Slorach et al., 

2011). Given the high prevalence for mutations in this gene in different types of 

cancers (Holland et al., 2011; Ma et al., 2014) it would be interesting to assess this 

interaction as a potential therapeutic target. 

I also show a robust interaction of TLE3 with the TRiC/CCT chaperone. This complex 

was shown to facilitate folding of newly made proteins and is specifically required for 

complex structures such as WD40 repeats (Miyata et al., 2014; Yam et al., 2008). The 

chaperone is thus likely required for correct folding of the WD40 domain of TLE3. So 

far, my results do not indicate an increase or decrease in TLE3 interaction with this 
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chaperone at different stages of Wnt signalling (but note that my time points might 

not be suitable to resolve these changes, see above). A temporal pattern of 

association with CCT could indicate increased translation of TLE3 at specific 

signalling stages. Further time course experiments or generation of CCT knockout 

lines followed by studying the effect on TLE3 stability and Wnt repression would 

allow a refinement of this interaction. 

Future experiments should also address the apparent interaction between TLE3 and 

DVL paralogues. It is unclear how and where TLE3 interacts (directly or indirectly) 

with DVL2/3. It is possible that they come into proximity in the cytoplasm during the 

folding process of TLE3. Alternatively, some reports suggest a nuclear function of 

DVL (see Chapter 4), which could explain the interaction. 

Additionally, I repeatedly found the Forkhead box factors FOXK1/2 in my BioID lists, 

most prominently using TLE3 as bait, but also with PYGO2. Other BioID studies in 

the Bienz lab have also identified FOX factors in association with Wnt proteins. Taken 

together with their putative function as pioneer proteins as well as previous 

publications indicating a potential role in Wnt signalling (see Chapter 3), I decided 

to further investigate FOXK1/2 as novel candidates for Wnt enhanceosome 

components.  

 

2.4.4.  Limitations of BioID studies 

A main aspect when designing BioID experiments is the selection of a suitable 

control to allow subtraction of highly abundant but unrelated background proteins. 

My experiments underscore the importance of using a control construct which is 

targeted to the correct cellular compartments. Several proteins that appeared highly 

specific for BCL9 or PYGO2 in previous BioID studies, which made use of a 

cytoplasmic BirA* control (van Tienen et al., 2017), proved to also be biotinylated by 
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a nuclear BioID control. One examples of such an unspecific interaction in my 

experiments is the RNA-binding protein RBM14 which was originally included as a 

Wnt-inducible top hit for BCL9 (TSC = 32 in unstimulated vs. TSC = 67 in stimulated 

cells in van Tienen et al., 2017) and which is also highly abundant in my PYGO2 BioID 

lists. However, my controlled experiments with TLE3 revealed that this protein is also 

pulled down strongly using an eGFP-TurboID construct (TSC = ~50 in all samples 

tested for TLE3- and eGFP-BioIDs), suggesting that it is simply abundant in the 

nucleus. Future BioID experiments should take this into account and only carefully 

selected control constructs will allow conclusions on candidate interactors.  

An additional caveat of BioID-based studies is that interactions can be missed or 

overestimated due to technical errors. For example, we failed to observe several 

known binding partners in our BioID lists. Lack of identification can be due to several 

reasons including limited availability of accessible lysines on the partner protein. This 

could explain the absence of histone 3 in my PYGO BioID data, which is unexpected 

given the direct interaction of the PYGO PHD finger with methylated lysine and 

arginine residues of H3 (Fiedler et al., 2008). However, biotinylation can only occur 

at free lysines and it is conceivable that naturally occurring histone modifications and 

BioID-mediated biotinylation are mutually exclusive.  

Additionally, BioID does not capture binding partners if the interaction is affected by 

fusion of the bait protein to the BirA* or owing to masking of binding sites following 

self-biotinylation of the fusion protein. This might explain why BCL9 paralogues as 

well as the E3 ubiquitin ligase UBR5 are absent from my TLE3 BioID results (note that 

the reciprocal BioID with BCL9 yielded strong spectral counts for TLE3). Due to 

technical difficulties in transiently transfecting HEK293 Flip-In lines, I was unable to 

assess the functionality of the TLE3-TurboID fusion protein in a His-Ubiquitin pull 

down assay. This assay has been previously used to verify WT ubiquitination of 
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different proteins (Mund and Pelham, 2009) and could have been used as an 

indicator for correct function of my TLE3 fusion proteins.  

Taken together, these examples explain why BioID experiments do not yield an 

exhaustive list of interactors.  

 

Overall, these BioID studies support the hypothesis that most components of the 

Wnt enhanceosome are constitutively associated with it and only undergo subtle 

changes. Additionally, I have identified novel factors that need to be validated in 

future experiments. As the Forkhead box factors FOXK1/2 have not previously been 

described for a function in the Wnt enhanceosome but were found in several of our 

lab’s BioID studies, we decided to take this project forward and these experiments 

will be described in the following two chapters. 
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3. FOXK in Wnt/Wg Signalling 

As laid out in the previous chapter, my studies of the interactome of the Wnt 

enhanceosome indicated a potential function for Forkhead box (FOX) factors of the 

subfamily K. The following two chapters will describe my work concerning two 

mechanisms through which FOXK factors could be involved in Wnt/Wg signalling: as 

a regulator of Wg target genes through binding to or priming of Wg target loci (this 

chapter), or through interaction with DVL (Chapter 4). 

 

3.1. Introduction 

FOX proteins are a superfamily of transcription factors with over 50 described 

members in the human genome that all share a highly conserved DNA-binding 

domain, the forkhead box or “winged-helix” domain (FKH). The FKH domain was 

first described in the Drosophila forkhead mutant, which shows the eponymous 

phenotype (Jürgens and Weigel, 1988). Structurally, this DNA-binding motif contains 

three a-helices, three b-strands and two loops – or wings – that give the domain its 

characteristic butterfly-like look (Clark et al., 1993) (Figure 3.1A & C).  

FKH domains have been reported to bind to regulatory sequences of target genes 

via the consensus sequence RYAAAYA (where R = purine and Y = pyrimidine), 

although most FOX proteins allow some degree of degeneracy and some show 

differential specificity for the adjacent bases (like FOXK2 (Chen et al., 2015b), see 

Figure 3.1B). Due to the high conservation of this DNA-binding domain, genome-

wide binding profiles of different FOX factors substantially overlap (Chen et al., 

2015b).  

Based on sequence homology, at least 19 subfamilies of FOX proteins have been 

identified in the genomes of bilaterian animals (FOXA to FOXS) (Shimeld et al., 2010). 

Historically, many FOX proteins were identified and named for their respective 
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functions or expression domains (e.g. FOXK1, which is also known as Myocyte 

Nuclear Factor (MNF)) but their nomenclature has since been consolidated by 

Kaestner et al. (2000). 

In addition to the FKH domain, FOX factors commonly have two or more nuclear 

localisation sequences (NLS) (Hancock and Oezkaynak, 2009; Romanelli et al., 2003) 

and may contain other motifs such as transactivation domains (Figure 3.1E).  

Notably, FOX proteins of the subfamily K (e.g. FOXK1 and FOXK2 in humans 

(collectively referred to as FOXK1/2 unless specified), FoxK in Drosophila,) differ from 

other FOX factors in that they contain an additional domain, the Forkhead-associated 

domain (FHA). FHA domains are also found in unrelated regulatory proteins in both 

eukaryotes and prokaryotes (Hofmann and Bucher, 1995) and have been shown to 

bind to phosphothreonine epitopes on proteins (Durocher et al., 1999).  

In addition to their DNA-binding property, FOX proteins associate with coactivators 

or corepressors or, in some cases, form homo- or heterodimers, and these 

interactions are likely to play a role in target selection and function (Chae et al., 

2006). Different post-translational modifications have been reported and determine 

the cellular localisation of many FOX proteins, thus regulating their activity (Brent et 

al., 2008). 
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Figure 3.1. FOX proteins share a highly conserved Forkhead box domain (FKH) which 
binds to the consensus sequence RYAAAYA. 
A) FKH domain of FOXK2 bound to DNA; PDB 2C6Y by Tsai et al. (2006). 
B) FOX proteins share a conserved DNA binding site but may have different specificities for 
surrounding sequences. Figure taken from Chen et al. (2015b). 
C) and D) Amino acid alignment and phylogenetic tree of the FKH domain of a selection of 
FOX proteins showing strong sequence alignment between different subfamilies as well as 
between species (human FOXK1, human FOXK2, Drosophila FoxK, mouse FOXK1, Xenopus 
FOXK2, zebrafish FOXK1, human FOXA1, human FOXC1, human FOXM1, human FOXO3). 
Cartoon in C) indicates structural elements corresponding to structure in A). Multiple alignment 
made using Snapgene software, phylogenetic tree done with “Simple Phylogeny” Tool from 
EMBL-EBI. 
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E) In addition to the conserved FKH domain, some FOX factors contain additional domains 
(FHA = Forkhead-associated domain; KIX = KIX-binding domain; TAD = trans-activating 
domain; FOXP-CC = coiled-coil domain). 
 
 

3.1.1.  FOX proteins in development and disease 

FOX factors are involved in a spectrum of cellular processes including differentiation 

(Kaestner, 2010), cell proliferation (van der Heide et al., 2015) and autophagy 

(Mammucari et al., 2007), and a wealth of publications has focused on their role in 

development. While some FOX factors are expressed in selective tissues, many show 

broad expression and there is thus considerable overlap of FOX expression domains 

(Chen et al., 2015b).  

In Drosophila, the original forkhead gene was found to promote terminal identity and 

was recognised for its role during salivary gland development (Weigel et al., 1989). 

The fly FOXG homologues sloppy-paired 1 & 2 (slp1/2) are expressed in stripes to 

maintain parasegment boundaries, and slp1/2 double mutants show the classic 

denticle lawn phenotype of loss of wg (Grossniklaus et al., 1992) (see below). Biniou 

(Drosophila FOXF) is a critical factor during mesoderm development and midgut 

morphogenesis as a mediator of Dpp signalling (Zaffran et al., 2001) and this function 

is conserved in mammals (Ormestad et al., 2006). Fly FOX proteins also have roles in 

the establishment of head structures (crocodile, or FOXC (Häcker et al., 1995)) or 

neuronal differentiation (jumeaux, or FOXN1 (Cheah et al., 2000)). 

FOX factors have also been linked to different cancers, for example breast (e.g. 

FOXA (Miyamoto et al., 2005), FOXC (Han et al., 2015) and FOXM (Ahn et al., 2015)), 

colorectal (Laissue (2019) for review) and hepatocellular cancer (FOXC1 (Xia et al., 

2014). For instance, FOXA has a significant function in different cancers, where it acts 

as a pioneer factor (see 1.5) and cooperates with estrogen receptor (ER) to regulate 

target gene transcription (reviewed in Zaret and Carroll, 2011). In many cases there 
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is conflicting evidence as to whether a specific FOX factor functions as a tumour 

suppressor or an oncogene and it is incompletely understood whether high or low 

levels are associated with a better prognosis. 

 

3.1.2.  Forkhead box factors and Wnt/Wg signalling 

Previous studies have linked several subfamilies of FOX factors to the Wnt pathway, 

most notably FOXP and FOXO. These interactions are very diverse, and different 

mechanisms can be summarised as follows: 1) FOX factors that have an effect on Wnt 

activation, 2) FOX factors that are themselves direct or indirect target genes of Wnt 

and, most interestingly from my perspective, 3) FOX proteins that form a complex 

with nuclear Wnt pathway components to drive gene expression. 

FOXL indirectly activates Wnt signalling by acting on the expression of extracellular 

proteoglycans that function as Wnt co-receptors (Perreault et al., 2001; Tsuda et al., 

1999). This network was found to be important in cancer, as APC+/MIN foxl1-/- double 

mutants were reported to display increased tumour load compared with APC+/MIN 

mice (Perreault et al., 2005). The opposite effect has been described for FOXF, which 

negatively regulates expression of Wnt5a through induction of BMP4, which in turn 

represses Wnt. Foxf mutants have been reported to have increased Wnt expression 

and associated over-proliferation, which can contribute to tumorigenesis (Ormestad 

et al., 2006).  

Early reports for FOX expression regulation by Wnt/Wg came from studies in 

Drosophila, where researchers uncovered that expression of the FOXG homologues 

slp1/2 is activated by Wg signalling (Lee and Frasch, 2000), and in turn upholds wg 

and restricts en expression within their appropriate parasegments (Cadigan et al., 

1994).  
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FOXO is under context-dependent control by the Wnt target gene SGK1 (serum and 

glucocorticoid-inducible kinase 1), which is highly expressed upon aberrant Wnt 

signalling. SKG1 acts to phosphorylate FOXO3a leading to FOXO3a exclusion from 

the nucleus (Dehner et al., 2008). Due to FOXO’s pro-apoptotic function, this 

exacerbates the cancer phenotype as apoptotic genes such as BIM and p27KIP1 

remain unexpressed and cancerous cells do not undergo apoptosis.  

Compelling evidence for a direct interaction of a FOX factor with Wnt pathway 

components has been published by Walker et al. (2015), who identified FOXP as a 

transcriptional enhancer of b-catenin-mediated signalling. The authors demonstrate 

that FOXP forms a complex with b-catenin, TCF4 and CBP in a Wnt-dependent 

manner and that this complex binds to and regulates Wnt target genes. Chromatin 

immunoprecipitation sequencing (ChIP-Seq) analysis confirmed a strong enrichment 

of FOXP binding sites close to TCF4 genomic sites and protein-based studies 

revealed that FOXP-dependent recruitment of CBP leads to acetylation of b-catenin 

thereby enhancing target gene expression.  

Another example of direct interaction of FOX factors with nuclear Wnt effectors is 

the interaction between FOXO3a and b-catenin, which leads to a change in the 

FOXO3a expression profile from a pro- to an anti-apoptotic programme (Tenbaum 

et al., 2012). These results also reconcile evidence that FOXO3a can act either as a 

tumour suppressor or an oncogene. While nuclear FOXO3a on its own functions as 

a tumour suppressor by inducing apoptosis, in cells with combined mutations in the 

Wnt pathway as well as in the PI3K-AKT-FOXO3a network (resulting in high nuclear 

b-catenin and FOXO3a) FOXO3a acts as an oncogene.  

Taken together, these reports suggest intriguing mechanisms through which 

FOXK1/2 could function during Wnt signalling. 
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3.1.3.  Current knowledge of FoxK in Drosophila 

Drosophila FoxK was originally named myocyte nuclear factor (MNF) after its 

mammalian homologue which was first described in muscles. FoxK remained largely 

unstudied until 2008, when Casas-Tinto et al. (2008) published work on the role of 

the protein during development of the embryonic midgut endoderm. Here, FoxK 

mediates Dpp signalling: Dpp induces expression of foxK in the midgut endoderm 

and FoxK in turn binds to and activates expression from the labial enhancer.  

The authors generated two mutant alleles, foxK16 and foxK44, using mobilisation of a 

nearby P element and found that zygotically homozygous mutant embryos fail to 

generate the middle midgut constriction, essentially phenocopying several wg 

mutants including armadillo and pygo mutants (see chapter 1.6, Figure 3.2A & B). 

Casas-Tinto et al. further used RNA interference (RNAi) to verify FoxK function during 

early embryo development and observed that embryos lacking maternal foxK 

contribution (foxKi) stopped developing at stage 13 and showed dramatic alteration 

of Engrailed staining.  

FoxK16 embryos were found to lack labial expression in the midgut endoderm which 

was confirmed by expression of an endoderm-specific RNAi construct (Figure 3.2C). 

In contrast, endoderm-specific overexpression of foxK was not sufficient to 

upregulate labial expression, and Dpp overexpression in a foxK mutant background 

also failed to induce labial expression. The authors speculate that both pathways act 

in parallel to drive labial expression.  

Analysis of the labial enhancer revealed FKH binding sites and reporter assays 

confirmed that FoxK can drive expression from the respective enhancer fragment. 

Casas-Tinto et al. conclude that Drosophila FoxK fulfils a crucial role during 

embryogenesis and is part of a gene regulatory network, in line with previous 

findings for its mammalian counterparts. 
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A second publication shows a requirement of FoxK during antiviral response in 

Drosophila, where FoxK allows Nup98 to access chromatin of antiviral genes to allow 

rapid induction of gene expression upon infection (Panda et al., 2015). This 

underscores the hypothesis of FoxK as a pioneer factor that, depending on cell type 

and condition, may regulate gene expression in cooperation with other factors.  

 
Figure 3.2. Published evidence that FoxK mediates Dpp signalling in the Drosophila 
embryo and is required for the middle midgut constriction as well as labial expression.  
A & B) Casas-Tinto et al. (2008) reported a midgut constriction phenotype of their foxK16 allele, 
zygotically homozygous mutants of which fail to form the middle midgut constriction (red 
arrowhead), whereas the first and third constrictions (yellow arrowheads) start to form before 
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development arrests (see stages 16 & 17 in A, adapted from Casas-Tinto et al. (2008)). This 
is similar to other wg mutants such as armadillo or pygo mutants (B, adapted from Thompson 
et al. (2002)). 
C & D) Maternal expression of an RNAi construct against foxK (foxKi) confirms its function in 
early embryo patterning as engrailed and labial expression (red) are disrupted (left: WT, right: 
foxKi, adapted from Casas-Tinto et al., (2008)).  
 
 

3.1.4.  Current knowledge of FOXK in mammalian cells 

Mammalian FOXK1/2 homologues were originally described in the 1990s as myocyte 

nuclear factors (MNF) with high sequence similarity to yeast FKH proteins and 

hepatocyte nuclear factor-3 (HNF-3, later renamed FOXM1) (Bassel-Duby et al., 

1994).  

Since then, studies have identified FOXK1/2 as components of the Sin3A complex to 

exert transcriptional repression during myogenic differentiation (Shi et al., 2012). 

Bowman et al. (2014) describe regulation of FOXK1/2 via mTOR signalling and 

showed that starvation-induced cytoplasmic translocation displaces FOXK-Sin3A 

complexes from the respective enhancer/promoter regions that are subsequently 

bound by FOXO3a to elicit an autophagy response.  

A recent review by Liu et al. summarises evidence for a role of FOXK1/2 in cancer 

(Liu et al., 2019), collating studies that describe roles for FOXK1/2 in breast cancer, 

colon cancer, lung cancer and others. These data sets show a drastic difference 

between cancer types in terms of whether high levels of FOXK1/2 are associated 

with a better or worse prognosis. The review also summarises data indicating roles 

for FOXK1/2 in EMT and metastasis. 

I was intrigued by data by Wang et al. (2015), who describe an interaction of 

FOXK1/2 with DVL that is required for full Wnt activation. Here, the authors 

performed tandem affinity purification to identify novel binding partners of DVL to 

elucidate the putative nuclear translocation of DVL during Wnt signalling. They found 
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a specific interaction with FOXK1/2, whereas other FOX factors did not bind to DVL 

in co-immunoprecipitation assays. Using IF assays under overexpression of FOXK1 

or FOXK2, the authors observed nuclear accumulation of DVL leading to a 

concomitant increase in nuclear signalling as measured by luciferase reporter assays 

(TOPFLASH, see 6.7) and target gene expression (Figure 3.3B & D).  

Pull down assays in conjunction with different DVL and FOXK1/2 truncation 

mutations were used to map the interaction to the DVL PDZ domain and an adjacent 

IVLT motif as well as the FHA domain of FOXK (Figure 3.3C). ShRNA-mediated 

knockdown of FOXK1/2 reduced Wnt-mediated induction of target genes in 

luciferase reporter assays (Figure 3.3D). Inhibition of induction was also observed for 

native target genes (e.g. AXIN2 and MYC). The stimulatory function of FOXK1/2 was 

independent of their DNA-binding properties, as mutants lacking DNA-binding 

activity were still able to bind to DVL and facilitate Wnt signalling.  

A DVL construct fused to an NLS sequence bypassed the requirement for FOXK1/2 

to some extent, indicating that the positive effect of FOXK1/2 is largely due to its 

role in translocation of DVL into the nucleus. The apparent positive effect of nuclear 

DVL is separate from its function in signalosome formation in the cytoplasm as Wnt 

stimulation is still required for nuclearly targeted DVL-NLS to induce a strong Wnt 

response. This observation led to the conclusion that nuclear translocation of DVL is 

independent of stabilisation and translocation of b-catenin itself.  

The authors further assessed a requirement for FOXK1/2 in the colorectal cancer cell 

lines HT29 and DLD-1, demonstrating that loss of either FOXK paralogue by CRISPR 

editing leads to a reduced Wnt response (Figure 3.3E), decreased cell proliferation 

and lower tumour growth rates. This requirement of FOXK1/2 for Wnt signalling was 

underscored by in vivo studies using axis duplication assays in Xenopus eggs and 

xenograft experiments in mice, as well as conditional FOXK2 overexpression in 
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mouse intestines (Figure 3.3F) – all of which are in line with a function for FOXK1/2 

as positive Wnt regulators by promoting DVL nuclear translocation. 
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Figure 3.3. Evidence for an interaction of DVL with FOXK1/2 described by Wang et al. 
(2015). 
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A) Cartoon of human FOXK1/2 and DVL2 with respective domains and the interacting regions 
(dotted lines) as proposed by Wang et al. (2015). Nuclear localisation signals (NLS) in 
FOXK1/2 as predicted using the NLS mapping tool by the Yanagawa lab (Kosugi et al., 2009). 
B-E) Excerpt from Wang et al. (2015) detailing their work on a potential DVL-FOXK interaction.  
B) IF assays suggest translocation of endogenous (left) as well as overexpressed (right) DVL 
to the nucleus upon overexpression of FOXK.  
C) Coimmunoprecipitation experiments between different DVL and FOXK truncations indicate 
an interaction between FOXK-FHA and DVL-PDZ as well as the IVLT motif.  
D) Overexpression or siRNA-mediated knockdown results in increased or reduced luciferase 
activity from a TCF reporter plasmid (TOPFLASH), respectively. 
E) CRISPR-mediated knockout of FOXK1/2 in DLD-1 cancer cells results in a decreased 
TOPFLASH response that can be partially rescued by a DVL-NLS construct. 
F) Conditional expression of FOXK2 in mouse intestinal epithelial cells results in nuclear 
translocation of DVL2 that is largely cytoplasmic in control intestines. This translocation is 
concomitant with an increase in CD44 staining indicating increased proliferation (left). 
Overexpression of FOXK2 in mouse intestines also leads to increased expression of Wnt 
target genes Lgr5 and Axin2 (right). 
 

In conclusion, Wang et al. report strong evidence for a role of FOXK1/2 in Wnt 

signalling in mammalian cells and attribute this role almost exclusively to a 

requirement for nuclear translocation of DVL. While nuclear DVL has been reported 

several times in the past, the mechanistic details during Wnt signalling remain 

unsolved and have been a matter of debate within the Wnt field. This controversy 

will be further discussed in Chapter 4, which focuses on the putative DVL-FOXK 

interaction. 

 

3.1.5.  A potential role of FOXK in Wnt/Wg signalling 

We decided to assess a potential role for FOXK in Wg signalling based on our own 

findings obtained through proximity labelling using different Wnt pathway 

components as baits. As mentioned above, both human FOXK paralogues were 

found in several BioID data sets in the Bienz lab, including my own experiments using 

TLE3 and PYGO2 as bait proteins (see Chapter 2). Interestingly, I observed an 

increase in FOXK spectral counts upon Wnt induction in my TLE3 data set. 

Additionally, unpublished data by Melissa Gammons showed an interaction between 
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FOXK1/2 and WT-DVL2, which is abrogated in a PDZ deletion mutant (DVL2DPDZ). 

This strict dependence for the interaction between FOXK1/2 with DVL on the 

presence of the PDZ domain indicates a potential interaction surface. Table 3.1 

summarises these different data sets.  

 

Table 3.1. Proximity labelling using several known Wnt pathway components as bait 
captures FOXK1/2 in a Wnt- and PDZ-dependent manner.  
For comparison, total spectral counts are shown without background normalisation as not all 
experiments were done using a control construct. Where experiments included a nuclear GFP-
BirA* construct, these results are listed below to indicate background counts. Experiments 
were either conducted under addition of NaCl (no Wnt activation) or LiCl (Wnt stimulation). 
DVL data set from Melissa Gammons. 

 

 

Taken together with the publications described above, we decided to assess the 

function of FOXK in Wnt/Wg signalling following two lines of investigation: 1) To 

phenotypically and genetically assess FoxK during Drosophila development, and 2) 

  1 mM LiCl 1 mM NaCl 
TLE3-BIOID2    
 FOXK1 27 5 
 FOXK2 0 1 
EGFP-BIOID2    
 FOXK1 5 6 
 FOXK2 0 3 
TLE3-TURBOID    
 FOXK1 73 21 
 FOXK2 32 12 
EGFP-TURBOID    
 FOXK1 7 7 
 FOXK2 2 0 
PYGO2-BIOID1    
 FOXK1 n/a 13 
 FOXK2 n/a 4 
PYGO2DN-BOX-BIOID1    
 FOXK1 n/a 15 
 FOXK2 n/a 9 
PYGO2DPHD-BIOID1    
 FOXK1 n/a 20 
 FOXK2 n/a 6 
DVL2-BIOID1    
 FOXK1 n/a 15 
 FOXK2 n/a 35 
DVL2DPDZ-BIOID1    
 FOXK1 n/a 0 
 FOXK2 n/a 0 
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to investigate the link between FOXK1/2 and DVL2 using mammalian cell lines. 

Results concerning the former strand of investigation are described in this chapter, 

whereas Chapter 4 deals with the interaction between FOXK and DVL.  
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3.2. Results 

3.2.1.  Forkhead box protein binding sites are required for expression 

from a minimal Ubx enhancer fragment 

My initial approach was to ask whether FOX factors in general act in cooperation 

with Wnt signalling and are required for expression of Wnt target genes. As the read-

out, I chose an established assay to analyse expression of a Wg target gene in the 

embryonic midgut of Drosophila. 

As described in the introduction (see 1.6), expression of Ubx in parasegment 7 in the 

visceral mesoderm is regulated by wg expression and loss of Wg eliminates the 

middle midgut constriction (Thüringer and Bienz, 1993). Based on the high sensitivity 

of Ubx expression to small changes in Wg signalling levels, the Ubx enhancer is an 

effective tool to assess the effect of mutations in putative Wg pathway components.  

A minimal Ubx enhancer fragment of 250 bp is sufficient for Wg- and Dpp-mediated 

expression in the midgut as shown using a LacZ fusion construct (Thuringer et al., 

1993). This minimal Ubx control sequence, termed UbxB, has since been used by the 

Wnt community as a b-galactosidase (b-gal) reporter in the midgut (LacZUbx.Bhz) 

(Thuringer et al., 1993) for example in studies on Pygo (Mieszczanek et al., 2008) and 

Runt (Fiedler et al., 2015).  

Analysis of the minimal enhancer fragment revealed two highly conserved putative 

FOX binding motifs and several less conserved sites (Figure 3.4A & C). Putative 

binding sites were replaced by random sequences to prevent binding of FOX 

proteins in order to assess the effect on b-gal expression. I generated two different 

constructs, one carrying mutations only in the two highly conserved binding motifs 

(UbxBDFOXK-BS_1) and one with all six potential binding motifs mutated (UbxBDFOXK-BS_2).  

To avoid interference with other binding sites or gain of new transcription factor 

binding sites, the proposed mutations in the minimal Ubx enhancer sequence were 
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subjected to a transcription factor binding site prediction programme (PROMO 

(Messeguer et al., 2002); http://alggen.lsi.upc.edu) and the transcription factor 

binding profiles compared to the original UbxB binding sites. No new binding sites 

were created, and both constructs were transformed into Drosophila using random 

P-element-mediated integration.  

 
Figure 3.4. Mutation of FKH binding sites in the minimal Ubx reporter UbxB. 
A) FKH-containing proteins bind to the consensus sequence (A/G)(C/T)AAA(C/T)AA. 
B and C) Two strongly conserved and four somewhat degenerate binding sites for FKH binding 
(brown and grey in C, respectively) were identified in the minimal Ubx enhancer and selected 
for mutation to random sequences. B) exemplifies mutation of the two strongly conserved 
binding sites for construct UbxBDFOXK-BS_1. Known binding sites for TCF are marked in green. 
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Analysis of embryos carrying the WT UbxB enhancer construct by DAB staining (see 

6.15) showed the expected strong b-gal expression in parasegment 7 of the midgut 

throughout all examined stages (stage 14-16, Figure 3.5, left panels). To minimise 

potential effects of random integration into the genome, 3 independently generated 

lines carrying the FKH-mutant enhancer were analysed for b-gal expression. This 

revealed complete loss of LacZ staining in the midgut upon mutation of FKH binding 

sites. 

No difference was found between the two constructs carrying mutations of two 

(Figure 3.5, right panels) or all FKH binding sites (data not shown) leading me to 

conclude that loss of only the two highly conserved binding sites in UbxBDFOXK-BS_1 is 

sufficient to abolish b-gal expression from the minimal UbxB enhancer entirely.  

 
Figure 3.5. Binding sites for FOX transcription factors are required for expression from 
a UbxB reporter plasmid.  
WT or mutant UbxB reporter plasmid was inserted randomly into the Drosophila genome and 
b-gal expression monitored in the midgut of embryos of stage 14-16, where expression from 
the minimal enhancer is strongest. As expected, the WT enhancer fragment yields strong 
expression at the boundary between parasegments 7 and 8, marking the constricting midgut 
(left panels, red arrows). In contrast, no b-gal expression is found in embryos carrying a UbxB 
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construct with mutations in the conserved FKH binding sites (UbxBDFOXK-BS_1, right panels, red 
arrows).  
 

Loss of expression from the UbxB reporter construct upon mutation of FKH binding 

sites supports the hypothesis that FOX proteins function at Wnt/Wg target loci. Since 

FOXK proteins were predominantly found in association with Wnt enhanceosome 

bait proteins, I focused my analyses on the FOXK family of FOX factors. 

 

3.2.2.  FoxK16 embryos show a low-penetrance midgut constriction 

phenotype but wild-type cuticles 

Based on the FoxK study by Casas-Tinto et al. (2008), we decided to use their foxK16 

fly strain to assess in more depth a connection between FoxK and Wg signalling.  

I first attempted to confirm the failure of homozygous foxK16 flies to form the middle 

midgut constriction as described above (Figure 3.2A, Figure 3.6A). This was achieved 

by using a foxK16 line balanced over TM6-twi::LacZ, which expresses b-gal from a twist 

promoter. Balanced, heterozygous embryos (b-gal+) can accordingly be 

distinguished from foxK16/16 homozygous mutant embryos (b-gal-) using 3,3’-

Diaminobenzidine (DAB) staining on stage 14-18 embryos (see 6.15).  

I was able to corroborate the reported phenotype in a small minority of homozygous 

embryos (Figure 3.6B) that lack the middle midgut constriction but begin the first 

and third constriction prior to developmental arrest around stage 16. However, the 

penetrance of this phenotype was very low (5 out of ~200 embryos, approx. 2.5%) 

and most b-gal- embryos developed normally and even hatched into larvae.  

To confirm that zygotically homozygous foxK16 larvae are indeed viable, a TM6-

twi::GFP-balanced foxK16 strain was used. Of the progeny (n = 427), 98 1st and two 

2nd instar larvae without GFP expression (foxK16/16) were identified (23.4%), which is 
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not substantially lower than the expected Mendelian ratio of ~25% (TM6-GFP 

balancer used here is larval lethal). This observation reveals that the foxK16 allele is 

not substantially embryonic lethal, in contrast to my expectation based on the study 

by Casas-Tinto et al. However, 3rd instar homozygous foxK16/16 larvae were never 

observed, indicating high lethality during the 1st/2nd instar stage.  

The foxK16/TM6-twi::GFP strain was also used to assess any phenotypic changes of 

the denticle pattern, which is a process regulated by Wg signalling (see 1.6). (Recall 

that embryos overexpressing Wg or any of its positively acting components have a 

denticle lawn with no distinguishable denticle belts, whereas loss of wg or 

overexpression of antagonistic proteins can lead to naked cuticle.)  

Embryos were collected overnight at 18°C, those without GFP expression (foxK16/16) 

selected and cuticles prepared as described (6.16). Analysis by light microscopy did 

not indicate any anomalies in the denticle pattern when compared with similarly 

staged control (white) embryos (Figure 3.6C). 
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Figure 3.6. Phenotypic analysis of the foxK16 mutation in embryo development. 
A) Cartoon of WT and mutant midgut constriction formation. WT embryos form the middle 
midgut constriction first, before the 1st and 3rd constriction begin to invaginate. Embryos mutant 
for several components of the Wg signalling pathway or foxK as reported by Casas-Tinto et 
al. fail to form the middle constriction and development arrests soon after. 
B) Analysis of the middle midgut constriction in zygotically homozygous foxK16/16 embryos. 
Embryos of a foxK16/TM6-twi::LacZ strain were collected overnight at 18°C (stage 14-18) and 
subsequently stained for b-gal expression to distinguish homozygous mutant embryos. Only 
5 out of ~200 embryos failed to form the middle midgut constriction and arrested during 
embryonic development, whereas most embryos hatched into 1st instar larvae.  
C) Cuticle preparations of WT (white) and foxK16/16 mutant embryos. Embryos of a foxK16/TM6-
GFP strain were collected overnight at 18°C and homozygous mutant, GFP-negative embryos 
picked under a fluorescent microscope. The denticle pattern shows no difference compared 
to WT embryos.  
 
 

3.2.3.  FoxK16 homozygous clones in the wing lead to wing notches 

Additionally, I used clonal analysis to assess phenotypes in larval or adult tissues 

homozygous for the foxK16 allele following recombination of the mutant allele onto 

FRT lines (see 6.19). Complementation assays with the original foxK16/TM6b strain 
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were used to determine if the foxK16 allele was present on the recombinant 

chromosomes. At least three independent recombinant lines were tested for clones 

in wing discs as well as adult wings by crossing to a strain carrying FRT2A linked to a 

nuclear GFP construct and a heat-shock (HS)-inducible flippase insertion (hsFlp;; 

FRT2A, GFP.nls).  

In discs, I observed a high number of small mutant clones across the presumptive 

wing blade as well as in future hinge and notum tissues. Clones and corresponding 

twin spots approximately matched in size, indicating that growth of homozygous 

foxK16 tissue was not significantly affected. Clones found directly adjacent to the Wg 

stripe did not lead to visible changes in wg expression (Figure 3.7A, see closeup of 

Line 2), a phenotype previously described for various wg mutants (e.g. Flack et al., 

2017). 

Adult wings of larvae treated with the same HS protocol displayed notches along the 

margin as well as defects of vein formation. These notches differed in size and were 

most frequently observed along the posterior margin but occasionally appeared 

anteriorly (Figure 3.7B). Defects in vein formation usually resulted in gain of vein-like 

tissue; however, shortened veins (mostly of L5) occurred with lower frequency. 
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Figure 3.7. Analysis of foxK16/16 mutant clones in wing discs and adult wings.  
A) Wing discs of 3rd instar larvae 2 days post-HS of a cross of hsFlp;; FRT2A, GFP.nls to 
foxK16, FRT2A/TM3. Mutant clones (GFP-) and twin spots (GFP++) are of approximately the 
same size. Wg expression is not perturbed by nearby foxK16/16 clones. Magnifications are 4x 
the original size. 
Scale bar = 50 µm. a-GFP (green), a-Wg (red), DAPI (blue). 
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B) Adult wings of the same cross showing wing notches, predominately on the posterior 
margin, as well as excessive vein tissue. Defects are indicated by red arrows.  
 
 

3.2.4.  The foxK16 allele does not carry the molecular lesion described 

The low penetrance of the midgut constriction phenotype of foxK16 zygotic mutants 

led me to re-assess this mutation to verify foxK16 as a null allele. 

Casas-Tinto et al. describe the molecular basis of the foxK16 allele to be a 962 bp 

deletion and 4 bp insertion affecting exons 2 and 3 and resulting in a truncated 

protein that only shares the first 26 amino acids with WT FoxK (Figure 3.8A & B).  

I developed a PCR assay with oligonucleotide primers binding upstream and 

downstream of the mutation to amplify the affected genomic region. This analysis 

was performed on heterozygous flies, and was expected to yield two bands on a 

separating agarose gel: a WT band of 1900 bp, as well as a band corresponding to 

the foxK16 allele of 944 bp.  

Repeated PCR assays under different conditions (e.g. time of elongation, 

temperature etc.), did not yield the expected foxK16 band, while the WT allele 

amplified without issues. An additional, unspecific band of approximately 1 kb was 

observed in all samples (WT and foxK16/TM6, Figure 3.8C). Sequencing of the main 

band at 1.9 kb with an internal sequencing primer confirmed this as the expected 

amplification product of the WT allele. Sequencing of PCR-purified samples also did 

not reveal any trace of an additional allele other than the WT sequence.  

Given these difficulties to confirm the foxK16 allele, I attempted to verify the lethality 

associated with the foxK genomic locus using deficiency strains available at 

Bloomington (BSC817, BSC753 & ED4470). Adult flies transheterozygous for each of 

the deficiency chromosomes and foxK16 were viable and fertile and did not show any 

overt defects over several generations (Figure 3.8D).  
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These results suggest that the observed larval lethality in homozygous foxK16 

offspring was due to a mutation elsewhere in the genome.  

 
Figure 3.8. Molecular analysis of the foxK16 allele.  
A) Intron-exon sequence of foxK marking the reported mutation foxK16 (blue). Mobilisation of 
the P element reportedly led to an insertion of TCTG in exon 2 followed by a deletion of 962 
bp affecting exons 2 and 3 and causing a frame shift. PCR amplification oligonucleotides were 
designed to bind in the 5’-UTR and exon 5 (red).  
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B) Predicted protein size of FoxK16 protein in comparison to WT FoxK. Grey: first 26 amino 
acids are shared between WT and FoxK16. Red: novel sequence in FoxK16 generated by 
frameshift. Stability of this protein fragment is unknown.  
Ci) Agarose gel (1%) with DNA fragments by amplification using primers fw and rv (red, see 
A) simulated using SnapGene.  
Cii) Amplification of Drosophila DNA from 2 WT flies and 2 foxK16/TM6 flies using the same 
primers. A main band at 1.9kb corresponding to the WT allele was found in all samples and 
an additional unspecific band at approx. 1kb was observed in most samples, but no distinct 
amplification was found for the foxK16 allele (944 bp) in either of the 4 samples.  
D) Deficiency analysis using three distinct deficiency lines showed that foxK16 is a viable allele 
when transheterozygous over either deficiency (green ticks). Red area in deficiency lines 
indicates area of deletion, each covering the foxK locus (blue triangle).  
 

The molecular basis of the foxK16 allele could thus not be confirmed and bearing in 

mind the surprisingly low penetrance of the midgut constriction phenotype, I 

decided to generate a new foxK allele using CRISPR/Cas9-mediated editing.  

 

3.2.5.  Generation of foxKKO alleles using CRISPR/Cas9 

I designed several different guide RNAs (sgRNAs, see 6.12) using online resources 

(www.crisprflydesign.org) to target the N-terminal region of foxK, with the aim of 

generating a full knockout allele. Originally, I selected three sgRNAs binding in the 

very N-terminal part of the protein within 100 bp of the transcription start site (TSS) 

to produce an allele that results in nonsense-mediated decay rather than leading to 

translation of truncated but potentially stable protein (sgRNAs 1-3, Figure 3.9A).  

sgRNA2 led to successful editing as verified by sequencing analysis, and several 

different alleles predicted to carry frameshift-causing insertion/deletion mutations 

(Indels) resulting in premature STOP codons were recovered. Despite the fact that 

all of these new alleles carry a lethality on chromosome 3, use of the above-

mentioned deficiency strains (Figure 3.8D) showed that this is not due to loss of FoxK. 

Complementation assays between these different alleles revealed that use of 
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sgRNA2 resulted in at least two different lethal off-target effects on chromosome 3 

in addition to non-lethal editing in the foxK locus.  

To test if WT FoxK protein is produced from the CRISPR mutant alleles, I generated 

a new FoxK antiserum using FoxK216-417 as the antigen (see 6.20). As expected, this 

antiserum binds to both splice variants (~72 and ~81 kDa, respectively) described by 

Casas-Tinto et al. (2008), reflected by two bands on western blot for WT samples.  

All lines edited with the N-terminal sgRNA2 were tested as transheterozygotes over 

a deficiency chromosome and found to produce a ~70-75 kDa FoxK protein (see 

results for foxK2/BSC817 and foxK10/BSC817 in Figure 3.8D). It was not determined 

whether this protein species is one of the known FoxK variants found in WT flies and 

thus corresponds to the lower molecular weight band seen in WT sample or whether 

it is a differently truncated variant. Given that the alternative splicing affects exons 8 

and 9, it seems unlikely that editing in exon 2 should generate the same protein.  

I concluded that this protein species is likely different from the smaller splice variant 

and could derive from picking up another translational initiation codon that reads 

into the foxK open reading frame. Such a scenario has been observed on multiple 

occasions in the Bullock lab at MRC LMB (Simon Bullock, personal communication). 

The extensive protein-coding capacity of the foxK2 and foxK10 mutant alleles suggests 

that they are unlikely to represent null mutations. 

In order to circumvent this putative alternative reading frame, I designed several 

additional sgRNAs to bind further downstream, closer to the FHA domain (sgRNAs 

4-6).  

SgRNA5 and sgRNA6 led to frequent editing events and I recovered multiple alleles 

with predicted frameshift mutations as exemplified for foxK42 (Figure 3.9B & C). 

Animals homozygous for these alleles are not embryonic lethal but die as pupae (see 

below). Western blot analysis with FoxK antiserum confirmed that homozygous 3rd 



 

98 

instar (climbing) larvae do not produce any FoxK protein ((Figure 3.9D), lanes for 

FoxK11, FoxK23 and FoxK42). Additionally, the deficiency lines described above were 

used to demonstrate that the lethality was indeed due to a lesion at the foxK locus. 

I was thus able to generate three novel foxKKO alleles stemming from two 

independent sgRNAs, which are likely to represent null alleles. These knockout 

alleles were used for additional experiments in Drosophila. Sequences of all mutant 

foxK alleles can be found in the appendix (8.4). 

 
Figure 3.9. CRISPR/Cas9-mediated knockout of Drosophila FoxK.  
A) Cartoon of FoxK with positions of sgRNAs used to generate edited alleles of foxK.  



 

99 

B) Typical sequencing chromatogram of a heterozygous line with editing leading to a 2 bp 
deletion roughly 5 bp away from the PAM site (green box). Shown here is line foxK42/TM6. 
C) The online resource Tide-Seq was used to determine the Indel mutation generated through 
editing (shown here is the same 2 bp deletion as in B).  
D) Western blot analysis of 3rd instar larval tissue of animals with different FoxK alleles. From 
left to right: WT, foxK11/11, foxK23/23, foxK42/42, foxK2/BSC817 and foxK10/BSC817. WT FoxK is 
expressed as two isoforms of 71 and 82 kDa, respectively. Full knockouts (foxK11, foxK23 and 
foxK42) do not form any detectable protein, whereas lines foxK2 and foxK10 yield a truncated 
but functional protein.  
 
 

3.2.6.  Zygotically homozygous foxKKO flies are pupal lethal and have 

deformed wing discs 

As described previously, the published foxK16 allele causes developmental arrest at 

around embryonic stage 16. Contrary to the embryonic lethality of foxK16, foxKKO 

animals were found to develop normally until pupariation, at which point 

development stopped. No homozygous adult flies hatched from any of the knockout 

lines. This pupal lethality is reminiscent of other mutants of Wg pathway components 

such as the Pygo mutant pygoS123 (Figure 3.10A, Thompson et al., 2002). Additionally, 

zygotically homozygous FoxKKO larvae were developmentally delayed and reached 

the pupal stage approximately 5-6 days later than WT or heterozygous animals 

(Figure 3.10B).  

Interestingly, when dissecting homozygous, climbing 3rd instar larvae from 

foxKKO/TM6-GFP strains, I found that wing discs are significantly smaller than in WT 

animals (Figure 3.10C). Other discs as well as the larval brain were not affected in 

size (data not shown). Anatomically, the homozygous mutant wing discs appear to 

lack presumptive wing blade tissue, while the hinge and notum regions develop 

relatively normally. The developmental delay described above is likely secondary to 

the growth impairment of the wing discs, as such an effect has been previously 

described for mutants affecting larval growth (Colombani et al., 2012). 



 

100 

Staining of discs for Wg and dMyc, a Wg target gene (Duman-Scheel et al., 2004), 

revealed that, while both proteins are expressed in foxKKO discs, Wg does not localise 

in the typical stripe across the presumptive blade that occurs in 3rd instar WT discs 

and specifies the future wing margin.  

 
Figure 3.10. Phenotypes of zygotically homozygous foxKKO mutants. 
A) Zygotically homozygous foxKKO mutants die shortly after pupariation, and this phenotype is 
similar to several mutants of the Wg pathway such as pygoS123 (allele generated by Thompson 
et al., 2002). Black arrow indicates dead animals within the pupal cocoon. 
B) Homozygous foxKKO mutants are developmentally delayed and reach pupal stages 
approximately 5-6 days later than WT or heterozygous animals. Lines indicate total number 
of animals of a white control (pink), foxK23 heterozygous progeny balanced over TM6 
(turquoise) as well as foxK23 homozygous progeny (purple). All progeny was counted each 
day and developmental stages were recorded for each line (pupae or adult fly, circles or 
triangles, respectively). 
C) 3rd instar larvae of foxKKO mutants (right) show deformations of wing discs, possibly 
restricted to the presumptive wing blade. WT wing disc (left) depicting the future blade (white 
circle) and hinge tissues (red circle). Images are taken while focused on the plane of the Wg 
stripe. 
Scale bar = 50 µm. a-dMyc (green), a-Wg (red), DAPI (blue). 
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3.2.7.  FoxK is ubiquitously expressed in nuclei during Drosophila 

development 

I next used the antiserum I generated (see 6.20) to ask whether FoxK shows 

differential localisation during development and is specifically expressed in some 

tissues but not others. An expression pattern similar to Wg would hint at a function 

related to Wg signalling.  

I assessed FoxK localisation during different stages of embryonic development as 

well as in context with different Wg pathway proteins. FoxK localises to the nucleus 

in a ubiquitous fashion throughout all stages of embryogenesis and is not enriched 

in parasegmental stripes (Figure 3.11Ai-iii). This is expected based on mRNA 

expression pattern from the Berkeley Drosophila Genome Project (insitu.fruitfly.org), 

which revealed that FoxK mRNA is also ubiquitously expressed. FoxK expression 

overlaps with that of Pygo, which is also ubiquitous and nuclear. 

I was able to confirm that Pygo is expressed ubiquitously and localises to the nucleus. 

I also found that subcellular distribution of Armadillo does not affect localisation of 

FoxK. While Armadillo is ubiquitously found at the plasma membrane, a fraction of 

the Armadillo pool moves into the nucleus in cells stimulated with Wg (Figure 3.11Bi-

iii). 
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Figure 3.11. Embryonic localisation pattern of Drosophila FoxK, Wg, Pygo and 
Armadillo. 
A) Drosophila embryos stained for FoxK, Wg and Pygo. Ai & Aii) ventral view, Aii) side view. 
B) Drosophila embryos stained for FoxK, Wg and Armadillo. Ai & Aii) ventral view, Aii) side 
view. 
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All embryos between stage 9-11. Scale bar = 100 µm. Aii) and Bii) 4x magnification of Ai) and 
Bi) respectively. Ai), Aiii) & Bi) were taken as z stacks and appropriate imaging slices collapsed 
using ImageJ software. Anterior left, posterior right in all images.  
a-FOXK (green), a-Wg (red), a-Pygo (blue in A), a-Arm (blue in B), DAPI (grey). 
 

Next, I sought to determine whether FoxK specifically localises to the presumptive 

blade tissue in wing discs given the deformed blade in zygotically homozygous FoxK 

mutants (Figure 3.10C). Figure 3.12 shows the localisation of FoxK in third instar wing 

discs (n = 10), where it is ubiquitous and nuclear across presumptive blade, hinge 

and notum regions. Note that the reduced staining adjacent to the Wg stripe in the 

anterior wing blade compartment (arrowheads in Figure 3.12A) is mirrored in both 

FoxK and DAPI channels and therefore likely represents differences in antibody 

accessibility or nuclear localisation.  

 
Figure 3.12. Endogenous FoxK is ubiquitously localised to nuclei across 3rd instar 
wing discs. 
A) Prospective wing blade of a 3rd instar wing disc showing ubiquitous FoxK staining in nuclei. 
Red arrowheads denote areas adjacent to the Wg stripe with lower signal in the FoxK and 
DAPI channel. 
B) Hinge and notum regions of 3rd instar wing disc, staining as above. FoxK expression does 
not differ between presumptive blade, hinge and notum areas. 
Scale bar = 100 µm. Images are maximum intensity projections of appropriate z-stack slices 
using ImageJ software. a-FoxK (green), a-Wg (red), DAPI (blue). 
 



 

104 

3.2.8.  FoxKKO clones show impaired survival in the presumptive wing 

blade tissue  

Given the apparent specificity for FoxK requirement during wing development seen 

in zygotic larvae, I sought to examine foxKKO clones in wing discs and adult wings. 

In order to assess the consequence of homozygous loss of FoxK in larval and adult 

tissues, I recombined independently generated foxKKO alleles onto FRT lines as 

before and crossed the recombinant progeny to a hsFlp;; FRT2A, GFP.nls line (see 

above).  

The standard protocol to induce mutant clones in wing discs was a 30-min HS at 37°C 

on the 3rd day post laying (early 3rd instar larvae, Figure 3.13A). Climbing 3rd instar 

larvae were dissected and stained for GFP and Wg expression. Using this protocol, 

a very small number of mutant clones of only about 2-4 cells in size were recovered 

in the blade region, whereas clones in the hinge area grew to be substantially larger 

(Figure 3.13B). Additionally, despite a large sample size (> 50 wing discs), no mutant 

clones were found on the presumptive margin, i.e. correlating with Wg-expressing 

cells.  

As this lack of clones in the blade makes interpretation of an effect of loss of foxK on 

wg expression difficult, I decided to adjust the HS protocol to favour induction of 

larger clones by applying a longer HS (60 min) to younger, 2nd instar larvae (2 days 

post laying). This revised HS protocol resulted in the induction of large clones in the 

hinge and notum that corresponded in size to their respective twin spots.  

Strikingly, the pouch itself did not contain any mutant clones, even though the 

corresponding twin spots were clearly visible and spanned >20 cells in diameter 

(Figure 3.13C). This observation indicates that foxKKO clones are not viable in the 

pouch and are likely extruded from the wing blade (see below). Based on the 

absence of mutant clones in this region, assessment of the classic Wg target 
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senseless, which is commonly analysed to link mutations to Wg signalling (see 1.6), 

was not possible.  

Please note that all images shown in Figure 3.13 have been taken in the plane of the 

clones in the wing pouch rather than as z-stacks to allow easier visibility of clones and 

twin spots. The Wg stripe across the dorsoventral margin is therefore not visible in 

selected images but was found to be unaltered. 
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Figure 3.13. FoxKKO clones in wing imaginal discs are lost from the presumptive blade 
tissue but survive in the hinge and notum area. 
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A) Schematic description of the HS protocol used for generation of mutant clones.  
B) If a late HS is applied on day 3 of larval development (3rd instar stage), small, infrequent 
clones are generated in the future blade (red arrow), whereas slightly bigger clones can be 
found in the hinge and notum (black arrows). Magnified images are 3x the original size.  
C) Earlier HS applied for a longer time frame is expected to increase the size of clones. While 
the respective twin spots reach a large diameter, no corresponding clones are found in the 
blade area. In the future hinge however, growth of foxKKO clones is not impeded and they 
reach a size corresponding to their twin spots. 
Scale bar = 50 µm. a-GFP (green), a-Wg (red), DAPI (blue). Images are taken in the plane of 
clones in wing blade, not as z-stacks (see text).  
 
 

3.2.9.  FoxKKO clones in adult wings lead to perturbed vein structures 

I next sought to determine whether induction of foxKKO clones during imaginal 

development leads to visible phenotypes in adult appendages such as wings, legs or 

eyes. By applying the same HS regimes described above I was able to generate 

clones with phenotypes in the adult wing.  

In contrast to clones of other mutations that disrupt wg functions, foxKKO clones do 

not cause notches of the wing margin but rather show vein deletions and duplications 

(Figure 3.14B & C). This result prompted me to examine whether these vein defects 

are a direct effect of loss of functional FoxK protein or whether they result indirectly 

from loss of foxKKO tissue. To distinguish between these possibilities, I made use of 

an FRT2A line carrying a multiple wing hair (mwh) marker which marks tissue in the 

blade with additional wing hairs (Wong and Adler, 1993) (Figure 3.14D).  

I was thus able to identify twin spot tissue in the adult wing as these display the mwh- 

phenotype, whereas homozygous mutant and heterozygous tissues are mwh+. This 

allowed me to distinguish whether the defects in vein formation correlate with twin 

spot tissue (mwh-, indirect effect of FoxK loss) or with mwh+ tissue, which would likely 

indicate a direct effect of loss of FoxK on vein formation. 

I found that vein defects are limited to areas carrying multiple wing hairs (mwh-) and 

are thus formed by twin spot tissues. My observations further showed that the defect 
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itself often directly abutted the boundary between mwh- and WT wing tissue (Figure 

3.14E). Loss of foxK therefore indirectly affects vein formation. 

The mwh, FRT2A line additionally carries a yellow+ marker such that mutant clones 

are marked with yellow- in an otherwise WT background. This marker is only visible 

in the wing margin due to lack of pigmentation of the blade itself but allowed me to 

assess survival of foxK-/- clones specifically at the dorso-ventral boundary.  

Indeed, I was able to recover small clones stretching between 1-7 bristles in a number 

of wings (Figure 3.14F & G) regardless of when during development the HS was 

applied. While the yellow- bristles appear slightly shorter and thinner than 

neighbouring WT bristles, this is likely due to the yellow- mutation itself rather than 

loss of foxK, as we have observed this effect in other experiments as well (Juliusz 

Mieszczanek, Bienz Lab, unpublished observations).  

As I made use of a flippase line activated ubiquitously by HS rather than driven in 

specific tissues (such as a vestigial::flippase line leading to wing-specific expression), 

clones should be induced in other organs as well. Since wg is expressed in other 

imaginal discs such as the eye or leg discs and mutants of the Wg pathway have been 

reported to lead to deformations in these organs (see for example Legless mutants, 

van Tienen et al., 2017), an adult phenotype in other appendages might be 

expected.  

Despite screening a large sample of adult flies post HS (n > 300), I was unable to find 

discernible mutant phenotypes in any adult tissues other than the wing, which 

suggests a specificity for FoxK restricted to the wing disc rather than a general 

requirement of FoxK for development of imaginal discs, in line with the zygotically 

homozygous visible phenotype in wing discs only. 
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Figure 3.14. FoxKKO clones in adult wings lead to vein defects but viable clones are 
found in the wing margin. 
A)-C) Wings of adult flies of A) white genotype as control, B) Progeny of foxK11, FRT2A/TM6 
x hsFlp;;FRT2A, GFP.nls following HS during 2nd instar, and C) Progeny of foxK23, 
FRT2A/TM6 x hsFlp;;FRT2A, GFP.nls following HS during 3rd instar. Wing vein defects 
indicated by arrows (black). 
D) Multiple wing hair clones (black markings) in otherwise wild-type tissue allow identification 
of twin spots in adult wings. 
E) Use of an mwh, FRT2A line suggests that loss of vein tissue is indirect through loss of foxK 
clones. Insert shows magnification of a twin spot clone in a wing of progeny of foxK42, 
FRT2A/TM6 x hsFlp;;FRT2A, GFP.nls following HS during 3rd instar. 
F) and G) foxKKO clones (red arrowheads) are identifiable in the wing margin by a yellow- 
marker in a wild-type background and reach 1-7 bristles in length. Progeny of (F) foxK23, 
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FRT2A/TM6 or (G) foxK42, FRT2A/TM6 crossed to hsFlp;;FRT2A, GFP.nls following HS during 
3rd instar. 
 
 

3.2.10.  Loss of foxK partially rescues eye-specific Armadillo 

overexpression 

Having established a requirement for FoxK during wing development, I decided to 

use a further Wg read-out to analyse FoxK function during Drosophila development. 

An established assay to test for an effect on Wg signalling is the use of a constitutively 

active Armadillo mutation, ArmS56F or F76, driven by an eye-specific promoter 

(GMR.Gal4, Ray and Lakhotia, 2015) as shown in Freeman and Bienz, 2001.  

Overexpression of this construct in the eye leads to a typical rough eye phenotype 

based on upregulation of apoptosis through high levels of Wg signalling. If combined 

with loss-of-function mutations in other positively acting Wg components, this 

phenotype is at least partially suppressed, indicating epistasis, whereas mutations in 

unrelated genes will result in an unchanged or worsened phenotype.  

I thus decided to cross the novel foxKKO alleles into the F76 background and assess 

the effect on eye size in a heterozygous state. For comparison, I selected several 

loss-of-function alleles from known Wg interactors (pygoS123, ssdpL7 and chipe55). Eye 

area was measured in pixels using ImageJ (yellow markings in Figure 3.15) and 

statistically analysed via one-way ANOVA using GraphPad Prism. Overall body size 

of the heterozygous progeny appeared unchanged, but no measurements were 

undertaken. Eye measurements were done on flies of the same age (2 days post 

hatching). For simplification, the graph shown in Figure 3.15 includes only data for 

eyes of female adults; the full data set can be found in the appendix (8.6.). The result 

is essentially the same for male and female animals.  
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As expected, heterozygosity of the Pygo mutant allele pygoS123 essentially rescued 

the photoreceptor loss of heterozygous F76 to wild-type eye size as originally shown 

in Thompson et al., 2002. Heterozygosity for either foxKKO allele ameliorated the F76 

phenotype substantially (one-way ANOVA, P<0.0001). Neither partial loss of Chip 

nor of SSDP affected eye size to a similar extent, although a significant increase in 

eye area was measurable in both cases.  

These results indicate a function for FoxK downstream of Armadillo and a 

requirement for FoxK in the eye disc, at least when the Wg pathway is 

hyperactivated. Recall that clonal induction using a HS-driven FRT element did not 

result in visible clones in the adult eye. I did not, however, assess clones in the eye 

disc of late-stage larvae and so it is possible that subtle phenotypes of FoxK loss in 

the eye were overlooked. 
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Figure 3.15. Heterozygosity for foxKKO substantially ameliorates the rough-eye 
phenotype of a constitutively active Armadillo mutant.  
Flies heterozygous for constitutively active Armadillo (ArmS56E or F76, overexpressed using an 
eye-specific driver (GMR-Gal4)) as well as foxKKO alleles (foxK23 and foxK42) or Wg pathway 
mutants (pygoS123, ssdpL7 and chipe55). Area measurements were done in Pixel using ImageJ 
as shown (yellow marking). Normal distribution and one-way ANOVA analysis including 
Tukey’s multiple comparison tests were done in GraphPad Prism. Heterozygosity of pygoS123 
in a F76 background leads to full suppression of the rough eye phenotype (white vs. 
pygoS123/F76 not statistically significant). Both foxK alleles rescue the rough-eye phenotype 
significantly. SsdpL7/F76 and chipe55/F76 are not significantly different from each other. 
Multiple comparison test showed that all other comparisons are statistically significant by one-
way ANOVA. p < 0.0001. 
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3.2.11.  FoxKKO germ line clones arrest in embryogenesis and show 

patterning defects 

Analysis of foxK expression throughout development using my own embryo staining 

as well as database research indicated a strong maternal contribution of FoxK, which 

is likely to mask early developmental defects in zygotically homozygous mutant 

animals. To circumvent this, I generated germ line clones (glc) based on ovoD/Flp 

recombination (Chou et al., 1993) (see 6.19) and assessed cuticle and gut 

development, as well as general patterning, of embryos null for FoxK. 

Cuticles of the GFP-negative (GFP-) progeny of a cross between glc-bearing females 

and foxKKO/TM6-twi::GFP males, i.e. foxKnull embryos, were not fully formed and 

exhibited extreme malformations and developmental arrest during early embryo 

development (n = 18, Figure 3.16C & D). GFP+ progeny of the same cross, which is 

expected to express FoxKWT protein from a paternally contributed copy later during 

embryogenesis, showed no significant difference to foxKnull mutants and no larvae 

hatched after >7 days at 25°C (n = 43, Figure 3.16B).  

Many of these embryos showed abnormal denticle belts and were shorter than WT 

embryos, indicating potential loss of segments that ultimately lead to fusion of 

denticle belts. Despite a large number of glc-bearing females (~200) used for this 

cross, only very few eggs were recovered and only roughly half of these contained 

fertilised embryos for analysis.  

Despite these strong malformations I decided to assess the midgut development as 

an additional Wg read-out by staining progeny of a cross between glc-bearing 

females and foxKKO/TM6-twi::LacZ flies with DAB (see 6.15) to distinguish between 

homozygous mutant and heterozygous, balanced embryos as before (3.6).  

Unexpectedly, I was not able to recover progeny that remained unstained (see Figure 

3.16Ei & Eiii) and thus was unable to assess foxKnull mutant embryos in this assay. 
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Since I find homozygous mutant embryos in the progeny of glc-bearing females 

crossed to TM6-GFP-balanced foxKKO flies, this is unlikely to be due to a lack of null 

embryos. It is possible that this phenomenon was the result of overstaining of 

unbalanced embryos since only a low number of embryos was available for staining. 

The paternally rescued progeny of this cross failed to develop midgut structures, and 

only very few embryos were found with structures vaguely resembling potential 

midgut primordia (~5% of b-gal-expressing embryos, see arrowheads in Figure 

3.16E).  

 
Figure 3.16. Germ line clone-derived embryos show a range of deformations including 
cuticles with fused denticle belts, and fail to specify midgut structures. 
Ai & Aii) Cuticles of WT embryos with denticle belts separated by naked cuticle as described 
in 1.6. 
B) Glc-derived embryos with a paternally contributed foxKWT copy (foxK42_glc/TM6-GFP) show 
morphological abnormalities and partial fusion of denticle belts (red arrowheads). 
C & D) FoxK null mutant embryos show deformations, partially fused denticle belt (red 
arrowheads) and are often shorter than WT embryos. Null embryos of foxK23 in Ci & Cii), of 
foxK42 in D). 
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E) Glc-derived embryos with a paternal foxKWT copy (foxK23_glc/TM6-LacZ) stained with DAB 
reveal failure to form a midgut primordium. Red arrowheads indicate structures resembling a 
midgut cavity. 
 

As these morphological markers proved difficult to analyse, I decided to investigate 

earlier embryonic developmental steps by analysing expression of patterning genes 

in glc-derived embryos. To this end, embryos were collected overnight to obtain a 

range of developmental stages, fixed and stained with different markers for IF-based 

analysis. WT embryos were used as comparison for staining patterns of different 

developmental stages (Figure 3.17). 

 
Figure 3.17. Staining pattern of even-skipped, b-gal and Wg in WT embryos. 
Embryos stained for embryonic markers as well as for a twi::LacZ balancer chromosome 
during early embryonic development (stage 10-11, upper panel) and later stages of 
development (stage 13-14, lower panel). b-gal expression from the balancer is visible 
throughout different developmental stages, allowing distinction of null embryos from embryos 
carrying a paternal foxKWT copy. Red arrowheads indicate pericardial expression of eve. 
Scale bar = 100 µm. a-eve (green), a-b-gal (red), a-Wg (blue), DAPI. 
 

Based on twi::LacZ expression I was able to distinguish null embryos from embryos 

with paternally contributed foxK. Analysis of glc embryos revealed a striking loss of 

Wg staining in null embryos, where only occasional traces of Wg protein could be 

detected (arrowheads in Figure 3.18Ai & Aii).  
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Note that the pericardial expression of even-skipped (eve) (arrowheads in Figure 

3.17) is also lost in foxKnull embryos. Eve expression in these presumptive heart cells 

requires Wg (Wu et al., 1995) and Dpp (Knirr and Frasch, 2001) signalling and is 

consequently lost in wg or pygo mutants (Parker et al., 2002). Expression of eve is 

reinstated to varying degrees in paternally rescued embryos (red arrowheads in 

Figure 3.18Bi & Bii).  

Embryos lacking maternal and paternal contribution of FoxK further show a range of 

morphological deformations as before, often leading to shorter embryos. Eve 

expression in the CNS appears unaffected by loss of foxK (as in pygo glc (Parker et 

al., 2002)) and this staining can thus be used as a marker for segmentation. This 

analysis shows that while some embryos specify embryonic segments largely 

correctly (e.g. Figure 3.18Aiii), the majority of embryos fail to form the appropriate 

segments and therefore do not complete gastrulation (Figure 3.18Ai & Aii).  

Embryos expressing paternally contributed foxK similarly show a range of defects, 

whereby some appear to segment normally (Figure 3.18Bii & Biii), while others are 

shorter and deformed. Wg staining is very variable in these embryos, ranging from 

only traces of staining (Figure 3.18Bi) to almost wild-type arrangement of Wg stripes 

in Figure 3.18Biii. Generally speaking, the amount and pattern of Wg staining appear 

to correlate with the overall degree of morphological deformation.  

Due to the small number of developing embryos, statistical analysis of the abnormal 

protein localisation phenotype, as well as meaningful measurements of embryo 

length, were not possible.  
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Figure 3.18. Germ line clone-derived embryos of foxKKO show morphological 
deformations and reduced Wg staining. 
Ai-Aiii) Embryos derived from glc-bearing mothers without a paternally contributed WT copy 
of foxK (as distinguished by absence of twi::LacZ staining) lack Wg and pericardial Eve 
staining (red arrowhead in Aiii). These embryos show a range of morphological deformations 
and often fail to form correct segments. Ai & Aii show strongly deformed embryos that are 
much shorter than WT embryos, whereas the embryo in Aiii) specifies wild-type-like segments.  
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Bi-Biii) glc-derived embryos carrying a paternally contributed copy of foxKWT, which results in 
a partial rescue of the null phenotype. While some embryos (Bi) remain strongly deformed 
and lack Wg staining, others specify the correct number of segments and show partially 
restored wg expression (Bii & Biii). Pericardial Eve staining is partially rescued in these 
embryos (red arrowheads).  
Scale bar = 100 µm. Eve = even-skipped, b-gal = b-galactosidase, Wg = Wingless.  
 

Based on the apparent lack of wg expression in several germ line clone embryos and 

the fact that wg expression is maintained in part through a positive feedback loop 

(see Introduction), I decided to analyse whether the Wnt enhanceosome itself is 

established in foxKnull embryos.  

Due to practical constraints, i.e. the very low number of glc-derived embryos 

available for staining, I was only able to obtain preliminary data regarding the 

expression and subcellular localisation of Pygo. Compared with WT embryos (see 

Figure 3.11Ai-iii), Pygo staining is unaffected in null embryos (Figure 3.19).  

I was further able to show loss of FoxK staining in glc-derived embryos without 

paternally contributed foxKWT, confirming the quality of the newly generated 

antibody (Figure 3.19, left panel). 

 
Figure 3.19. Pygo expression and nuclear localisation are unaffected in foxKnull 
embryos. 
foxKnull mutants do not show FoxK staining using the antibody generated in this study (see 
M&M), but Pygo staining is as in WT embryos (cp. Figure 3.12). 
Scale bar = 100 µm. 
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3.3. Discussion 

The data described in this chapter underscore the importance of FoxK for Drosophila 

development and indicate roles for this protein in patterning during early 

embryogenesis as well as for wing blade formation. I further demonstrate a 

requirement for FOX binding sites in the minimal enhancer of the Wg target gene 

Ubx for expression from a reporter construct during midgut development. 

 

3.3.1.  FOX proteins might bind to and regulate Wnt responsive loci 

My analysis of a mutant Ubx enhancer lacking FKH binding sites suggests a function 

for FOX proteins in Wg/Wnt signalling (Figure 3.5) but, bearing in mind the high 

sequence conservation of the FKH domain and the respective consensus sequence, 

this does not allow me to conclude an involvement of FoxK specifically.  

Specificity may arise through differential expression of FOX proteins in different 

tissues, but previous analysis of expression patterns showed large overlap (see 

review by Lee and Frasch, 2004). It thus remains unclear if Ubx expression in the 

midgut is regulated by FoxK in particular or other FOX factors, and whether they can 

act redundantly.  

Future analysis is required to narrow down which FOX proteins specifically impinge 

on Wg/Wnt signalling in different tissues. Generation of ChIP-Seq data in mammalian 

or insect cells based on differential activation of the Wnt pathway would help 

elucidate FOXK occupancy at WREs. Specifically, the use of undifferentiated cell lines 

such as embryonic stem cells or induced pluripotent stem (iPS) (Takahashi et al., 

2007) cells will be useful to infer a pioneering role for FOXK factors if a requirement 

for sequential binding of transcription factors led by FOXK can be confirmed.  
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Overlap of chromatin binding of FOXK and TCF or PYGO could alternatively be 

assessed in Drosophila polytene salivary gland chromosomes as done previously for 

Pygo, Groucho and dTCF (de la Roche and Bienz, 2007; Mieszczanek et al., 2008). 

If further studies can indeed underscore the hypothesis that FoxK binds to TCF loci, 

their role as pioneer factors can be analysed using compacted nucleosome arrays. 

These arrays are assembled in vitro using DNA templates and purified histones. 

DNase I footprinting assays of compacted nucleosomes yield a regular cleavage 

pattern and this pattern is affected by addition of factors that remodel nucleosomes 

such as pioneer factors. Similar assays have been used previously by the Zaret lab to 

highlight FOXA’s propensity to bind to compacted chromatin and open it for binding 

of downstream transcription factors (Cirillo et al., 2002).  

 

3.3.2.  Generation of a foxK knockout allele 

Assessment of the FoxK knockout phenotype in Drosophila was complicated by 

issues with the existing foxK16 fly strain, and subsequently delayed by off-target 

effects during the initial round of CRISPR.  

I was able to conclusively show that the foxK16 allele available at this time is not a 

foxK null allele (Figure 3.8). This could either be because the original allele was lost 

over time in storage or because imprecise excision of the P element and subsequent 

errors in genotyping meant the original mutation on chromosome 3 was falsely 

annotated as a foxK mutant.  

Arguing against the second scenario, Casas-Tinto et al. used Southern blotting, PCR-

based genotyping as well as antibody staining for FoxK (directed against amino acids 

414-654 and spanning the FKH domain) antiserum to confirm their mutant alleles. 

Unfortunately, depletion of their FoxK serum meant that I was not able to try to 

reproduce their results using their antibody. It is possible that their antiserum was 
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not suitable to test loss of FoxK if the P element disrupted the antigen site but 

allowed production of a functional FoxK protein. Due to time limitations I did not 

test the foxK16 line with my new antibody, but PCR-based genotyping and analysis 

using deficiency chromosomes conclusively showed that the foxK16 allele available at 

this time is not a null allele. 

To verify their foxK knockout analysis, Casas-Tinto et al. also used RNA interference 

(RNAi) to generate embryos lacking maternally contributed FoxK protein by driving 

the RNAi construct in the maternal germ line using tub-GAL4-VP16. Because 

embryos lacking maternal contribution do not develop into later stages of 

embryogenesis, as confirmed by my own germ line clone-derived knockout mutants, 

assessment of a midgut phenotype was impossible using an approach relying on 

maternally expressed RNAi. They thus used an endoderm-specific driver to assess 

FoxK requirement in later stages of embryogenesis, confirming the reduction in labial 

expression but not the midgut phenotype.  

Based on the inconsistencies of the previously published foxK allele it was imperative 

to generate novel foxK alleles. For this, I used CRISPR-Cas9 mutagenesis. Although 

this method is generally thought to have few off target effects in Drosophila (Port et 

al., 2015), I found off-target effects in my first round of experiments aimed at 

producing foxK null alleles. My initial CRISPR experiment led to the generation of at 

least two different off-target lethalities with just one sgRNA (sgRNA2; the other N-

terminal sgRNAs 1 & 3 did not yield editing). As my initial approach included pre-

screening of edited lines for embryonic lethality, I have likely increased the detection 

of such off-target events (Simon Bullock, personal communication). An unbiased 

approach based on sequencing of random progeny proved more successful during 

my second round of CRISPR-mediated knockout of foxK.  

My initial round of mutagenesis also highlighted the risk of alternative (often non-

annotated) start sites that might lead to functional protein despite successful editing 
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detected in sequencing assays. Such issues can be circumvented by designing 

sgRNAs to target further downstream, an approach I used in my second round of 

screening, or by using two sgRNAs binding roughly 500 bp apart in tandem to create 

a larger deletion through induction of DNA double strand breaks at both binding 

sites.  

 

3.3.3.  FoxK requirement for wing blade development 

My work on the novel foxKKO alleles indicates a requirement for FoxK specifically 

during the development of the wing blade in Drosophila (Figure 3.10, Figure 3.13, 

Figure 3.14). As described above, wing blade development is highly regulated by 

the Wg pathway, but also by Notch and Dpp signalling.  

Moreover, the vein defects seen in adult flies post induction of recombination might 

indicate an interplay with EGFR signalling. Analysis of different pathways is 

complicated because clonal induction at an early stage during disc development 

likely leads to loss of foxKKO clones by extrusion from the blade. This extrusion is 

known to occur for mutant clones that stop proliferating such as Frizzled clones (Chen 

and Struhl, 1999). It will be interesting to confirm loss of foxKKO clones using 

apoptotic markers such as Caspase-3 staining.  

Additionally, as I am able to recover small clones localised to the blade following 

induction in later stages of development, there might be a temporal requirement for 

FoxK restricted to early wing patterning genes. Use of a Minute marker (Lawrence et 

al., 1986) recombined into the foxKKO/FRT2A line should allow generation of larger 

clones that grow faster than surrounding heterozygous tissues and twin spots. 

Temporal control of induction of recombination might reveal whether foxK null 

clones are able to grow during late development or whether they become apoptotic 

as equivalent clones do in younger tissues.  
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Alternatively, overexpression of FoxK (foxKOE) in parts of the wing disc (i.e. by driving 

a FoxKOE construct using a patched-GAL4 driver or induction of FoxKOE clones across 

the disc) can be used to assess the response of expression of wg itself or its target 

genes to high levels of FoxK.  

As mentioned above, wg is initially expressed across the whole wing disc during the 

1st and 2nd instar before becoming largely restricted to the dorso-ventral boundary. 

In zygotically homozygous mutants this stripe of Wg across the wing blade is lost 

(Figure 3.10C), but it remains to be determined whether wg expression is wild-type 

in earlier stages of disc development.  

Wg target genes can be placed into two classes, whereby the first class is induced 

by early wg expression and the second class is expressed at different thresholds 

within the blade tissue of 3rd instar discs. While senseless and distalless are commonly 

used to assess Wg pathway mutants during later stages, early targets are interesting 

candidates for FoxK-mediated regulation.  

The earliest known Wg target in the wing disc is zfh-2, which is initially expressed 

across the wing primordium and later becomes restricted to the proximal wing blade 

by Vestigial (Whitworth and Russell, 2003), which in turn is regulated by Wg and 

Notch. Dissection of 2nd instar wing discs bearing foxKKO clones or analysis of 

zygotically homozygous mutant discs for expression of zfh-2 and other Wg target 

genes will be insightful.  

Preliminary observations of the Wg target gene dMyc suggest it is expressed in 

zygotically homozygous mutant wing discs (Figure 3.10C), although future 

experiments are required to confirm that dMyc expression follows its dynamic wild-

type patterning in these discs. As dMyc is a growth regulator and substantially 

involved in determining size and proportion of the Drosophila wing (Wu and 
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Johnston, 2010), any changes in its expression level could result in lack of 

proliferation and hence account for deformations of the blade region of the disc. 

My evidence largely indicates a specific requirement for FoxK during wing blade 

development as indicated by lack of phenotypes in legs or eyes of animals post-HS 

(see 3.2.9). However, my experiments using heterozygosity of foxKKO alleles with eye-

driven overactivated Armadillo argue that FoxK acts downstream of Arm in this 

tissue. Therefore, clonal induction in eyes should be revisited by assessing growth of 

mutant clones and expression of Wg target genes in foxKKO tissue. 

 

3.3.4.  FoxK germ line clones 

The strong morphological phenotype and early developmental arrest of foxKnull 

embryos confirm an important role of FoxK during development. Thus, there is not 

full redundancy of FOX family members at these stages. 

The most striking result of this analysis was the severe disruption of wg expression 

to varying degrees in glc embryos. This is strongly reminiscent of pygo null mutants 

that were also shown to lack Wg expression during embryogenesis (Parker et al., 

2002). A similar phenotype has been described for ssdp null mutants (Fiedler et al., 

2015) and loss of ChiLS results in a denticle lawn due to loss of Wg signalling. 

Recall that wg expression is restricted by the pair rule genes even-skipped (eve) and 

fushi tarazu (ftz) during early patterning in the embryo (Ingham et al., 1988; 

Manoukian and Krause, 1992) and its expression is maintained by a positive feedback 

loop along with other mechanisms. Analysis of upstream genes that control wg 

expression such as odd-paired will be pivotal in determining whether this 

requirement for FoxK is direct or secondary due to loss of pair rule genes.  
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Rescue of wg expression to near-wild-type levels in some glc-derived embryos 

carrying a WT foxK copy through their paternal genome can be explained by the 

onset of zygotic gene expression from cycle 8 onwards (Pritchard and Schubiger, 

1996). It would be interesting to test wg RNA levels in null embryos by FISH or similar 

methods to determine whether transcription or protein stability are affected by loss 

of foxK. 

Additionally, loss of maternal and zygotic foxK results in loss of pericardial eve 

expression, which is also seen in pygo glc embryos (Parker et al., 2002). Eve 

expression is similarly disrupted in embryos null mutant for ssdp or chip. The 

apparent specificity of FoxK requirement for eve expression in only these cells is 

interesting because mesodermal eve expression in heart progenitor cells is regulated 

by Wg and Dpp (Knirr and Frasch, 2001), whereas eve expression in the CNS is not 

under control by Wg. This combinatorial regulation of eve by Wg and Dpp in 

pericardial cells parallels the regulation of labial expression in the midgut endoderm 

(Yu et al., 1996). The expression of labial has previously been shown to be affected 

in foxK loss-of-function experiments (see Figure 3.2C).  

FoxK might function to combine signals from Wg and Dpp (or other pathways) or to 

relay signals from only one pathway. Note that while many Wg signals are commonly 

mediated through sloppy-paired (e.g. during the mesodermal restriction of bagpipe, 

(Lee and Frasch, 2000)), eve expression has been shown to be independent of slp 

function (Lee and Frasch, 2000). These observations suggest an intriguing 

mechanism by which FoxK rather than slp may mediate Wg signalling in specific 

tissues (i.e. control via one FOX protein is exchanged for another). However, 

observations by Knirr and Frasch (2001) revealed that mutation of the FKH binding 

site in the eve promoter did not abrogate expression from a minimal reporter. Of 

note, FoxK has been noted as expressed in heart tissues in a genome-wide DNA 

binding screen for cardiac transcription factors in Drosophila (Busser et al., 2015).  
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Embryos with a paternal foxK copy rescue wg expression partially and while this 

appears concomitant with a partial rescue of eve expression in the pericardial cells, 

the extent of rescued expression appears lower for eve than wg (Figure 3.18Biii).  

Due to the small number of embryos recovered from glc-bearing mothers I was 

unable to confirm the disruption of Engrailed and Labial staining upon loss of FoxK 

as demonstrated by Casas-Tinto et al. (cp. Figure 3.2D). Engrailed expression is 

partially reliant on continued wg expression and is initiated but not maintained in wg 

mutants (Bejsovec and Arias, 1991). Loss of Engrailed stripes during later 

development stages would therefore emphasise a role of FoxK in mediating Wg 

signals. 

Future experiments should also assess expression from the minimal Ubx enhancer 

(UbxB) in null embryos of foxK, which can be crossed into the background of the foxK 

mutant line.  

I did not detect a loss or subcellular redistribution of Pygo which implies that its 

nuclear localisation is unaffected by loss of FoxK, although this does not confirm 

whether Pygo binds to WRE in the absence of FoxK. It is imperative to examine the 

DNA binding of TCF/Pangolin itself to address whether loss of FoxK results in failure 

of TCF to bind to the Wnt enhanceosome or in failure to establish the Wnt 

enhanceosome itself at the correct WREs as would be expected if FoxK acts as a 

priming factor during early development.  

 

In summary, my work on Drosophila FoxK has uncovered an interesting link to Wg 

signalling during embryogenesis, as well as during the development of the eye and 

wing primordia. Future studies are required to determine whether FoxK directly 

controls expression of wg itself or of Wg target genes and if this requirement is 

restricted temporally during development. Specifically, several strands of 
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investigation indicate a potential crosstalk between the Wg and Dpp signalling 

pathways and future experiments should address whether foxK expression is 

required for either pathway or whether FoxK combines input from both to regulate 

expression of common target genes of Wg and Dpp. 
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4. Interaction between FOXK and Dishevelled 

4.1. Introduction 

As described above, we found human FOXK1/2 associated with Dishevelled in a 

PDZ-dependent manner in BioID studies of mammalian cells (Melissa Gammons, 

unpublished results). Taken together with evidence of a direct interaction between 

FOXK1/2 and DVL published by Wang et al. (2015), which I summarised in section 

3.1.4, we aimed to further investigate the DVL/FOXK interaction in mammalian cells 

and Drosophila using IF and reporter assays in vivo.  

The following sections will introduce DVL function and the current state of research 

concerning this crucial signalosome protein. 

 

4.1.1.  Role of Dishevelled in Wnt/Wg signalling 

DVL plays a pivotal role during both canonical and non-canonical Wnt signalling and 

its function has been extensively studied. Particularly relevant to its role is its 

propensity to form polymers. These structures result in the formation of signalosome 

complexes upon Wnt ligand binding, which are often visible as punctate condensates 

both in endogenous settings (Schwarz-Romond et al., 2007a; Yanagawa et al., 1995) 

and after overexpression (Axelrod et al., 1998).  

Polymerisation-dependent signalling has been described previously (e.g. through 

SAM domains (Kim et al., 2001)) and in Wnt signalling is mediated mainly through 

the DIX domain (Schwarz-Romond et al., 2007b), which is exclusive to the Wnt 

pathway and is found in the key components DVL and Axin as well as CCD1 (Coiled-

Coil protein DIX1), a regulator of DVL polymers (Liu et al., 2011).  
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Like many signalling proteins, DVL consists of several structured domains connected 

by largely unstructured regions. In the case of DVL, the structured regions are the 

DIX, PDZ and DEP domains (Figure 4.1). During Wnt signalling, the N-terminal DIX 

domain forms protein assemblies through head-to-tail polymerisation (Schwarz-

Romond et al., 2005).  

More recently, the Bienz lab has shown that the DEP domain plays a previously 

underappreciated role in this process by dimerising through domain swapping, which 

triggers subsequent DIX polymerisation during signalosome formation (Gammons et 

al., 2016b). DEP domain swapping occurs subsequent to DEP binding to the Frizzled 

receptor (Tauriello et al., 2012) and thus provides the immediate switch to 

signalosome formation and active signalling upon Wnt binding. 

The high local concentrations of DVL result in increased avidity for its binding partner 

Axin, which is recruited by its own DIX domain (Axin-DIX, also known as DAX) to form 

heteropolymers with DVL-DIX (Schwarz-Romond et al., 2007a). Crucially, this “head-

to-tail” DIX polymerisation overcomes the low cellular concentration of interactors 

as well as their low affinity to each other resulting in a rapid response. Due to the 

dynamic nature of the polymerisation process this switch is reversible to prevent 

hyperactivation of the pathway (Bienz, 2014). This sequence of events ultimately 

inactivates the degradasome complex, leaving b-catenin free to translocate to the 

nucleus as described (1.3).  

Lastly, the DVL-PDZ domain offers an interaction platform for proteins such as 

Naked, which was recently found to be required for sustained Wnt signalling by 

facilitating Axin2 degradation after onset of signalling (Melissa Gammons, Miha 

Renko, Bienz Lab, unpublished results). The PDZ domain is also thought to interact 

with components of the planar cell polarity (PCP) pathway and was shown to mediate 

interaction with the negative Wnt regulator Dapper (Cheyette et al., 2002) (see 

below). 
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DVL is not only crucial for Wnt-activated signalling in healthy tissues, but is also 

involved in cancer development and has been found to be highly expressed in 

colorectal cancer tissues (Metcalfe et al., 2010). High levels of DVL can enhance Wnt 

signalling by freeing up more b-catenin through signalosome formation and Axin 

sequestration independent of Wnt ligand binding.  
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Figure 4.1. Dishevelled facilitates signalosome formation through domain swapping of 
its DEP and polymerisation of its DIX domain.  
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A) “Head-to-tail” polymerisation of DIX leads to the formation of oligomers that function as 
signalling platforms and are visible as puncta in cells. The PDZ domain is thought to interact 
with components of the planar cell polarity (PCP) pathway and negative Wnt regulators 
including Dapper, Naked and the DVL-C-terminus itself. DEP mediates the interaction with 
Wnt receptor Frizzled and forms dimers through domain swapping, which precedes the 
formation of DIX-mediated polymers.  
DIX assembly from Schwarz-Romond et al. (2007b); PDZ structure with ligand from Lee et al. 
(2015), DEP dimerisation based on Gammons et al. (2016b). PCP cartoon in A) taken from 
Maung and Jenny (2011). 
Scale bar = 20 µm. a-DVL-GFP (green), DAPI (blue). 
B) DVL WT and PDZ mutants used in this work: DVLDPDZ lacking the full PDZ domain and 
DVLV334E with a single amino acid substitution (VàE) in the PDZ cleft at residue 334, which 
was shown to abolish cleft binding. 
 
 

4.1.2.  Nuclear functions for Dishevelled 

While DVL is mostly known for its cytoplasmic functions, evidence for a nuclear role 

of this protein has been reported by several groups.  

Itoh et al. (2005) identified an unusual NLS sequence carboxy-terminal to the PDZ 

domain containing an IVLT motif which was required for nuclear translocation. 

Nuclear translocation was found to be essential for full activation of Wnt targets as 

studied by luciferase reporter analysis and axis duplication assays in Xenopus. The 

authors suggested a stabilising role whereby DVL affects b-catenin stability by 

interacting with proteins known to sequester b-catenin in the nucleus, such as APC; 

however, they provide no insight into the underlying molecular mechanism.  

Gan et al. (2008) reported a surprising requirement for DVL in SW480 cells. This cell 

line is derived from a colorectal cancer patient and carries an inactivating mutation 

in APC resulting in constitutive nuclear translocation of b-catenin which should 

bypass the need for signalosome formation and therefore DVL. The same authors 

found DVL associated with Wnt target loci such as the c-myc promoter to which it 

was shown to be recruited in a Wnt-dependent manner. This led Gan et al. to 

conclude that nuclear DVL might function to stabilise TCF-b-catenin complexes.  
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Other labs have identified an interaction between Wnt signalling and the Hippo 

pathway where the Hippo effectors TAZ (Varelas et al., 2010) and YAP (Barry et al., 

2013) inhibit DVL phosphorylation and DVL nuclear translocation, respectively. The 

latter study by the Camargo lab describes nuclear DVL in intestinal crypt cells which 

is controlled by YAP; this interaction was shown to be crucial during cancer 

development. The evidence by Wang et al. corroborates these findings based on 

overexpression studies and IF analysis coupled with luciferase reporter assays (see 

3.1.4.). 

Contrary to these publications many labs, including the Bienz lab, have not been able 

to reproduce robust nuclear DVL localisation and thus these findings have been a 

matter of controversy in the field that is yet to be resolved. For instance, a study by 

Schwarz-Romond et al. (2007a) failed to reproduce the nuclear DVL staining using 

the same antiserum and conditions described in Itoh et al.  

Other groups identified a likely localisation of DVL overexpression puncta near the 

nucleus at the microtubule organising centre (MTOC) (Smalley et al., 2005) or 

associated with the nuclear envelope (Gammons et al., 2016a) but were unable to 

show DVL inside the nucleus. Despite extensive efforts to uncover the mechanistic 

details through which DVL might function in the nucleus, studies to this date fail to 

conclusively prove this nuclear role.  

 

4.1.3.  Binding properties of DVL-PDZ  

As detailed in Chapter 3, Wang et al. mapped the interaction between FOXK and 

DVL to the FOXK FHA-spanning region and the DVL-PDZ domain as well as an 

upstream motif (IVLT), which has previously been described as required for nuclear 

translocation of DVL (Itoh et al., 2005) (see above).  
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It is somewhat unusual for PDZ domains to bind to internal sequences as the 

evidence for binding to the FHA domain would suggest, since many PDZ domains 

studied to date tend to bind to C-terminal motifs (Tonikian et al., 2008). However, 

Zhang et al. (2009) have described the DVL-PDZ domain as particularly flexible, 

possibly allowing binding of internal peptide sequences.  

This property of DVL-PDZ has been demonstrated in vitro for its interaction with 

Frizzled (Wong et al., 2003), but the physiological relevance of this interaction is 

unclear: the PDZ domain was found to be dispensable for b-catenin stabilisation and 

NMR experiments were unable to confirm PDZ binding to Frizzled (Gammons et al., 

2016a).  

Thus far, the only verified DVL-PDZ binding partners include C-terminal motifs such 

as in Dapper (Cheyette et al., 2002) and the DVL-C-terminus itself (Lee et al., 2015), 

both of which are negative regulators.   
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4.2. Results 

I was intrigued by the results presented in Wang et al. (2015), who describe a 

FOXK1/2-dependent recruitment of DVL into the nucleus which they show is 

required for full activation of Wnt target gene transcription (summarised in Figure 

3.3). I decided to reproduce their results, mainly by focusing on the 

immunofluorescence and TCF reporter assays. Additionally, I assessed a potential C-

terminal PDZ binding motif in Drosophila FoxK, which was identified by Melissa 

Gammons.  

Some of the experiments presented in this chapter were carried out in collaboration 

with Melissa Gammons, as indicated below. 

 

4.2.1.  A Drosophila FoxKDC-Term truncation does not have a mutant 

phenotype 

Since it remains controversial whether DVL-PDZ binds to internal sequences in vivo 

and therefore is likely to bind FOXK through the FHA domain, Melissa Gammons 

decided to search for additional PDZ binding motifs in different FOX factors. She 

identified a putative PDZ binding motif in the C-terminus of Drosophila FoxK, which 

she analysed via NMR spectroscopy (with Trevor Rutherford, MRC LMB). Spectral 

changes in NMR assays with bacterially expressed FoxKC-term and DVL-PDZ peptides 

indicated interaction between the two peptides (unpublished results) and I thus 

decided to generate a C-terminal FoxK truncation to delete this putative interaction 

site in Drosophila and assess its consequence on development.  

To this end, Cas9-expressing fly embryos were injected with an sgRNA-expressing 

plasmid targeting ~20 nucleotides upstream of the putative binding site, and a repair 

template to introduce several STOP codons in place of the 8 amino acids of the C-

terminal binding site (Figure 4.2). 
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Figure 4.2. CRISPR-mediated truncation of FoxK to eliminate the putative PDZ binding 
motif.  
An sgRNA (blue) was designed to guide Cas9 to a PAM site (light blue) just downstream of 
the putative PDZ binding motif (purple). A repair template carrying point mutations was used 
to generate STOP codons at the beginning of the motif leading to the C-terminal truncation as 
shown below, leaving the remainder of the protein intact.  
 

Homozygous flies carrying this truncation did not have any mutant phenotype nor 

were they developmentally delayed in any way. Hence, if there is indeed binding 

between FoxK and the fly ortholog of DVL, Dsh, through the C-terminus of FoxK, it 

does not appear to impact on the function of either protein in a way that would 

visibly affect development. Due to the lack of a phenotype, this mutant was not 

analysed further, and I decided to focus on validating the DVL-FOXK1/2 interaction 

in mammalian cells.  

 

4.2.2.   FOXK1/2 localise to the nucleus of mammalian cells 

To this end, I attempted to replicate the findings reported by Wang et al. I was 

particularly intrigued by their conclusion that DVL is transported into the nucleus 

through FOXK1/2, as our lab has not been able to find conclusive evidence for 
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nuclear DVL. Recall that Wang et al. used overexpression of DVL and FOXK1/2 as 

well as other FOX factors to show that FOXK1/2 specifically facilitate nuclear 

translocation of DVL (Figure 3.3B). I aimed to validate these results by assaying 

subcellular localisation of DVL and FOXK1/2 both in endogenous settings as well as 

following overexpression of either protein. 

In the first instance, I decided to verify nuclear localisation of both FOXK1/2 under 

endogenous as well as overexpression conditions in different cell types (HEK293T, 

Cos-7 and HeLa cells) using specific antibodies for both proteins. The objective for 

this experiment was to clarify whether overexpression of FOXK1/2 or activation of 

Wnt signalling affects localisation of either paralogue as well as to ensure that 

overexpression does not cause high levels of cell toxicity. 

IF experiments with FOXK1/2 showed a strictly nuclear localisation for endogenous 

FOXK1, and a mostly nuclear staining of endogenous FOXK2 with some diffuse 

cytoplasmic localisation. Representative images for these analyses are shown for 

HEK293T cells in Figure 4.3; no difference was seen for different cell types. 

Next, I asked whether activation of Wnt signalling affects the expression pattern of 

either human FOXK1/2 protein by supplying the cells with WCM or LiCl-added 

medium for 6 or 4 hrs before fixation, respectively. In this case, it is crucial to test 

both WCM and LiCl, as the latter inactivates the degradasome and bypasses DVL 

requirement which may result in underestimation of potential DVL-mediated effects 

that require induction of polymerisation by Wnt ligand binding. I found that neither 

LiCl nor WCM affect the localisation of either FOXK1 (Figure 4.3B & C) or FOXK2 

(not shown).  

Additionally, I used this assay to confirm that both overexpression constructs of 

FOXK1/2 (kindly provided by the Sharrocks lab, University of Manchester) show the 

same subcellular localisation of endogenous protein. Lack of apoptotic cells in IF 
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assays as judged by cell morphology and DAPI staining indicated that cell viability 

was not affected following transfection of 200 ng of FOXK1/2 plasmid. 

 
Figure 4.3. Localisation of endogenous FOXK1 and FOXK2 under different conditions.  
A) Both FOXK1 and FOXK2 are localised largely to the nucleus under endogenous conditions 
in HEK293T cells.  
B) & C) Induction of Wnt signalling either at the level of the signalosome (+ WCM, B) or by 
blocking the degradasome (+ LiCl, C) does not change FOXK1/2 nuclear localisation. 
Scale bar = 10 µm. a-FOXK1/2 (red), DAPI (blue). 
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I also set out to determine whether loss of all three DVL proteins (DVL1, DVL2 and 

DVL3) affects FOXK1/2 localisation, which would imply a functional connection 

between the proteins. To this end, I used a DVL triple knockout cell line (DVL-TKO, 

DDVL1/2/3) established by Melissa Gammons in a HEK293T background (Gammons et 

al., 2016a) and assessed localisation of both endogenous (not shown) and 

overexpressed, FLAG-tagged FOXK1/2 (Figure 4.4) in control medium (CM) as well 

as under activation of Wnt signalling. FOXK1/2 localisation was found to be 

unaffected by loss of DVL under either condition.  

 
Figure 4.4. Loss of all three DVL paralogues does not affect localisation of FOXK1/2. 
DVL-TKO cells were transfected with FOXK1 (A) or FOXK2 (B) and localisation analysed by 
IF. Nuclear localisation of FOXK1/2 is unaffected by loss of DVL1/2/3. 
Scale bar = 10 µm. a-FLAG (red), DAPI (blue). 
 

From these experiments I concluded that FOXK1/2 are nuclear proteins that do not 

require endogenous DVL for correct subcellular localisation. I next asked whether 
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FOXK1/2 localisation would be affected by overexpression of DVL, or vice versa, as 

shown in Wang et al. (2015). 

 

4.2.3.  Co-overexpression of hDVL2 and FOXK1/2 does not result in co-

localisation of both proteins 

DVL-overexpressing cells form typical punctate DVL assemblies in the cytosol 

(Schwarz-Romond et al., 2005) and this has been used in the past to assess 

recruitment of DVL interactors into DVL puncta (Schwarz-Romond et al., 2007a). 

Wang et al. show a nuclear translocation of DVL upon overexpression of FOXK but 

do not find FOXK1/2 in DVL puncta, which appear completely dissolved following 

FOXK1/2 overexpression (Figure 3.3B, left panel). Given the controversy in the field 

on whether or not DVL can translocate into the nucleus to regulate Wnt target gene 

expression, I decided to replicate the assay used by Wang et al. 

In collaboration with Melissa Gammons, we adjusted the DVL puncta assay to assess 

FOXK1/2 recruitment under overexpression of GFP-tagged constructs based on WT-

DVL and a DVL-PDZ mutant (Figure 4.1B), both of which form punctate structures as 

their DIX domain is intact. Experiments were done in three different cell types 

(HEK293T, HeLa and Cos-7) to exclude cell type-specific effects, and with or without 

activation of Wnt signalling (i.e. in CM, WCM and LiCl) as well as in biological 

duplicates. I used a primary a-GFP antibody for staining of DVL-GFP protein rather 

than imaging endogenous GFP fluorescence in order to amplify signal strength.  

Stimulation of Wnt signalling did not affect localisation of either protein under any 

condition or in any of the cell types and representative images are therefore shown 

(Figure 4.5). 

Overexpression of DVLWT or DVLDPDZ in HEK293T cells did not change the localisation 

of endogenous or overexpressed FOXK1/2, which remained largely nuclear and did 
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not co-localise with DVL puncta (Figure 4.5A & B). While I obtained structures 

resembling punctate assemblies in a small number of cells overexpressing either 

FOXK paralogue (Figure 4.5C, 1-2% of total cells analysed, n > 1000), these FOXK1/2 

“puncta” did not overlap with DVL puncta. Given their rarity, it is conceivable that 

these dots do not represent physiological protein condensation but are an artefact 

of fixation or staining. I also did not observe robust nuclear DVL-GFP using this assay 

(see below). 

 
Figure 4.5. DVLWT or DVLDPDZ and FOXK1/2 do not co-localise in HEK293T cells under 
endogenous or overexpression conditions. 
A) Overexpression of DVLWT results in formation of characteristic puncta without any nuclear 
staining and does not affect nuclear localisation of endogenously expressed FOXK1. 
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B) A PDZ mutant of DVL (DVLDPDZ) forms cytoplasmic puncta without staining in the nucleus 
and does not alter nuclear localisation of overexpressed FOXK1-FLAG. 
C) A small number of cells overexpressing FOXK1/2 show punctate structures (red 
arrowhead) resembling overexpression condensates of DVL (green arrowhead), but the two 
punctate pools do not overlap. 
Scale bar = 10 µm. a-GFP (green), a-FOXK1/2 or a-FLAG (red), DAPI (blue). 
 

In addition to HEK293T cells, Cos-7 were chosen as their cell shape, with high 

cytoplasmic content, allowed easy distinction of DVL puncta. As before, 

overexpression of DVLWT or DVLDPDZ resulted in cytoplasmic puncta without nuclear 

staining, while FOXK1/2 remained nuclear in >95% of cells analysed (n > 1000, Figure 

4.6A).  

Unexpectedly, very large aggregates were visible in a small number of cells (~2-3% 

of cells analysed) that emit a fluorescence signal in all channels, including in the red 

(Alexa-546, FOXK) and blue channels (DAPI, Figure 4.6B). Given that these puncta 

fluoresce very strongly, it is likely that large, DVL-based assemblies trap primary 

and/or secondary antibodies as well as DAPI during the staining process, resulting in 

fluorescence emission in all channels without biological interaction of the 

components. This artefact highlights the caveat of using artificial overexpression 

systems to analyse protein interaction. 

Surprisingly, a very small number of cells (<1%) overexpressing either DVL construct 

did show nuclear GFP staining, overlapping with nuclear FOXK1/2 staining, in 

addition to the typical punctate pattern. Note that this appears to coincide with cells 

showing very low DAPI staining (Figure 4.6C, arrowheads) and was only found in cells 

overexpressing either FOXK paralogue but not under endogenous FOXK1/2 

expression. The phenomenon occurred randomly and was not reproducible in higher 

numbers.  
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Figure 4.6. DVLWT or DVLDPDZ and FOXK1/2 do not co-localise in Cos-7 cells under 
endogenous or overexpression conditions. 
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A) Overexpression of DVLDPDZ leads to characteristic cytoplasmic puncta without nuclear DVL-
GFP staining and does not affect localisation of FOXK1. 
B) Few cells expressing a high amount of either DVL construct exhibit large cytoplasmic 
aggregates (arrowheads, 2-3% of cells analysed) that are visible in all channels, including the 
red (Alexa-546, FOXK) and blue (DAPI) channel. 
C) Infrequently, nuclear DVL-GFP staining is observed (<1% of cells analysed) in cells 
overexpressing either DVL construct and a FOXK paralogue. Note the somewhat reduced 
DAPI staining in these cells (arrowheads). 
Scale bar = 20 µm. a-GFP (green), a-FOXK1/2 or a-FLAG (red), DAPI (blue). 
 

I was thus unable to reproduce the IF-based evidence shown by Wang et al. and 

could not confirm a robust FOXK1/2-mediated nuclear translocation of DVL. Based 

on these results, I next asked whether the luciferase reporter assays done in the 

Wang study would be reproducible in our hands. Wang et al. show that 

overexpression of FOXK1/2 drastically induces activity of a TCF reporter, whereas 

FOXK1/2 downregulation conversely decreases reporter activity and that this is 

largely due to DVL translocation (Figure 3.3D). As I was unable to verify the latter 

evidence, I decided to examine the effect of overexpression of FOX factors or 

CRISPR-mediated knockdown on different Wnt readouts to assess whether FOXK1/2 

have a DVL-independent role during Wnt signalling.  

 

4.2.4  Overexpression of FOXK1/2 does not result in activation of Wnt 

signalling 

Together with Melissa Gammons, we first asked whether overexpression of FOXK 

affects cytoplasmic Wnt signal transduction, e.g. by regulating stability of b-catenin 

itself, or whether FOXK acts further downstream in the pathway to directly influence 

expression of Wnt target genes.  

An effect on b-catenin stabilisation can be assessed by measuring induction of 

transcriptionally active b-catenin (ABC), which refers to N-terminally 

dephosphorylated b-catenin (Staal et al., 2002). In untransfected cells, ABC becomes 
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visible on western blot after induction with WCM or LiCl for ~6 hrs. On the other 

hand, overexpression of DVL leads to formation of the signalosome in the absence 

of a Wnt ligand and thereby stabilises b-catenin. Similarly, knockout of degradasome 

components increases b-catenin stability. In contrast, overexpression of 

enhanceosome components does not have an effect on b-catenin stability. 

We sought to assess whether overexpression of FOXK1/2 variants affects the 

phosphorylation status of b-catenin by transfecting HEK293T cells with increasing 

amounts of either FOXK1 or FOXK2, as well as FOXM1 as a control paralogue. No 

effect on b-catenin stabilisation was seen in comparison with untransfected cells 

either under activation with WCM or LiCl-containing medium for either of the tested 

paralogues (Figure 4.7A).  

Conversely, we asked whether induction of Wnt signalling affects expression, 

stability or posttranslational modifications of endogenous FOXK1/2 proteins as this 

could indicate a role for FOXK1/2 in the Wnt pathway.  

No effect of induction of Wnt signalling on FOXK1 could be detected and 

immunoblotting revealed a band of the expected size of 75 kDa based on molecular 

weight prediction (Figure 4.7B, left panels). FOXK2 shows two different protein 

species on western blot, one as expected at ~69 kDa and a slightly smaller variant. 

While it appears that stimulation of Wnt signalling either by addition of LiCl or WCM 

induces this lower molecular weight band, longer exposure of the same western blot 

revealed this protein species to be present in all samples regardless of Wnt 

stimulation (Figure 4.7B, right panels).  

Bearing in mind that Wang et al. reported a strong induction of a standard luciferase 

reporter assay (TOPFLASH) following overexpression of FOXK1/2 under LiCl 

induction (see Figure 3.3D for excerpt from their publication), we assessed the effect 

of different FOX proteins (FOXK1, FOXK2, FOXM1, FOXA1, FOXO3a) on Wnt 
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signalling under control, WCM and LiCl conditions using a similar TCF reporter 

(SuperTOP, see 6.7 for comparison).  

In contrast to the results published by Wang et al., overexpression of either FOX 

protein in HEKT293T cells did not significantly affect luciferase activity relative to the 

empty vector control (ev) following Wnt stimulation (Figure 4.7C, Student’s t-test, n 

= 5, p > 0.05). Overexpression of FOXK2 and FOXM1 slightly decreased uninduced 

(i.e. CM) luciferase reporter activity (p ≤ 0.01) (Figure 4.7C). 

If FOXK1/2 proteins stimulated Wnt signalling through affecting DVL localisation or 

activity, loss of DVL should render FOXK overexpression inconsequential. 

Alternatively, if FOXK1/2 proteins regulate Wnt signalling through a distinct, cytosol-

based process, overexpression might result in partial rescue of Wnt3a-based 

stimulation in the absence of DVL.  

We thus repeated these experiments using the same DVL-TKO cell line described 

above. Neither FOXK1 nor FOXK2 overexpression significantly affected luciferase 

activity following induction of Wnt signalling with LiCl (Figure 4.7D, Student’s t-test, 

n = 3, p > 0.05). Overexpression of FOXK1 and FOXA1 resulted in a slight, but 

significant increase of luciferase activity in control medium (p ≤ 0.01) but not after 

addition of WCM or LiCl. Conversely, FOXM1, FOXA1 and FOXO3a overexpression 

appeared to result in significantly decreased luciferase activity following induction 

with LiCl, an effect only seen in DVL TKO cells. It is unclear whether this effect is due 

to an increase in cell death following overexpression of these particular FOX factors 

that may have been missed in WT cells due to variation, or whether loss of DVL 

exacerbated a potential toxicity of FOX overexpression. It is unlikely that 

overexpression of these FOX factors should repress TCF reporter activity specifically 

in the absence of DVL. 
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Figure 4.7. Overexpression of different FOX proteins does not lead to increased Wnt 
signalling. 
A) Overexpression of increasing concentrations (50 mM, 100 mM, 200 mM) of FOXK1, FOXK2 
and FOXM1 does not affect stabilisation of ABC under Wnt activation with either WCM or LiCl 
in HEK293T cells in comparison with cells transfected with an empty vector control (ev, GFP 
vector). Cells were co-transfected with decreasing concentrations of the same empty vector 
to match the amount of genetic material transfected to 200 ng per well. Western blot done with 
Melissa Gammons. 
B) Induction of Wnt signalling with WCM or LiCl does not affect stability or post-translational 
modifications of endogenous FOXK1 (left) or FOXK2 (right) in HEK293T cells. Overexpression 
constructs and endogenous protein show the expected molecular weight of 75 kDa (FOXK1) 
and 69 kDa (FOXK2). FOXK2 immunostaining results in a second, lower molecular weight 
band that does not correspond to known splice variants. 
C) & D) SuperTOP assays of HEK293T (C) or DVL-TKO (D) cells with overexpression of 
different FOX proteins following treatment with WCM or LiCl for 4-6 hrs. All experiments 
normalised to empty vector (ev) control of CM; error bars indicate SEM of ≥3 independent 
experiments; **p ≤ 0.01. SuperTOP assays were carried out in collaboration with Melissa 
Gammons. 
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Based on these experiments, I was unable to reproduce the reporter assays done in 

Wang et al. (2015) under overexpression of FOX proteins. Since overexpression 

experiments bear certain caveats that might complicate interpretation and may lead 

to the discrepancies between my work and the Wang study, I decided to also re-

examine their finding that shRNA-mediated knockdown of either FOXK1 or 2 results 

in a significant reduction in Wnt responsiveness (cp. Figure 3.3D). 

 

4.2.5.  Knockdown of FOXK1/2 does not affect activity of a Wnt reporter  

To this end, I designed sgRNAs binding in the N-terminal region of either FOXK1 or 

FOXK2 and transfected HEK293T cells with combinations of these to induce 

simultaneous editing of both FOXK1/2 paralogues (Figure 4.8A). Emerging double 

knockdown lines were chosen based on immunoblot analysis and used in 

downstream assays if FOXK1/2 bands did not appear after long exposure (Figure 

4.8B). Lines were further verified using IF with antibodies against endogenous 

FOXK1/2, confirming no expression of either paralogue.  

I subsequently tested several independently generated lines in SuperTOP assays for 

their response to induction of Wnt signalling. None of the four lines tested revealed 

any changes in luciferase reporter activity compared with WT HEK293T cells under 

any condition (CM, WCM or LiCl, Student’s t-test, n = 3, p > 0.05) (Figure 4.8C). 
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Figure 4.8. CRISPR-mediated knockdown of FOXK1 and FOXK2 does not affect activity 
of a TCF reporter. 
A) sgRNAs were designed to target the N-terminal regions of FOXK1 and 2 and transfected 
into HEK293T cells in different combinations (Mix 1: FOXK1sgRNA1 + FOXK2sgRNA2; Mix 2: 
FOXK1sgRNA2 + FOXK1/2sgRNA2). 
B) Immunoblot of different FOXK1/2 double knockdown lines. Mix 1, Line #2 as well as Mix 2, 
Lines #2-4 were chosen for downstream analysis of Wnt signalling based on immunoblot 
analysis.  
C) SuperTOP assays comparing WT HEK293T, a DVL TKO line and different FOXK1/2 double 
knockdown lines. Error bars indicate SEM of 3 independent experiments; **p ≤ 0.01. 
 

In summary, my experiments presented in this chapter refute the evidence published 

by Wang et al. (2015). In the following sections I will discuss these discrepancies and 

suggest future experiments that should inform on the role of FOXK1/2 in mammalian 

cells.  
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4.3. Discussion 

While we were unable to reproduce nuclear DVL or a direct effect of overexpression 

or loss of FOXK1/2 on Wnt reporter assays, BioID studies in our lab indicate a PDZ-

dependent interaction of FOXK1/2 with DVL (Melissa Gammons, unpublished results) 

as well as a consistent association with core components of the Wnt enhanceosome 

(PYGO2 and TLE3, see Chapter 2). It remains unclear whether and how FOXK1/2 and 

DVL interact and whether this interaction is required for Wnt target gene 

transcription, or whether FOXK1/2 act by binding to WREs directly as my results 

using the UbxB reporter in Drosophila indicate (Chapter 3).   

 

4.3.1.  Putative interaction between FOXKC-Term and DVL-PDZ 

While unpublished results by Melissa Gammons and Trevor Rutherford show an in 

vitro interaction between Drosophila FoxK and human DVL mediated by the FoxK-

C-terminus and the DVL-PDZ domain, the respective Drosophila mutant did not 

reveal a phenotype indicative of a biological function for this interaction (Figure 4.2). 

It is possible that while these proteins interact at high concentrations in vitro, they 

do not localise to the same cellular compartment or have a very low binding affinity 

and therefore do not interact in vivo. Based on my experiments I cannot rule out that 

this protein interaction is biologically relevant but produces an effect that can be 

compensated for by other FOX homologues or mechanisms. However, our analysis 

did not indicate that the C-terminal putative PDZ-binding motif is conserved across 

FOX factors (Melissa Gammons, unpublished results). A cell-based assay to test this 

interaction directly might be more suitable as known Wnt readouts allow detection 

of small changes in activity, e.g. by luciferase reporter assays.  

Alternatively, DVL and FOXK could interact through the PDZ and FHA domains, 

respectively, as suggested by Wang et al. (2015). This is possible based on the 
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flexible structure of the DVL-PDZ domain (Zhang et al., 2009), but DVL-PDZ binding 

of internal sequences has yet to be shown in vivo. Verification of the CoIP studies by 

Wang et al. (2015) or NMR studies using bacterially expressed FOXK-FHA and DVL-

PDZ peptides will be important to assess the requirement of the FHA domain. 

Additionally, it will be interesting to confirm whether expression of FoxKDFHA protein 

can rescue the embryonic phenotype of foxKnull mutants in Drosophila.  

 

4.3.2.  Co-staining of FOXK1/2 and DVL does not reveal co-localisation 

and DVL is not found in the nucleus 

Despite reports of nuclear DVL (Gan et al., 2008; Itoh et al., 2005), I was unable to 

robustly reproduce this observation in my experiments nor has this been detected 

previously by members of the Bienz lab. Of note, tandem affinity purification 

experiments by Wang et al. did not yield any exclusively nuclear binding partners for 

DVL as might be expected if DVL were to function as a stabiliser of b-catenin-TCF 

complexes. 

While I find nuclear GFP staining in a very small proportion of cells overexpressing 

DVL-GFP (Figure 4.6C), this occurrence is too rare to be considered biologically 

relevant. It is possible that the nuclear GFP staining is caused by cleavage of the DVL-

GFP construct resulting in free GFP molecules that can translocate to the nucleus. 

Given that these cells display reduced DAPI staining it is likely that they are unhealthy 

or apoptotic cells and a potentially broken nuclear envelope could thus account for 

the “nuclear” GFP staining. As the cells with nuclear GFP staining tend to occur 

within close proximity of each other (rather than randomly distributed across slides), 

it is likely that they stem from a single parental cell that underwent unknown genetic 

or morphological changes or may have been transfected with an unusually high 

amount of plasmid leading to cell toxicity due to strong expression.  
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This effect is not unexpected as high levels of DVL have been found to affect cell 

division and viability in previous studies, which was hypothesised to increase selective 

pressure to keep transgene levels low (Gammons et al., 2016a; Smalley et al., 2005). 

It is unknown whether overexpression of FOXK1/2 may have adverse effects on cells 

and I did not detect any evidence of cell toxicity upon overexpression of FOXK1/2 

alone, but it is conceivable that a combined effect of overexpressed DVL and 

FOXK1/2 could lead to cell toxicity. Due to lack of reproducibility of this 

phenomenon it will be difficult to conclusively show which of these possibilities cause 

the nuclear GFP staining in a minority of cells.  

It remains unclear whether the discrepancy in the reported subcellular localisation of 

DVL by different groups is due to use of different a-DVL antibodies or based on 

differential overexpression effects. However, Wang et al. work with the same DVL 

antiserum used in our lab (commercially available from Cell Signalling Technology) 

and I used a GFP antibody to amplify the signal in my IF experiments using DVL-GFP 

overexpression to circumvent artefacts based on antisera. These observations argue 

against a specific effect of a single antibody. Differences in fixation protocols could 

further contribute to different localisation patterns as described by Torres and 

Nelson, 2000, who found a significant difference in DVL localisation when 

glutaraldehyde rather than methanol was used.  

My results reinforce the finding that high levels of protein overexpression lead to 

artificial conditions that do not represent in vivo circumstances and need to be 

interpreted with caution. Gammons et al. (2016a) propose an alternative system 

based on knockout of proteins in combination with rescue through near-endogenous 

re-supply of proteins as this is often more suitable and offers a virtually physiological 

environment. A similar approach is to modify endogenous genes with CRISPR-Cas9.  
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4.3.3.  Overexpression or loss of FOXK does not affect Wnt reporter 

activity 

It is striking that Wang et al. observe a strong induction of TCF reporter activity upon 

overexpression of FOXK1/2 proteins, which is in stark contrast to our findings, where 

overexpression of FOXK1/2 did not result in elevated Wnt responses under CM, 

WCM or LiCl. Unfortunately, Wang et al. (2015) do not disclose the plasmid 

concentrations used in their IF and TOPFLASH assays, which hinders direct 

comparison with my results. Given that transfection with 200 ng of FOXK1/2 plasmid 

led to strong expression of these constructs as documented using immunoblotting 

(cp. Figure 4.7A), we used this concentration going forward in SuperTOP assays. This 

is comparable to most experiments based on overexpression in our lab and has been 

shown to be sufficient for significant induction of TCF-based transcription in our lab. 

I was further unable to reproduce Wang et al.’s finding that loss of FOXK1/2 results 

in a reduction of Wnt signalling. While most of their experiments are based on 

shRNA-mediated knockdown, I used CRISPR-mediated editing to reproduce their 

results.  

The CRISPR technology holds the caveat of potential compensation mechanisms 

induced by stable downregulation of protein levels which may not occur in 

experiments using transient knockdown via siRNA-based approaches. A rescue 

effect has been shown previously for cell lines as well as model organisms where 

genetic compensation or transcriptional adaptation can in some cases result in a 

partial or full rescue of the knockout phenotype (El-Brolosy et al., 2019; Ma et al., 

2019). This phenomenon has been observed as early as in the F2 generation of a 

zebrafish-based study (Buglo et al., 2020).  

CRISPR-induced adaptation could partially account for the differences seen in my 

luciferase reporter assays in comparison with the siRNA-based findings by Wang et 
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al. However, note that Wang et al. did use CRISPR technology to generate FOXK1/2 

knockouts in cancer cell lines and observed reduced TCF reporter activity in culture 

and suppressed tumour growth in xenografts based on these CRISPR knockout lines.  

Moreover, it seems unlikely that other FOX proteins could act redundantly through 

a mechanism in line with a PDZ-FHA interaction proposed by Wang et al. as the 

putative interaction motif should not be present in any FOX proteins other than of 

the K subfamily. Alternatively, if FOX proteins in general function more directly in 

Wnt signalling through binding of enhancer sequences of WREs, any FKH-containing 

protein could be expected to act redundantly, and expression levels of other FOX 

proteins could be adapted to compensate for loss of FOXK1/2.  

Use of a more temporary knockdown system such as siRNA-related approaches or 

CRISPRi (Qi et al., 2013) with concomitant reporter analysis in the F0 generation 

could be used to clarify this. 

 

In summary, the evidence presented in this chapter refutes a FOXK1/2-mediated 

recruitment of DVL to the nucleus and challenges the results presented by Wang et 

al.   
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5. Conclusions and Future Directions 

This body of work has identified putative novel interactors of the Wnt enhanceosome 

using a proteomic approach (Chapter 2), of which FOXK was selected for further 

studies in Drosophila (Chapter 3) and human cell lines (Chapter 4). 

Based on my BioID studies I have uncovered interesting evidence for a potential 

dynamic of the TLE3-TCF association throughout the signalling cycle, by which 

different mechanisms of TLE3 inhibition could function consecutively to allow 

induction and maintenance of transcription from Wnt-dependent enhancers. As 

discussed in Chapter 2, TLE3 could initially remain associated with TCF but inhibited 

through mechanisms such as ubiquitylation. Prolonged Wnt activation could then 

induce a second mechanism by which TLE3 dissociates from TCF, as my BioID results 

indicate a weakened interaction between the two proteins only after several hours. 

However, I was unable to repeat my BioID time course with TLE3 due to time 

limitations and further experimental validation will be required to assess the 

possibility of such a two-fold mechanism of TLE3 regulation.  

Additionally, my enhanceosome studies identified several novel candidate 

interactors, most importantly BRCA2, JMJD1C and ZNF703/Zeppo1. Future studies 

should aim at elucidating the roles of these proteins in Wnt signalling (for example 

using the approaches discussed in Chapter 2). We were intrigued by the repeated 

occurrence of FOXK proteins in BioID lists using proteins from the Wnt pathway as 

baits (van Tienen et al., 2017; Melissa Gammons, unpublished results; as well as my 

own results) and decided to assess the connection between FOXK and Wnt 

signalling. 

My experiments in mammalian cells provided evidence that FOXK1/2 do not affect 

Wnt signalling responses as monitored by luciferase reporter assays bearing minimal 

TCF binding sites either with overexpression or following CRISPR-mediated 

knockdown. A different luciferase reporter assay which combines FKH and TCF 
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binding sites might be more suitable to analyse an effect of FOX overexpression on 

TCF-regulated transcription since FOXK proteins are likely to require DNA binding 

to mediate an effect on gene expression.  

Using IF studies we were further unable to reproduce a proposed nuclear 

translocation of DVL by FOXK1/2, nor do DVL and FOXK1/2 co-localise in 

cytoplasmic puncta that form upon DVL overexpression. While we identified a 

putative C-terminal PDZ binding motif in Drosophila FoxK (Melissa Gammons, Trevor 

Rutherford, unpublished results), I was unable to show a requirement for this motif 

during fly development based on a C-terminal truncation of FoxK.  

I did not examine the putative direct interaction between the DVL-PDZ and FOXK-

FHA domains, and future studies should address this interaction and the function of 

the FHA domain in more detail. For example, it would be interesting to analyse 

expression of an FHA mutant of Drosophila FoxK (FoxKDFHA) in the background of my 

null mutants to assess whether this construct is able to rescue loss of foxK. Similarly, 

over- or misexpression of other FOX proteins could be used in this assay to assess 

whether expression of any FKH-containing protein is sufficient to rescue the 

embryonic phenotype of foxK null mutants. 

Alternatively, BioID using a FOXKDFHA construct in comparison to WT FOXK in 

mammalian cells could elucidate FOXK association with transcriptional regulation. It 

will be interesting to determine whether FOXK is specific to the Wnt enhanceosome 

or also interacts with other transcriptional regulators, and whether the FHA domain 

is required for its association with PYGO, TLE3 and others. 

In contrast, my more promising analysis of FoxK in Drosophila shows evidence for a 

specific role of FoxK in the control of certain Wg targets during embryogenesis and 

wing development. In early embryo patterning, maternal and zygotic loss of FoxK 

affects wg expression itself as well as expression of eve in cells where this gene is 
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under the control of Wg signalling. It remains to be seen whether the same holds 

true for other targets of Wg in the embryo such as engrailed or labial (both of which 

were shown to be reduced in FoxK-RNAi experiments by Casas-Tinto et al. (2008)).  

It is crucial to note that several of these FoxK-dependent genes are controlled by 

both Wg and Dpp signalling in the respective tissues where loss of foxK leads to 

downregulation of these targets. Future experiments should thus address whether 

FoxK functions downstream of Wg or Dpp, or is able to combine signals from both 

pathways to regulate gene expression. This seems likely given that Wg and Dpp 

inputs are often integrated at the level of transcriptional enhancers, as previously 

described for control of labial (Yu et al., 1996) or eve (Knirr and Frasch, 2001) 

expression, but also of Distal-less, which is regulated by both Wg and Dpp signals in 

the wing disc (Estella et al., 2008).  

Different enhancers are regulated by Dpp and Wg in distinct ways: for instance, 

expression of eve is thought to require binding of Tinman (a homeodomain protein 

important for development of the visceral mesoderm (Bodmer, 1993)) and Smad 

proteins (nuclear effectors of Dpp; reviewed in Affolter et al. (2001)), both of which 

are direct targets of Dpp. The eve enhancer is further bound by TCF and this controls 

tin expression such that expression only proceeds in tissues that receive a Wg signal. 

In contrast, regulation of bap, which is a target of Dpp and Wg in the visceral 

mesoderm, is indirectly regulated through Wg. Here, Wg induces slp1/2 expression 

leading to suppression of bap ((Lee and Frasch, 2005), recall that slp1/2 are 

homologues of mammalian FOXG), such that bap is only expressed in tissues without 

Wg expression. This interplay between Dpp and Wg is largely responsible for the 

segment-specific differentiation of tissues. 

Casas-Tinto describe a model by which foxK expression is directly regulated through 

the Dpp effectors Mad/Med resulting in its binding to labial enhancers to drive gene 

expression. It will be vital to establish whether FoxK then interacts with TCF through 
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binding of the same enhancer fragment, thereby integrating inputs from Dpp and 

Wg signalling. Future experiments should also address which genes specifically 

require FoxK-mediated regulation. 

This putative interplay between signalling pathways could also account for the 

discrepancy between my results in Drosophila and mammalian cells. Such an effect 

could not be measured using the SuperTOP reporter which only contains TCF 

binding sites and does not allow signal integration from different signalling pathways 

(unless these occur upstream of DNA binding).  

I further used the Ubx minimal enhancer as a reporter system to assess requirement 

of FOX binding sites in Wnt responsive enhancers. This revealed an absolute 

requirement of FKH binding sites for expression from this enhancer, but my analysis 

so far does not confirm a specificity for one individual FOX factor. It will be interesting 

to analyse whether a specific subset of Wnt target genes is more strongly 

regulated/bound by one group of FOX factors or whether there is a temporal or 

tissue-specific dependency during development. 

One of the most intriguing unanswered questions is how specific Wnt target genes 

are differentially regulated in different cellular contexts or time points. This is 

important not just in relation to FOX proteins but also more generally as it is likely 

that the composition of the enhanceosome differs between cell types or throughout 

the differentiation process as well as at different Wnt response elements. In the 

following paragraphs I suggest two approaches to extend our knowledge on this 

important question. 

With the development of two novel BirA* enzymes, TurboID and MiniID, BioID is now 

also feasible in Drosophila, as these enzymes are much more efficient and require 

low amounts of biotin (which can be supplied via food (Branon et al., 2018)). Such a 

setup has the advantage that different developmental stages can be assessed 
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relatively easily using GAL4 drivers to express the BioID constructs at distinct time 

points. By assessing core proteins of the enhanceosome as well as potential pioneer 

factors (FOXK, Runt or others), the assembly and composition of the enhanceosome 

can be tracked over time.  

Alternatively, the so-called CasID approach (Schmidtmann et al., 2016), which 

combines Cas9/sgRNA-mediated recruitment to specific loci with a BioID-based 

proteomic pull-down of interactors, would allow us to elucidate potential differences 

of enhanceosome composition at specific loci. CasID as well as the related C-BERST 

method (which relies on Cas9-APEX to label interactors) have been previously proven 

successful in studying the proteome associated with centromeres and telomeres 

(Gao et al., 2018; Schmidtmann et al., 2016). 

The method relies on a catalytically dead Cas9 enzyme (Qi et al., 2013), which 

interacts with sgRNAs recruited to any target locus. The Cas9 is fused to a biotin 

ligase leading to biotinylation of proteins associated with a specific locus. This 

experimental setup requires careful consideration of control loci to be used so that 

background normalisation can be achieved to subtract proteins binding to a broad 

range of loci.  

A CasID approach requires generation of stable cell lines expressing the Cas-BioID 

construct at low levels but then can be adapted to different loci relatively quickly by 

transient transfection of sgRNAs. Once established, this would allow us to assess 

different loci at different time points, i.e. before, during and after activation of Wnt 

signalling. 

  

In summary, I was able to provide evidence that FoxK is required for expression of a 

subset of Wg target genes during embryogenesis and wing development. While I 

conclusively showed that the currently available foxK allele, foxK16 by Casas-Tinto et 
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al. (2008), is not a foxK null allele, my novel foxK alleles will provide valuable tools for 

future experiments. Additionally, my BioID studies suggest different enhanceosome 

candidates that should be pursued in the future. 
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6. Material & Methods 

6.1. Antibodies 

Antibody Source 
Alexa Fluor 488 conjugated Goat a-Rabbit Ig Life Technologies 
Alexa Fluor 488 conjugated Goat a-Rat Ig Life Technologies 
Alexa Fluor 488 conjugated Goat a-Mouse Ig 
(highly cross-absorbed)  

Life Technologies 
 

Alexa Fluor 488 conjugated Goat a-Rabbit Ig 
(highly cross-absorbed) 

Life Technologies 
 

Alexa Fluor 546 conjugated Goat a-Mouse Ig Life Technologies 
Alexa Fluor 546 conjugated Donkey a-Rabbit Ig Life Technologies 
Alexa Fluor 546 conjugated Goat a-Rat Ig Life Technologies 
Alexa Fluor 546 conjugated Goat a-Mouse Ig 
(highly cross-absorbed) 

Life Technologies 

Alexa Fluor 647 conjugated Goat a-Rabbit Ig Life Technologies 
a-active b-catenin (a-ABC) Cell Signaling Technologies 
a-actin Sigma Aldrich 
a-Armadillo Developmental Studies Hybridoma Bank 
a-b-catenin BD Transduction Laboratories 
a-BirA Sino Biological 
a-DE-Cadherin Developmental Studies Hybridoma Bank 
a-dpp Developmental Studies Hybridoma Bank 
a-DVL2 Cell Signaling Technologies 
a-engrailed (4D9) Developmental Studies Hybridoma Bank 
a-FLAG (mouse) Sigma Aldrich 
a-FoxK Obtained from immunisation with FOXK216-417 
a-FOXK1 (ab18196) Abcam 
a-FOXK2 (#12008) Cell Signaling Technologies 
a-b-Galactosidase Promega 
a-GFP (rabbit) Sigma Aldrich 
a-GFP (mouse) Roche 
a-Groucho Developmental Studies Hybridoma Bank 
a-Histone 2 Abcam 
HRP-conjugated Goat a-Mouse Ig Santa Cruz Biotechnology 
HRP-conjugated Goat a-Rabbit Ig Invitrogen 
HRP-conjugated Goat a-Rat Ig Santa Cruz Biotechnology 
HRP-conjugated Goat a-Mouse Ig Santa Cruz Biotechnology 
HRP-conjugated Streptavidin (Strep-HRP) BioLegend 
a-Lamin Manfred Frasch 
a-Legless Obtained from Lgs232-555 by M. van Tienen 
Biotinylated Goat a-Mouse Vectorlabs 
a-Myc Santa Cruz Biotechnology 
a-hPYGOs (ab109001) Abcam 
a-hPYGO2 (ab99274) Abcam 
a-Pygo (Drosophila) Marc de la Roche, Bienz Lab, MRC LMB 



 

164 

a-vestigial Developmental Studies Hybridoma Bank 
a-Wg (4D4) Developmental Studies Hybridoma Bank 

 

6.2. Plasmids 

Plasmids used in this thesis are listed below. New constructs were generated from 

parental plasmids using standard methods including QuikChange (Agilent) or Gibson 

assembly (Gibson et al., 2009). Either KOD DNA Polymerase (Merck Millipore) or Q5 

High-Fidelity DNA Polymerase (NEB) were used as appropriate and plasmids verified 

by Sanger sequencing (Genewiz, UK).  

Bacterial DNA was isolated using either QIAprep Spin Miniprep Kit (Qiagen) or 

PureLink HiPure Plasmid Midiprep Kit (Invitrogen) according to manufacturer’s 

protocols. PCR products were purified with the appropriate kits by Qiagen. 

a-Senseless Prof Hugo J. Bellen 
a-TLE3 Santa Cruz Biotechnology 

Plasmid Source 
pcDNA5/FRT/TO Invitrogen (Cat #: V652020) 
pOG44 Invitrogen (Cat #: V600520) 
pcDNA5/FRT/TO-myc-BirA2 Bienz Lab, based on Kim et al. (2016) 
pcDNA5/FRT/TO-FLAG-TLE3-BirA2-NLS Derived from BirA2 vector 
pcDNA5/FRT/TO-FLAG-EGFP-BirA2-NLS Derived from BirA2 vector 
pcDNA5/FRT/TO-FLAG-PYGO-BirA2-NLS Derived from BirA2 vector 
pcDNA5/FRT/TO-FLAG-PYGODN-Box-BirA2-NLS Derived from BirA2 vector 
pcDNA5/FRT/TO-FLAG-PYGODPHD-BirA2-NLS Derived from BirA2 vector 
V5-TurboID-NES_pCDNA3 Addgene: #107169; Branon et al. (2018) 
V5-TurboID-NLS-TLE3_pcDNA3 Derived from Addgene #107169  
V5-TurboID-NLS-EGFP_pcDNA3 Derived from Addgene #107169  
Super 8x TOPFLASH Addgene: #12456; Veeman et al. (2003) 
CMV-Renilla Promega (Cat #: E2261) 
pcDNA3.1_FLAG-EGFP Bienz Lab 
pSpCas9(BB)-2A-GFP (PX458) Addgene: #48138 
pcDNA3.1-TLE3-HA Bienz Lab 
pcDNA5/FRT/TO-myc-hPYGO2 Bienz Lab 
hDVL2-EGFP Bienz Lab 
hDVL2DPDZ-EGFP Bienz Lab 
hDVLV334E-EGFP Bienz Lab 
FLAG-FOXK1 Sharrocks Lab 
FLAG-FOXK2 Sharrocks Lab 
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pHZ-Ubx250 Bienz Lab 
 

6.3. Bacterial transformation & generation of competent cells 

For bacterial transformation, chemically competent E. coli cells, strain Mach1, were 

incubated with purified DNA on ice and heat shocked for 45 seconds at 42ºC. 

Bacteria were then incubated in Super Optimal Broth (SOB) medium at 37ºC for 45-

60 min and plated on lysogeny broth (LB) plates containing the relevant antibiotics.  

Competent cells were generated by inoculating 1 L medium LB + 10 mM MgCl2 with 

20 mL of an overnight culture of Mach1 cells and incubating at 37ºC until OD600 ≤ 

0.6 was reached. Cultures were cooled to 4ºC, centrifuged (10 min at 2,500 x g) and 

the pellet resuspended in freshly prepared, cold CC buffer (10 mM PIPES pH 6.7, 15 

mM CaCl2, 250 mM KCl, 55 mM MnCl2), and the suspension incubated on ice for 10 

min. The centrifugation was repeated once before adding 3.5 mL dimethyl sulfoxide 

(DMSO, Sigma Aldrich) to the cells, incubating on ice for 10 min and flash-freezing 

aliquots in liquid nitrogen. Aliquots were stored at -80°C.  

 

6.4. Western Blotting 

Lysates of mammalian cells or fly tissues were prepared as appropriate for individual 

experiments and protein concentration determined using Pierce BCA Protein Assay 

Kit (Thermo Fisher). Briefly, a dilution series of albumin protein was prepared (15.5 – 

2000 µg/mL) as a standard alongside several dilutions of lysates to be tested. Pierce 

BCA reagents were added, and absorption quantified at 562 nm using a microplate 

reader. 

FLAG-FOXM1 Dr Suyan Huang 
FLAG-FOXO3a Sharrocks Lab 
pCFD3:U6:3-sgRNA Addgene: #49410, Simon Bullock, MRC LMB 
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Proteins were denatured in 4x NuPAGE LDS sample buffer (Invitrogen) by heating at 

98°C for ~5 min and separated on NuPAGE 4-12% Bis-Tris protein gels (Invitrogen) 

at 90-120V for 90-120 min unless otherwise stated. Separated protein was 

transferred to PVDF membrane (Millipore) by semi-dry transfer at constant voltage 

of 100V for 75 min. Membranes were stained with Ponceau S (0.5% (w/v) Ponceau S, 

1% acetic acid) to analyse efficiency of transfer, washed in PBT (PBS, 0.1% Triton X-

100) and blocked in blocking buffer (5% milk or 5% bovine serum albumin (BSA) in 

PBT) for approximately 30 min.  

Membranes were incubated in primary antibody in blocking buffer overnight at 4ºC 

and subsequently washed in PBT and incubated with HRP-conjugated secondary 

antibody for 2-4 hrs at room temperature (RT), followed by additional wash steps in 

PBT. Western blots were developed in ECL Western Blotting Detection reagent 

(Amersham) on X-Ray film (Photon Imaging Systems Lt). 

 

6.5. Mammalian cell culture  

 

Unless otherwise stated, mammalian cells were grown in standard Dulbecco's 

Modified Eagle Medium (DMEM, Thermo Scientific Fisher) with 10% fetal bovine 

serum (FBS) and supplied with antibiotics (1% Streptomycin, 1% Penicillin). Standard 

growth conditions were 37ºC in a humidified atmosphere with 5% CO2. Cells were 

regularly tested for Mycoplasma infection. 

Mammalian Cell Line Source 
HEK293T Bienz Lab, MRC LMB 
SW480 Bienz Lab, MRC LMB 
HeLa Bienz Lab, MRC LMB 
HEK293 Flp-In T-Rex Marc van Breugel, MRC LMB 
DVL TKO (HEK293TDDVL1/2/3) Melissa Gammons, MRC LMB 
Cos-7 Bienz Lab, MRC LMB 
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Induction of Wnt response was achieved by growing cells in Wnt3a-conditioned 

medium (WCM, derived from L Wnt-3a cells) for 6 hrs or in DMEM containing 20 mM 

LiCl for 4 hrs. As control media, DMEM containing 20 mM NaCl was used. 

For transfections cells were seeded at low confluency and transfected using 

polyethylenimine (PEI) or Lipofectamine 2000 as recommended by the manufacturer. 

For IF assays 100 ng plasmid DNA were transfected per 12-well. For luciferase 

reporter assays under overexpression, 200 ng plasmid DNA was used unless 

specified.  

DNA was isolated from cultured cells after washing cells with PBS, incubation in 

trypsin and centrifugation for 3 min at 5,000 rpm. Pelleted cells were resuspended 

in PBS and DNA extracted using Microlysis buffer (Microzone, UK). Genotyping 

oligonucleotides are listed in the appendix, section 8.2. 

 

6.6. Immunofluorescence of cultured cells 

Cells were seeded at low confluency in 24-well plates with coverslips pre-treated with 

poly-L-lysine (Sigma) to enhance adherence, and grown for 6-24 hrs before fixation 

in 4% PFA in PBT for 20-30 min. Permeabilisation in 0.2% Triton X-100 in PBS was 

followed by a blocking step in 5% bovine serum albumin (BSA) in PBT and overnight 

incubation with primary antibodies in blocking buffer. Cells were subsequently 

washed in PBT and incubated with appropriate secondary antibodies for 2-4 hrs in 

the dark at RT. Following additional wash steps in PBT, coverslips were mounted in 

ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). Images 

were acquired on a Zeiss LSM 710 confocal microscope (Carl Zeiss Inc.). 
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6.7. TCF reporter assay 

Expression of Wnt target genes in different genetic backgrounds was estimated 

using a luciferase-based reporter (SuperTOP, previously TOPFLASH) assay. For this, 

HEK293T or SW480 cells were co-transfected with SuperTOP, a plasmid expressing 

firefly luciferase under the control of multiple TCF-responsive elements (Veeman et 

al., 2003) and a control plasmid constitutively expressing luciferase (CMV-Renilla), 

and incubated for 12-24 hrs before inducing with Wnt3a-/LiCl-containing or control 

medium for 4-6 hrs.  

Cells were lysed in UBER buffer (20 mM Tris-HCl (pH 7.4), 10% glycerol, 200 mM 

NaCl, 0.2% Triton X-100, PhosphoSTOP (Roche), protease inhibitor tablet (EDTA-

free, Roche)) and luciferase emission quantified using the Dual-Glo Luciferase 

Reporter Assay kit (Promega) according to manufacturer’s specifications. Values 

were corrected for background readings of Renilla expression and two technical 

replicates per condition averaged before statistical evaluation of biological replicates 

(n ≥ 3, see figure legend for specifics of individual experiments) by Student’s t-test. 

Results are displayed as normalised to the respective uninduced (control medium, 

CM), empty vector (ev) control of each experiments, error bars are standard error of 

mean.  

Note that experiments done by Wang et al. and summarised in Chapter 3 use a 

different control plasmid called FOPFLASH for their experiments. This plasmid is 

analogous to the TOPFLASH plasmid but contains mutated TCF binding sites and is 

used as a measure for background luciferase expression. 
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6.8. CRISPR/Cas9 in mammalian cells 

Guide RNAs (sgRNAs) for CRISPR of mammalian cells were designed using the 

CRISPOR tool from the Zhang lab (available at crispor.tefor.net) and selected to have 

no or few predicted off-targets with mismatches across the length of the sgRNA to 

maximise specificity. sgRNAs were cloned into pSpCas9(BB)-2A-GFP (PX458, 

Addgene) and transfected into HEK293T cells. Oligonucleotides used in CRISPR 

experiments are listed in the appendix, section 8.3. 

Fluorescent cells were detected 48 hrs post transfection by fluorescence-activated 

cell sorting (FACS) and cells of intermediate GFP fluorescence, indicating successful 

expression of the Cas9-bearing plasmid, sorted into 96 well plates at 1-3 cells/well. 

Resulting clones were grown in DMEM for 2-3 weeks before analysis of gene editing 

by western blot and sequencing.  

Edited sequences were determined manually or by using the TIDE analysis tool 

(Brinkman et al., 2014; https://tide.deskgen.com). Per experiment, multiple lines, 

preferably generated through editing with different sgRNAs, were chosen for further 

experiments. 

 

6.9. Proximity labelling by BioID 

6.9.1.   Construct design and generation of stably transfected cell lines  

BioID functions through expression of a fusion protein consisting of the bait protein 

and a promiscuous biotin ligase that has been engineered to release highly reactive 

bioAMP (BirA*). Since the first description of this system by Roux et al. (2012) based 

on the original BirA-R118A enzyme from E. coli, which was used for BioID 

experiments with PYGO2 (described in Chapter 2), several such enzymes have been 

optimised for use in different organisms and cultured cells. A follow-up study by the 
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same lab lead to the discovery of BioID2 which is based on the Aquifex aeolicus BirA 

homologue (Kim et al., 2016). More recently, protein engineering in yeast has led to 

the development of two improved ligases, called TurboID and miniTurbo (Branon et 

al., 2018). As these novel enzymes require less biotin input as well as shorter labelling 

times, TurboID was used to generate a TLE3-BioID data set by subjecting cell lines 

stably expressing the fusion protein to a time course with different durations of 

biotinylation and Wnt induction. 

Since protein interaction studies depend on the normal function of the bait protein, 

the site of fusion to the BirA* enzyme needs to be carefully chosen. To this end, 

protein domains and secondary structure were analysed using the online tool Phyre2 

(Protein Homology/analogY Recognition Engine (Kelley et al., 2015); 

http://www.sbg.bio.ic.ac.uk/ ~phyre2/html/page.cgi?id=index) as well as any 

structural information available on PDB or other data bases, and insertion sites were 

chosen to be in unstructured regions where possible. Constructs were additionally 

tagged with a nuclear localisation signal (NLS from SV40 virus, PKKRKV) and either a 

FLAG-Tag (DYKDDDDK) or a V5-Tag (GKPIPNPLLGLDST).  

All BioID experiments were carried out using inducible expression of bait-BirA* 

fusion proteins to avoid interference with normal protein function and 

overexpression artefacts. Use of the Flp-InTM 293 T-Rex system (Thermo Fisher 

Scientific) allows generation of stably transfected, isogenic cell lines under the 

control of a tetracycline-inducible operator. Cells were transfected with 

pcDNA5/FRT/TO-“bait”-BirA* as well as the Flp recombinase vector pOG44 and 

selected with 100-200 µg/ml Hygromycin B (Carl Roth) in DMEM for 2-3 weeks until 

cell clones expressing the fusion protein were visible. Correct function of BirA* 

fusions was verified by assessing localisation of the fusion protein as well as ability to 

biotinylate by evaluating biotin smears after addition of biotin to the medium.  
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6.9.2.  Proximity labelling and pull-down 

Labelling and pull-down of biotinylated proteins follows the protocol published by 

Roux et al. (2013) and differs only in the following points. All cell lines stably 

expressing the fusion construct were induced with tetracycline (1 µg/ml in DMEM) 

for 12 hrs before adding 1 mM biotin to prevent experimental bias based on different 

levels of fusion protein. Biotin labelling times as well as amount of starting material 

were adjusted based on enzyme and experimental conditions and are stated in the 

respective result sections. Cells were washed in PBS, trypsinated and pelleted by 

centrifugation and subsequently flash frozen in liquid nitrogen. Lysis buffer (50 mM 

Tris-HCl pH 7.4, 500 mM NaCl, 0.2% SDS, 1 tablet EDTA-free Protease Inhibitor 

(Roche), 1 tablet PhosphoSTOP (Roche)) and Triton X-100 (final concentration 2%) 

were added to the pellet and cells lysed by sonication. Labelled proteins were bound 

to streptavidin beads by overnight incubation at 4ºC and unbound protein removed 

by washing three times in 2% SDS. Bound protein was eluted from beads by boiling 

samples in SDS loading buffer with added biotin (NuPAGE loading dye, 1 mM biotin) 

at 98ºC for 5 min. Samples were run on 8-12% NuPAGE protein gels at 60V until the 

dye front had run approximately 2.5 cm into the gel. Gels were stained overnight in 

Imperial stain (Thermo Fisher Scientific) and de-stained in distilled water for 2-3 days 

before being cut into 1 mm slices for mass spectrometry analysis, which was 

performed at MRC LMB by Mark Skehel and his team.  

 

6.9.3.  Mass spectrometry 

In short, gel slices were destained in 50% v/v acetonitrile and 50 mM ammonium 

bicarbonate prior to reduction with 10 mM dithiothreitol (DTT) and alkylation with 

55 mM iodoacetamide. Subsequently, proteins were digested with trypsin (Promega) 

in situ and extracted in a solution of 2% formic acid/2% acetonitrile. Digest analysis 
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was done by nano-scale capillary LC-MS/MS using an Ultimate U3000 HPLC in 

conjunction with a C18 Acclaim PepMap100 3 µm, 75 x 250 mm nanoViper (Thermo 

Fisher Scientific). Peptides were eluted with acetonitrile and analysed with a hybrid 

dual pressure linear ion trap mass spectrometer (Orbitrap XL, Thermo Fisher 

Scientific). MS spectra were collected over a m/z range of 300-2000 and searched 

against the UniProt KB database using the Mascot search engine programme 

(Perkins et al., 1999); Matrix Science, UK). Mass spectrometry data was analysed by 

comparing total spectral counts using Scaffold 4 (Keller et al., 2002); Proteome 

Software Inc.). For specifics of data evaluation please see Chapter 2 for description 

and discussion of different available methods. 

 

6.10. Drosophila standard methods 

All Drosophila stocks used in this work are listed below. Flies were grown at 18ºC or 

25ºC on Iberian or Cornmeal food kindly provided by the MRC LMB media kitchen. 

White- or yellow white- (yw) fly strains were used as WT controls in all experiments. 

Embryos were collected by keeping flies in cages on apple plates supplemented with 

yeast paste and staging them depending on experimental requirements (see results 

section). Numbering of stages is according to the definition listed in Campos-Ortega, 

Jose A., Hartenstein, 1997. 

Strain Source 
nos-Cas9 Bloomington: #54591, Bullock Lab, MRC LMB 
nos-GAL4::VP16, UAS-Cas9 Bloomington: #54593, Bullock Lab, MRC LMB 
yellow white Bienz Lab 
white Bienz Lab 
TM3/TM6 Bienz Lab 
CyO/IF; Ki/TM6 Bienz Lab 
nos-phiC31, attP2 Bullock Lab 
w*; D* P{FRT(whs)}2A/TM3, Sb1 Bloomington: #2024 
hsFlp;; GFP.nls, FRT2A Brown Lab, Gurdon Institute, Cambridge 
w*; vgFlp, Ki/TM6 Bienz Lab 
w*; vgFlp; GFP.nls, FRT2A Bienz Lab 
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FoxK10/TM6 edited in FoxK by sgRNA2, FOXK mutation not 
lethal, off-target lethality on chromosome III 

FoxK11/TM6 edited in FoxK by sgRNA6, confirmed FoxKKO 
FoxK23/TM6 edited in FoxK by sgRNA5, confirmed FoxKKO 
FoxK42/TM6 edited in FoxK by sgRNA6, confirmed FoxKKO 

 

For DNA extraction from adult Drosophila, anaesthetised flies were transferred to 

PCR tubes and ground in 20 µl Squish buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 

7.4, 25 mM NaCl) using a pipette tip. Fly tissue was then subjected to a heat cycle 

programme consisting of repeated alternation between 65ºC and 96ºC for time 

intervals of 1-4 min each. 0.5-1.0 µl of the supernatant were directly used in PCR 

assays. Genotyping oligonucleotides are listed in the appendix, section 8.2. 

Protein extraction from Drosophila larvae for western blot analysis was carried out 

by collecting 3rd instar larvae (~30 per strain) and dissecting the heads to remove 

fatty tissue. Samples were frozen on dry ice, 100 µl UBER buffer (20 mM Tris-HCl (pH 

7.4), 10% glycerol, 200 mM NaCl, 0.2% Triton X-100, PhosphoSTOP (Roche)) added 

and tissue homogenised using a handheld homogeniser and pestle. Additional 

w*;;FRT2A, ovoD/DMS,e/TM3,Sb St Johnston Lab, Gurdon Institute, Cambridge 
w*; HsFlp; TM3/Dr Bienz Lab 
alpha1.2 (expressing UbxB on II) Bienz Lab, see Thüringer and Bienz, 1993 
24B-UbxB (expressing UbxB from mesodermal 
driver 24B) 

Bienz Lab 

ArmS56F.GMR (F76) Freeman and Bienz, 2001 
PYGOS123 Thompson et al. (2002) 
ssdpL7/TM6c-twi::LacZ, Sb van Meyel et al. (2003) 
chipe55 Morcillo et al. (1997) 
Df(3L)BSC817/TM6c Bloomington: #27578 
Df(3L)BSC753/TM6c Bloomington: #26851 
Df(3L)ED4470 Bloomington: #8068 
w*;;FoxK16/TM6b Casas Tinto et al. (2008) 
w1118; Mi{ET1}FoxK[MB02091]/TM3, Sb1, Ser1 Bloomington: #23964 
cn1, ry506 Bienz Lab 
TM3, ry/ebony, ry506 Bienz Lab 
CyO/black; ry506 Bienz Lab 
FM6; ry506 Bienz Lab 
yw, hsFlp122; mwh1, jv, hs.CD22y[+]/TM3 Casal-Jimenez Lab, Zoology Dept., Cambridge 
FoxK2/TM6 edited in FoxK by sgRNA2, FOXK mutation not 

lethal, off-target lethality on chromosome III 
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homogenisation was achieved by loading the sample onto QIAshredder columns and 

centrifuging twice at 8,000 x g for 1 min each. The samples were then centrifuged at 

21,130 x g for 10 min to pellet any debris and protein concentration estimated using 

a standard BCA assay as described above. 

 

6.11. Fly transformation 

Purified plasmids for transformation of fly strains were dissolved in injection buffer 

(0.1 mM Na2HPO4 (pH 6.8), 5 mM KCl) and injected into dechorionated stage 2 

embryos at a concentration of 200 ng/µl unless stated otherwise. Stable integration 

of constructs was achieved either by PhiC31-mediated transformation or by random 

integration using a rosy+ marker plasmid to track integration. In the latter case, 

insertions were mapped using balancer strains carrying visible markers in a 

homozygous rosy- background and several independent, viable insertion lines used 

in downstream assays.  

 

6.12. CRISPR/Cas9 genome editing in Drosophila 

Guide RNAs for CRISPR in Drosophila were designed using the target finder design 

tool available at crisprflydesign.org and ordered as single-stranded oligomers from 

Sigma-Aldrich. Oligomers were hybridised with their complementary strands in 

buffer by subjecting them to a thermocycler programme consisting of a denaturation 

step at 95ºC to unfold the forward and reverse oligos followed by a step-wise 

decrease in temperature of 1ºC/15 sec to 25ºC for annealing. Oligonucleotides used 

in CRISPR experiments are listed in the appendix, section 8.3. 

Double stranded oligomers were ligated into a BbsI restriction site of pCFD3-

dU6:3gRNA (Addgene: #49410; kindly provided by Simon Bullock, MRC LMB (Port 
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et al., 2014)). The resulting sgRNA-containing plasmids were transformed into Mach1 

E. coli cells and correct clones grown for plasmid isolation as described above.  

Injection and fly crosses for CRISPR/Cas9 in Drosophila were carried out either via 

the so-called fast method, which bypasses generation of stable transformants 

expressing sgRNAs after integration into the genome, or via selection of sgRNA-

expressing flies before crossing them to a Cas9 source, which is referred to as the 

slow method.  

For the fast method, embryos expressing UAS-Cas9 in the germ line from a nos-

Gal4::VP16 driver (Bloomington stock centre: #54593) were injected directly with 

sgRNA plasmid and hatching adults crossed individually to appropriate balancer flies 

(TM3/6 for editing on the 3rd chromosome). From each resulting line approx. 10 

males or virgin females were again crossed to balancer flies to establish lines 

resulting from individually edited germ cells to ensure homogeneity within each line. 

The resulting lines were either preselected for the expected phenotype (e.g. 

homozygous lethality) or sequenced randomly. 

While this method yields results approximately 3 weeks faster than the slow method, 

it is also less efficient, which is why I decided to use PhiC31-based stable sgRNA 

transformation in later stages of this work. To this end, sgRNAs were cloned into a 

variant of pCFD3-dU6:3sgRNA containing a white+ marker rather than the original 

vermillion-marked plasmid. SgRNAs were stably integrated into the genome of nos-

phiC31; attP2 flies (Bloomington: #25710) and transformants selected based on eye 

colour and then further crossed to nos-Cas9 flies (Bloomington: #54591). Progeny 

from this cross was selected based on darker red eye colour due to the combined 

expression of two white+ alleles associated with the sgRNA and the Cas9 constructs, 

respectively, and outcrossed to balancer flies similarly as described above. All 

CRISPR alleles generated in this thesis are listed in the appendix, section 8.4. 
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The C-terminal truncation of FoxK to remove the putative PDZ binding element was 

generated by transient expression of the sgRNA construct which was injected 

simultaneously with a double-stranded DNA repair template carrying mutations to 

insert premature STOP codons. The repair template was designed to have 

asymmetric homology arms with ~90 bp on the side of the mutation and ~30 bp on 

the opposite side (see section 8.5). The construct was ordered as a dsDNA 

oligonucleotide from IDT (Integrated DNA Technologies, US) and used at 12.5 µM 

in injection buffer (see above). The oligo was not HPLC-purified as this can lead to 

toxicity effects in fly embryos. 

Knock-out or truncation lines were confirmed by sequencing and, where available, 

western blot analysis as well as crosses to deficiency lines to confirm lethality at the 

appropriate locus as opposed to off-target loci.  

 

6.13. IF of Drosophila embryos 

Embryos collected on apple plates were transferred to falcons containing a mesh 

and washed under tap water to clear away yeast and other debris, before 

dechorionating in 100% bleach for 2-3 min. Following another wash step, embryos 

were transferred to fixative solution (75% heptane, 4% formaldehyde in PBS) and 

fixed under shaking for 30 min. The heptane-containing phase was removed and ice-

cold methanol added before vigorously shaking the embryos for ~1 min to remove 

the vitelline membrane.  

In order to remove any traces of fixative, embryos were further washed five times in 

100% methanol before step-wise rehydration using methanol-PBS mixes with 

increasing concentrations of PBS (25%, 50%, 75%, 100%). Subsequently, PBT buffer 

was added for 30 min on a roller to permeabilise embryos before blocking in BBT 

buffer (PBS, 0.1% Tween-20 or 0.1% Triton X-100, 1% BSA) for 1-2 hrs at RT. 
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Collections were then incubated in primary antibody diluted in BBT buffer overnight 

at 4ºC on a roller. Unbound antibody was removed by washing three times 10 min in 

BBT, followed by incubation with secondary antibody for 2-4 hrs. Following two 

further wash steps in BBT as well as one wash in PBT, embryos were transferred to 

microscope slides using a cut pipette tip to avoid squishing the embryos. Liquid was 

removed as much as possible before adding a drop of DAPI-containing mounting 

medium (Vectashield Hardset Antifade mounting media with DAPI, Vector Labs, 

USA). Slides were sealed with a cover slip and nail polish before imaging with a Zeiss 

LSM 510 confocal microscope and Z10 software.  

 

6.14. IF of Drosophila wing discs 

Per sample, around 20-30 3rd instar (“climbing”) larvae were dissected in PBS to 

remove fatty tissue and the heads transferred to baskets in 24 well plates. Tissue was 

fixed in 4% formaldehyde in PBT for 30 min at RT. Samples were subsequently 

washed 5 times in PBT to remove any fixative and blocked in BBT for 1 hr at RT. 

Larval tissue was then transferred into microcentrifuge tubes in approximately 100 µl 

BBT containing the respective primary antibodies and stained overnight at 4ºC. 

Primary antibodies were washed off through 3 incubations in BBT for 10 min each, 

before incubating with appropriate secondary antibodies for 2-4 hrs at RT in the dark. 

Following one additional wash step in BBT, samples were washed twice in PBT for 

10 min each.  

Discs were dissected from larval tissue and mounted in DAPI-containing medium with 

the “pouchy” side to the top to allow visibility of Wg-patterned tissue. Samples were 

imaged using a Zeiss LSM 510 confocal microscope. Z stacks were acquired with Zen 

software where appropriate and collapsed into 2D images using the ImageJ analysis 

tool.  
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6.15. 3,3’-diaminobenzidine (DAB) staining on Drosophila embryos 

In order to analyse the embryonic gut phenotype, embryos were mounted in epoxy 

resin as this offers the advantage of being able to position the sample after fixation, 

which is impossible in hardset medium as used for fluorescence microscopy.  

To this end, strains were used that express LacZ fusions of Wg target genes or carry 

a TM6-twi::LacZ balancer to distinguish homozygous mutant from heterozygous 

embryos. Embryos were stained with 3,3’-diaminobenzidine (DAB) allowing for use 

of a normal stereo microscope. This protocol follows the steps of the IF protocol (see 

6.14.) up until the addition of primary antibody, for which an anti-LacZ antibody was 

used in overnight incubation.  

Following three wash steps in BBT, embryos were incubated with a biotinylated 

secondary antibody for 2-4 hrs at RT on a roller. Biotinylated secondary antibody was 

washed off in 3 wash steps of 10 min each in PBT to remove all traces of azide, during 

which VECTASTAIN ABC reagent was prepared according to manufacturer’s 

specifications (VECTASTAIN Elite ABC HRP Kit, Vector Labs, USA). Samples were 

incubated in ABC reagent for 30 min at RT on a roller before being washed in PBT 6 

times for 5 min and transferred to staining dishes with a cavity. This step adds 

avidin/biotinylated peroxidase complexes (ABC) to the secondary antibody and 

thereby provides the substrate for subsequent DAB staining.  

In quick succession, embryos were treated with 250 µl DAB (2 mg/ml in PBS), 12 µl 

cobalt-nickel mix (1% CoCl2/1% NiSO4) and 5 µl freshly prepared 0.3% hydrogen 

peroxide. The peroxidase complexed at sites where secondary antibody is bound is 

required to facilitate the reaction between DAB and hydrogen peroxide, which 

results in a brown precipitate. As soon as the first embryos showed brown staining 

the reaction was stopped by adding 1 ml PBT and quickly removing as much solution 

as possible to avoid overstaining. After a repeated wash step with PBT, embryos 
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were dehydrated in 100% ethanol before being placed in 100% methylsalicylate, 

transferred to microscopic slides and enclosed in epoxy resin (Araldite). Kept at -

20ºC, these preparations remain flexible enough to be manipulated directly under 

the microscope (Nikon Eclipse TE2000-E). 

 

6.16. Preparation of Drosophila cuticles 

Denticle belts of embryonic cuticle were analysed by collecting embryos of a TM6-

twi::GFP balanced strain overnight in cages. Since loss of fluorescence due to 

metabolic degradation in dead embryos of homozygous mutants was a concern, 

embryos were directly sorted by GFP fluorescence onto separate apple plates and 

either left to develop for 48-72 hrs at 25°C to ensure maximum development for 

germ line clone experiments or used directly for all other experiments. 

Embryos were subsequently incubated in bleach to remove the chorion and washed 

in PBS before being transferred to microscopic slides. Hoyer’s medium (Wieschaus 

and Nüsslein-Vollhard, 1986) mixed with lactic acid (1:1) was used as mounting 

medium followed by overnight incubation at 65ºC to allow the medium to set. 

Samples were imaged using a Nikon Eclipse TE2000-E microscope and analysed 

using Axio and ImageJ software.  

 

6.17. Preparation of adult wings 

In order to assess mutant clones in adult wings, flies were anaesthetised and 

dehydrated in 100% ethanol for 24 hrs. Wings were removed and mounted in a 6:5 

mixture of lactic acid:ethanol and analysed with a Nikon Eclipse TE2000-E 

microscope. 
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6.18. Preparation and imaging of Drosophila eyes 

Adult eye morphology was captured by photographing detached heads that were 

glued sideways onto a microscope slide. Images were acquired by mounting a Sony 

Alpha 6300 camera to a standard dissecting microscope and imaging at low 

magnification. Pictures were evaluated using ImageJ software by measuring eye area 

in pixels with the area measuring tool. Data points were found to be Gaussian 

distributed (Anderson-Darling and Shapiro-Wilk test in GraphPad Prism) and 

statistically analysed using one-way ANOVA analysis. Values are shown as mean and 

first and last quartile of at least n = 15 independent measurements per genotype.  

 

6.19. Generation of homozygous mutant clones 

Analysis of homozygous lethal mutations such as the FoxK alleles was achieved by 

recombining the mutant allele onto the appropriate FRT strain on chromosome 3L 

(w*; D* P{FRT(whs)}2A/TM3, Sb1, insertion at 79D, for FoxK). Independently 

recombined lines were screened for loss of the Dichaete marker and confirmed by 

complementation with original lines. 

 
Figure 6.1. Cartoon of chromosome arm 3L with the FoxK, Dichaete and FRT2A loci 
marked.  
According to the recombination map coordinates of FoxK and FRT2A, the probability of cross-
over between both loci should be approx. 13%.  
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Mutant clones in the wing imaginal disc were generated using flippase constructs 

driven from a HS (hsFlp, FRT2A) or wing-specific (vgFlp, FRT2A) promoter. Twin spots 

were each marked by nuclear expression of GFP. 

In order to assess the phenotype of complete null embryos, i.e. embryos lacking 

maternal contribution of the respective gene, germ line clone-derived embryos were 

obtained by making use of the ovoD technique (Chou and Perrimon, 1992). Mitotic 

recombination of females carrying a hsFlp; FRT2A P{ovoD1}/FRT2A FoxKKO construct 

was induced with a single HS of 1.5-2 hrs at 37ºC approximately 48-72 hrs post laying. 

Resulting female virgins were further crossed to FoxKKO males balanced with TM6-

twi::GFP for downstream IF analysis or TM6-twi::LacZ for downstream DAB staining.  

 

6.20. Generation of a-FoxK antiserum 

As no commercial antibody was available for Drosophila FoxK, custom antiserum was 

prepared by immunisation of rats with FoxK antigen. The following experiments were 

carried out in collaboration with Marc Fiedler (Bienz Lab, MRC LMB).  

Antigenicity programmes such as SVMTriP (Yao et al., 2012) 

(http://sysbio.unl.edu/SVMTriP/) and the protein analysis tool of MacVector 

(https://macvector.com/MacVector/proteinanalysis.html) were used to determine 

the most suitable regions for immunisation, whereby the FKH domain was avoided 

in order to prevent cross-binding to other FOX proteins.  

The antiserum was selected to bind to the unstructured region between the FHA and 

FKH domains of FoxK (amino acids 216-417) as this should allow discrimination of all 

FoxK mutant alleles generated in this work, all of which are truncated at or before 

the FHA domain and are thus not expected to be detected by this antiserum.  
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The resulting sequence was cloned from a Drosophila cDNA library (clone LD11294, 

Marc Fiedler, unpublished) into a Lip-tagged vector by Marc Fiedler and transformed 

into a phage-resistant BL21 E. coli strain. Transformed cells were grown in LB media 

to OD600 = 0.7 at 24°C and induced with 400 µM Isopropyl b-D-1-

thiogalactopyranoside (IPTG) over 4 hrs for protein expression. Bacteria were 

pelleted at OD600 = 1.8 by centrifugation (4°C, 30 min at 4000 rpm) and flash-frozen 

in liquid nitrogen. Pellets were resuspended in lysis buffer (25 mM Tris-HCl pH 8.0, 

200 mM NaCl, 20 mM Imidazole, 1 protease inhibitor tablet (EDTA-free, Roche)) at 

RT until thawed before adding 500 µl 100x DNase I. Cells were lysed through 

homogenisation with an Emulsiflex C-3 (Avestin) and cleared through centrifugation 

for 30 min at 35,000 rpm at 4°C.  

The FoxK-Lip fusion protein was bound to a Nickel column by adding the supernatant 

of the lysed bacteria pellet to Nickel resin and incubating for 45-60 min on a roller at 

4°C. Resin material was pelleted by centrifuging at 600 rpm for 3 min and washing 

in lysis buffer twice. In addition, one wash step with high salt buffer (1 M NaCl final 

concentration in lysis buffer) was included, followed by an additional wash in lysis 

buffer. The fusion protein was eluted by adding imidazole buffer (lysis buffer, 500 

mM Imidazole).  

Protein concentration was measured by dividing absorption at 280 nm with the 

extinction coefficient (0.432 for Lip-FoxK216-417 as calculated using the ProtParam Tool 

(Gasteiger et al., 2005), available at https://web.expasy.org/protparam/). A fraction 

of this sample was used for TEV cleavage to cleave off the Lip-Tag by adding 12.5 

µg/ml TEV protease and 10 mM DTT overnight at 4°C. As this resulted in 

precipitation of the cleaved protein construct, the uncleaved fraction was used for 

all further experiments including for animal immunisation. This bears the possible 

caveat of developing antibodies against the Lip-Tag; however, due to the low 
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antigenicity of the Lip tag this is not expected to interfere with the generation of a-

FoxK antiserum.  

Purified Lip-FoxK216-417 was run on a gel filtration column (Sephadex G75, calibrated 

for small proteins) and fractions of the main peak (A4-A10, Figure 6.2) were applied 

to an SDS-PAGE (Bis-Tris 4-12%, MES buffer) for 35 min at 200V, then stained 

overnight in InstantBlue (Sigma Aldrich) and de-stained in distilled water.  

The gel showed a largely clean sample with a higher molecular weight band 

characteristic of multimerisation of the protein (Figure 6.2, red arrow). 50 mM DTT 

were added to avoid the formation of disulphide bonds leading to these higher 

molecular weight species, which resolved this issue.  
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Figure 6.2. Preparation of Lip-FoxK216-417 antigen for immunisation of rats for generation 
of FoxK antiserum. 
A) Based on antigenicity analysis via SVMPTriP and the protein analysis tool of MacVector, 
the region between the FHA and FKH domains was chosen for immunisation, expressed as a 
Lip-tagged fusion protein in bacteria and purified using a Nickel resin.  
B) - D) SDS-PAGE and Gel filtration were used to analyse purity of the sample. The Lip-FoxK 
fusion protein is expected to run at approx. 40kDa (green arrow in C & D), higher molecular 
weight bands (red arrow in C & D) indicate dimerisation, which was successfully resolved by 
addition of 50 mM DTT. TEV cleavage to cut off the Lip tag led to precipitation leaving only 
the Lip tag in the supernatant (blue arrow in D). 
 

Purified antigen was shipped to Eurogentec in DTT buffer and used for injection of 

two rats followed by application of their 28-day Speedy Programme. Final bleed 

antiserum was used without purification for western blot analysis of FoxK mutant 

flies, whereas use of this FoxK antiserum in IF required further purification. 
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To this end, 50 µg/well Lip-FoxK216-417 antigen was loaded onto a NuPAGE 4-12% Bis-

Tris protein gels (Invitrogen) and run at 200V for 35 min. The antigen was transferred 

onto PVDF membrane by semi-dry transfer (100V, 1:15 h) and the membrane stained 

with Ponceau S (0.5% (w/v) Ponceau S, 1% acetic acid).  

The membrane section containing the antigen was then cut out as small as possible 

and cut into smaller pieces that were transferred to a 2 ml centrifuge tube and 

blocked with 5% milk in PBT for 1 hr at RT. The membrane pieces were then washed 

3 times in PBT before adding 2 ml antiserum for overnight shaking at 4ºC. This was 

followed by 3 washes in PBT before eluting the antibody from the membrane with 

500 µl 100 mM glycine (pH 2.5) for 1 min. The supernatant was then added to 100 µl 

1 M Tris-HCl (pH 8.0) to neutralise the solution. Elution was repeated twice and the 

respective eluates kept separately for testing on western blot. Purified antibody was 

kept at 4ºC in Tris-HCl (pH 8.0).  
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8. Appendix 

8.1. Websites 

Cancer Today  https://gco.iarc.fr/today/home  

Cistrome Project http://www.cistrome.org    

CompPASS  http://besra.hms.harvard.edu/ipmsmsdbs/cgi-bin/tutorial.cgi 

CRISPOR  http://crispor.tefor.net 

Fly CRISPR  https://www.crisprflydesign.org/ 
 
Human Protein Atlas https://www.proteinatlas.org  

NLS Mapper  http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi  

ONCOMINE  https://www.oncomine.org/resource/main.html 

Phyre2    http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index  

PROMO  http://alggen.lsi.upc.edu 

ShinyGO  http://bioinformatics.sdstate.edu/go/ 

TIDE    https://tide.deskgen.com 

 

8.2. Oligonucleotides for Genotyping 

Organism Gene/Allele Target Sequence 

Drosophila FoxK11 
FoxK23 

FoxK42 

Exon 2_I Fw: 5’-GCGGCGCTGAATAACTACAA 

Rv: 5’-TTAATGTTCATATTGCTTCGCGA 

Seq: 5’-TAACAACAACAGCGCCGATC 

Drosophila FoxK2 
FoxK10 

Exon 2_II Fw: 5’-TTGCAGGCCAACAACAACAC 

Rv: 5'-ACGTTGAAGTGAACCAGCGA 

Seq: 5’-TTGCAGGCCAACAACAACAC 

Drosophila FoxKDC-Term Exon 9 Fw: 5’-AATCAGCACCTGGATCACCG 

Rv: 5’-GTGTGCTTGCATAAGTCGCC 

Seq: 5’-CGTGCGTTCATGTTCCTTAAGTTC 
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Drosophila FoxK16 Exon1-6 Fw: 5'-ACGTGGTACCCATTTCGTGA 

Rv: 5'-AGCTCTCGCGCGAATTATCT 

Seq: 5’-CTGTCCGGATCAATACGCCA 

Human (HEK293T) FOXK1 Exon 1 Fw: 5’-CCATGCTCAAGTCCACCGAG 

Rv: 5'-CCATTGGCCTGCTTCGGTA 

Human (HEK293T) FOXK2 Exon 1 Fw: 5'-ATACCCCGTTCTTGCCCAAG 

Rv: 5'-GGGAGATGAAGCTCGAGTGG 

Human (SW480) hPYGO2 Exon 3 Fw: 5’-CCGCCTAACACAAGTCCCTT 

   Rv: 5’-ATAGGCGCTCTCAGTCATGC 

   Seq: 5’-GATCTCACCCACCATGGGAC 

 

8.3. Oligonucleotides used as sgRNAs for CRISPR/Cas9 editing 

Organism Gene Identifier Target Sequence [5’-3’] 

Drosophila FOXK sgRNA2 Exon 2 AACACCACCGCCTGCAGTAG 

Drosophila FOXK sgRNA5 Exon 2 TTGAAGCGTAGTTCTCCATA 

Drosophila FOXK sgRNA6 Exon 2 GTCCAGTGCCTAAGCAAGAA 

Drosophila FOXK sgRNA2 Exon 9 TACGGTGGCACCGGTTCGCT 

Human (HEK293T) FOXK1 sgRNA1 Exon 1 GCTGCCTCCGGGCGCGATCG 

Human (HEK293T) FOXK1 sgRNA2 Exon 1 CGAGTTCGAGTTCCTCATGC 

Human (HEK293T) FOXK2 sgRNA2 Exon 1 AAGAAGCGCTCGGTGACCAT 

Human (SW480) hPYGO2 sgRNA1 Exon 3 CCAGGCTTGGTGTACCCATG 

 

8.4. FoxK CRISPR alleles generated in this work 

Organism Gene Identifier Allele Sequence [5’-3’] 

Drosophila FoxK sgRNA2 WT CACCAATACTGCAGGCGGT 

   FoxK2 CACCAAT-CTGCAGGCGGT (D 1 bp) 
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   FoxK10 CACCA--------GGCGGT (D 8 bp) 

Drosophila FoxK sgRNA5 WT CTTCCCCGCCATATGGAGGACTACGCTTCAATCA 

   FoxK23 CTTC-------------------------AA (D 25 bp) 

Drosophila FoxK sgRNA6 WT GCCTAAGCAAGAATGG 

   FoxK11 GCCTAAGCA-GAATGG (D 1 bp) 

   FoxK42 GCCTAAG--AGAATGG (D 2 bp) 

 

8.5. dsDNA Oligo used as a repair template in CRISPR for FoxK truncation 

5’-ACCCATGGGCCTCACTATTTGCCCTTGTTCTGCCGGTGCTTCTGGATCCGCACGCATCAGAGC 

ACTTCCGACACGTACTAAGGTCACTTGGCCACGGTGGCATCGGTGGCAGTGGTGACGC 
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8.6. Measurement of eye size of F76 crossed to FOXK and different Wg 

mutants – male and female data sets.  

 
Heterozygosity for foxKKO substantially ameliorates the rough-eye phenotype of a 
constitutively active Armadillo mutant.  
Flies heterozygous for constitutively active Armadillo (ArmS56E or F76, overexpressed using an 
eye-specific driver (GMR-Gal4)) as well as foxKKO alleles (foxK23 and foxK42) or Wg pathway 
mutants (pygoS123, ssdpL7 and chipe55). Area measurements were done in Pixel using ImageJ 
as shown (yellow marking). Normal distribution and one-way ANOVA analysis including 
Turkey’s multiple comparison tests were done in GraphPad Prism. Heterozygosity of pygoS123 
in a F76 background leads to full suppression of the rough eye phenotype (white vs. 
pygoS123/F76 not statistically significant). Both foxK alleles rescue the rough-eye phenotype 
significantly. SsdpL7/F76 and chipe55/F76 are not significantly different from each other. 
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Multiple comparison test showed that all other comparisons are statistically significant by one-
way ANOVA. p < 0.0001. 
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8.7. Raw Data PYGO2 BioID (Cut-off ≥ 3 TSC) 
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8.8. Raw Data TLE3 BioID (Cut-off ≥ 3 TSC) 
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