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Summary 
 

Transcriptional regulation is a multifaceted and fundamental process, which underpins normal physiology, 

and its dysregulation is associated to numerous pathologies. Using two inherently different transcriptional 

programmes, we probed the complex nature of the components and systems that govern their organisation. 

1) The differentiation of Multiciliated cells (MCCs) requires the sequential action of the atypical 

transcriptional activators GEMC1 and MCIDAS. Activation of the pathway results in the projection of 

dozens to hundreds of motile cilia from the apical surface of MCCs to promote the movement of fluids in 

the mammalian brain, airway or reproductive organs.  How these factors operate and the extent to which 

they play redundant functions remains poorly understood. Here, we demonstrate that the transcriptional 

targets and proximal proteomes of GEMC1 and MCIDAS are highly similar. However, we identified 

distinct interactions with SWI/SNF subcomplexes; GEMC1 interacts primarily with the ARID1A 

containing BAF complex and MCIDAS with the BRD9 containing ncBAF complex. Inhibition of BRD9 

impaired MCIDAS-mediated activation of several target genes and compromised MCC differentiation in 

two Multiciliogenesis models. We further began to decipher the regulatory role CCNO, a cyclin expressed 

during MCC differentiation, has on this complex process, highlighting a number of important interactions. 

Our data suggests that the differential engagement of distinct SWI/SNF subcomplexes by GEMC1 and 

MCIDAS is required for MCC-specific transcriptional regulation and that CCNO regulates the process. 

2) Large transcriptional apparatus can form transcriptional condensates, in a process known as phase 

separation, aberrations of which can affect the activity of genes responsible for human disease. Castration 

resistant prostate cancer is a disease that is driven by the pathogenic Androgen Receptor (AR), a 

transcription factor which is currently thought to be “undruggable”. Here we demonstrate, that by altering 

the aromaticity of the AR through tyrosine mutations, we can impair the formation of condensates that 

results in defective translocation, protein interactions and transcriptional activity. Furthermore, using a 

panel of novel small molecule inhibitors, we could perturb AR phase separation and arrest its protein 

interactions and functions in tumour development.  
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1. Regulation of transcriptional specificity in 

development and disease 

a. Transcription and Transcription Factors  

 

Transcription, the process of copying the information in a strand of DNA into a molecule of messenger 

RNA (mRNA), is fundamental to all living organisms. Thus, understanding how transcription is regulated 

is of great importance in biology, as it orchestrates the vast majority of biological processes, from cell 

differentiation to apoptosis.   

Transcription factors (TF) are DNA-interacting proteins that govern the expression of specific genes.  They 

serve as key components of signalling pathways by binding to specific short DNA base pair patterns, termed 

motifs or cis-regulatory elements (CREs), in the promoters or enhancers of target genes (Rebeiz et al., 

2017). Transcription is initiated by the promoter, that is key to controlling when and where in the organism 

a particular gene is expressed, and is further amplified by enhancers (Andersson et al., 2019). 

Typically, a promoter sequence is a short region of DNA approximately 100–1,000 bp, located directly 

upstream or at the 5' end of a specific sequence in DNA termed a transcription start site (TSS) (Le et al., 

2019). The core promoter sits nearest to the TSS and typically contains a well characterised DNA sequence, 

typically a TATA box or B recognition element (BRE), that indicates where a genetic sequence can be read 

and in which direction (Mishal et al., 2022). Further upstream, from a few hundred to kilo-base pairs are 

the proximal and distal promoters which contain many additional regulatory elements. Transcription is 

further regulated by position and orientation specific elements, including enhancers, insulators, and 

silencers. These contribute to the regulation of gene expression, as discussed later (Lin et al., 2018).   

Transcription takes place in three key stages (Figure 1). The Initiation step requires the binding of several 

general TFs.  This mediates the binding of RNA polymerase (RNAP), whilst ensuring the preceding DNA 

is unwound in a “transcription bubble,” at a selected TSS. An Elongation step then proceeds where the 

RNAP reads and synthesizes an mRNA product from complementary nucleotides, in typical short bursts 

of 11–15 nucleotides in length. Throughout elongation, there is a proofreading step that ensures the 

transcribed RNA molecule does not insert incorrect bases. Lastly, the termination step occurs where 

transcription ends, as the RNAP meets a termination sequence. The mRNA strand is then complete and 

detaches from DNA to be exported to the cytoplasm, where they are finally translated into proteins by the 

ribosome.  
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Figure 1 – Stages of Transcription.  Three stages of transcription. 1) Initiation: RNA Polymerase binds 

to DNA at specific transcription start site, located in the core promoter. DNA is unwound prior to RNA 

Polymerase. 2) Elongation: nascent nucleotides are utilised to generate mRNA from complementary 

template strand of DNA as RNA polymerase moves along DNA. 3) Termination: transcription ends as the 

RNA Polymerase meets a termination sequence in the DNA. The mRNA strand is complete and it detaches 

from DNA. Created with BioRender.com. 

Generally, TFs have at least one DNA binding domain, one or more transcription activation domains 

(TAD), which are responsible for recruiting transcriptional machinery to target promoters/enhancers, and 

often a dimerisation domain. In many cases, TF also have other protein–protein interaction domains (Brent 

and Ptashne 1985; Keegan et al., 1986). It is estimated in mammals that there are at least 1500 TFs present, 

conserved in at least 70 different sub-classes, reflecting homologies in their DNA-binding domains 

(Lambert 2018; Fulton et al., 2009; Vaquerizas et al., 2009).  Three of the largest categories of site-specific 

DNA binding factors (which encompass over 50% of all TFs), interact with the genome through conserved 

DNA binding domains called zinc fingers, homeodomains, and helix–loop–helix domains (Vaquerizas et 

al., 2009).  

Single TFs are capable of binding and altering the expression of thousands of genes, although often they 

function in unique multifaceted networks between TFs and TF binding proteins to govern specific 

expression patterns. These include interactions with cofactors, regulatory proteins, such as phosphatases 

and kinases, as well as interactions with dimerisation partners, subunits and inhibitory proteins. Moreover, 

as chromosomal DNA is organised into chromatin, partially to avoid uncontrolled transcription, TFs also 
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interact with several chromatin re-modelling proteins. These complexes are essential to ensure the 

accessibility of DNA and permit the opening of chromatin and gene transcription (Figure 2).  

Some TFs are described as ‘pioneer factors’ due to their ability to initiate chromatin remodelling by binding 

to sites located in condensed, inactive chromatin. Additionally, they facilitate the binding of many other 

TFs to control tissue-specific gene activation. 

 

Figure 2 – Chromatin unwinding and transcription regulation. Factors that regulate transcription, not 

necessarily in order. DNA has to be unwound from a tightly compacted and condensed state around 

histones. A nucleosome is the basic structural unit of DNA packaging and their levels of occupancy are a 

common determinant of gene regulation. Histone modifications are marks that regulate chromatin 

compaction, nucleosome dynamics, and transcription.  RNA Polymerase mediated transcription takes place 

around active promoters and cis-regulatory elements with the aid of transcriptional activators/co-factors. 

Cis regulatory elements are noncoding DNA sequences which play a critical role in gene expression 

regulation. Adapted from “Regulation of Transcription in Eukaryotic Cells”, by BioRender.com (2022). 

Retrieved from https://app.biorender.com/biorender-templates 

Promoters represent critical elements that work in concert with other regulatory regions. Typically, 

transcription driven by only core promoters is of low output (Roeder et al., 1996). Enhancer elements 

collaborate with promoters from afar, creating long-range interactions or promoter-enhancer loops which 

fundamentally contribute to the control of transcription (Sanyal et al., 2021).  
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Enhancrs are sequences of genomic DNA elements several hundred bps in length. They function to boost 

transcription of a target promoter independently of the enhancer’s relative orientation and distance (Zabidi 

et al., 2016). Their sequence contains TF recognition sequences which enable a number of TFs to bind, 

which in turn can recruit an array of co-factors. Transcriptional co-factors (coactivators and corepressors) 

are typically unable to bind to DNA but mediate communication between regulatory TFs, the core 

promoter and enhancers (Zabidi et al., 2016).  

TFs frequently bind to proximal gene promoter sequences, but they are more often bound to distal 

enhancers which can be located many MBs away from their target gene (Grosveld et al., 2021). Thus, 

enhancers enable promoters to achieve high rates of transcription in a tissue specific manner. 

Emerging work suggests that enhancers function within larger domains, in clusters termed super-enhancers 

(SE). These SEs are clusters of smaller enhancers in close proximity, which are occupied by an unusually 

high density of transcriptional machinery (Figure 3). By compartmentalising RNAP and TFs, they have 

been shown to control mammalian gene expression and play essential roles in cell-type-specific processes 

(Hnisz et al., 2013; Whyte et al., 2013).   

 

 

Figure 3 – Super Enhancers. A highly dense area of local enhancers that are occupied by large occupancy 

of transcriptional activator proteins are termed super enhancers. The Mediator complex is key to promote 

the recruitment of transcription factors and co-activators as well as linking distal enhancers to their 

promoters in regulating gene expression. Created with BioRender.com. 
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b. Condensates in biology 

i. Intrinsically disordered proteins (IDRs) 

Protein-Protein interactions normally depend on intricate geometric compatibility and noncovalent 

interactions between folded structures. However, the majority of TFs (>60%), contain intrinsically 

disordered regions (IDRs), that lack well-defined secondary and tertiary structures, which is thought to 

enhance its structural plasticity, enabling these domains to adapt to a multitude of conformations with 

distinct properties and thus provide multifunctionality (Liu et al., 2006; Fuxreiter et al., 2011; Guo et al., 

2012; Minezaki et al., 2006; Radhakrishnan 1997).  This phenomenon of so-called protein disorder has 

been known since the 1990s and questioned a key theme in molecular biology; that structure defines 

function, exemplified by the “lock-and-key” model.  

Intrinsically disordered proteins (IDP’s) are capable of an alternative method of interaction facilitated via 

long-range electrostatic attractions, which is often promiscuous (Borgia et al., 2018; Protter et al., 2018). 

This flexibility offers many advantages, primarily the ability to exhibit a wide range of both highly specific 

and low affinity (Kd) interactions (Arbesú et al., 2018; Gao et al., 2018).  

Secondly, it is argued that IDRs increase the potential of proteins to possess differential post-translational 

modifications (typically phosphorylation, methylation and ubiquitination) which can drastically affect their 

affinity for their partners and their stability, thus vastly increasing the opportunities of refined regulation. 

(Tompa, 2002; Dunker et al., 2005; Haynes et al., 2006; Uversky et al.,  2010; Pancsa and Tompa, 2012).  

Lastly, IDPs are able to bind to multiple, distinct targets without sacrificing specificity (Dunker et al., 2005; 

Liu and Huang 2014). The TF’s TADs are inherently disordered and repetitive in nature - thus, acting as 

flexible hubs for multiple interactions (Dunker et al., 2005; Ptashne and Gann, 1997). This engineers TFs 

to act as platforms to facilitate recruitment of a varied array of structural interaction partners and fulfil its 

function of intricately diverse, gene-specific transcription. 

ii. Condensate formation in transcription 
 

The cytoplasm and nucleus are very densely packed cellular environments and typically localise reactions 

and processes within membrane-bound organelles. However, there are many organelles that lack a physical 

barrier around them, such as the nucleoli, Cajal bodies or PML bodies (Kurihara et al., 2020; Gomes et al., 

2018; Mao et al., 2011). Membraneless organelles vary in different states and function.  It is thought that 

several membraneless organelles in cells arise by liquid–liquid phase separation (LLPS) or biomolecular 

condensation, comprised of their protein and RNA components (Bratek-Skicki et al., 2020). These 

condensates depend on weak multivalent interactions, such as those mediated by IDRs. This suggests that 

IDRs play a pivotal role in cellular function (Elbaum-Garfinkle et al., 2015; Wang et al., 2018). 
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Many of these organelles or compartments seem to form through intracellular phase transition such as 

LLPS (coined phase separation in this study) (Bergeron-Sandoval et al., 2016; Brangwynne et al., 2009, Feric 

et al., 2016, Hyman et al., 2014). Such condensates, produced by LLPS define environments that are ordered 

and thermodynamically driven with properties that are different from those of the nucleoplasm surrounding 

them (Figure 4).  

 

Figure 4 – Liquid-liquid phase separation (LLPS). Cell representing two forms of macromolecule 

organisation being disperse and random on the left or being part of phase separated membraneless 

organelles on the right. These condensates consist of many Intrinsically Disordered Proteins (IDP) and/or 

their protein or nucleic acid partners. Created with BioRender.com. 

The macromolecular composition of condensates is specific and reversible. Our understanding of what 

governs the heterogeneity and propensity of condensates to form is in its infancy. However, the protein 

components of condensates have been classified as either scaffolds, which have been defined as the proteins 

that drive reversible condensate formation, or clients, which partition into pre-formed condensates (Banani 

et al., 2016, Banani et al., 2017; Feric et al., 2016, Zhang et al., 2015). Multivalent interactions (scaffold-

scaffold and scaffold-client) allow the formation of networks, which is the basis for phase seperation 

(Alberti et al., 2017).  

DNA interaction data show SEs are in close spatial proximity with each other and the promoters of the 

genes they regulate (Dowen et al., 2014; Ji et al., 2016). These have been shown to exhibit sharp transitions 
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of formation and dissolution, as the consequence of a single nucleation event (Mansour et al., 2014; 

Brown 2014) or collapsing when concentrated factors are depleted from chromatin (Lovén 2013; 

Chipumuro et al., 2014; Chapuy et al., 2013). Consequently, the latest research proposes that phase 

separation coordinates the spatiotemperal organisation of TFs and their co-factors to assemble at SEs. 

These form transcriptional condensates which activate gene expression (Hnisz et al., 2017; Boehning et al., 

2018; Boija et al., 2018; Cho et al., 2018; Chong et al., 2018; Lu et al., 2018; Nair et al., 2019; Sabari et al., 

2018; Shrinivas et al., 2019) 

iii. SWI/SNF complex and Super Enhancers  
 
 

SWI/SNF complexes consist of 12–15 subunits and are large multimeric molecular assemblies that regulate 

chromatin architecture (Kassabov et al., 2003) (Figure 5). SWI/SNF complexes contain an ATPase catalytic 

core and have been considered to have three sub-families: BAF (defined by ARID1A/B), PBAF (defined 

by ARID2, PBRM1, and BRD7) and ncBAF/GBAF (defined by BICRA/BICRAL, BRD9 (Mashtalir et 

al., 2018), which differ substantially via the incorporation of distinct subunits and in their targeting of 

different genes (Clapier et al., 2017).  

SWI/SNF alters the assembly of nucleosomes and provides accessibility of TF and co-activators to their 

respective gene targets. Its importance is highlighted in that 20% of human cancers contain mutations in 

the genes encoding SWI/SNF subunit (Kadoch et al., 2013). 

 

Figure 5 – SWI/SNF. Sub-unit map of the large chromatin modifier, and its interchangeable, ATPase and 

DNA binding domains.  
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The SWI/SNF complex is abundant in the nucleus and facilitates its role primarily at non-coding regulatory 

elements. These regions are often enhancers or SEs which have exceptionally high densities of 

transcriptional machinery to regulate genes, often involved in cell fate or identity (Whyte et al., 2013; Hnisz 

et al., 2013).  These sites are distal to gene promoters and require looping interactions to potentiate RNAP-

mediated transcription (Visel et al., 2009).  Although enhancers play critical roles in the oncogenic process 

(Murakawa et al., 2016) little is known about the molecular machinery responsible for enhancer maintenance 

and/or activation. 

SEs can also display transitions of formation and dissolution and can appear rapidly from single a nucleation 

event (Mansour et al., 2014; Brown et al., 2014). Based on the dynamics of these properties it has been put 

forward that the high concentration assembly of biomolecules at active SEs stems from phase separation 

of enriched factors at these genetic loci (Hnisz et al., 2017). 

iv. Mediator 

The Mediator complex, also known as Mediator, is a 33 multi-subunit protein complex that is key to 

formation of transcriptional condensates and RNAP activity (Figure 6) (Robinson et al., 2016; Allen et al., 

2015). 

Figure 6 – Mediator. Schematic of the Mediator complex, comprised of three sub groups; tail, head and 

middle.   

Mediator is aptly named, as it acts as a mediator or conduit between promoters and enhancers, linking 

DNA-bound transcription factors with RNAP to activate and repress gene expression (Weber et al., 2018). 
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Mediator can be divided into three main modules; head, middle, and a tail - along with an interchangeable 

kinase module (Robinson et al., 2016; Jeronimo et al., 2017). Approximately half of Mediator subunits 

contain IDRs, that confer its phase separation propensity (Nagulapalli et al., 2016). It has been put forward 

that this helps to provide an overall flexible structure of the complex so that it can recognise numerous 

interacting proteins and adopt diverse confirmations to function in mechanistically distinct ways at different 

genes (Nagulapalli et al., 2016; Poss et al., 2013). 

c. TFs and Co-activators in disease 

 
i. Developmental disorders 

 
 

Due to their vital biological roles in an array of processes, IDPs, including many TFs are frequently 

associated with the pathogenesis of a number of human diseases. The breadth of pathologies associated 

with TF malfunction is widespread. The stoichiometry of the transcriptional machinery is of importance, 

as nonspecific electrostatic interactions termed 'squelching' can cause inhibition of many genes, whereas 

overexpression may also have toxic effects on their expression (Kumar et al., 2021).   

Pertinently, transcriptional co-activators are also intrinsically associated to disease. For example, CBP and 

P300 play a crucial role in development and are frequently mutated in Rubinstein-Taybi syndrome 

characterised by mental retardation, postnatal growth deficiency, microcephaly, and dysmorphic facial 

features (Roelfsema et al., 2005). Similar developmental disorders with comparable phenotypes have been 

associated with mutations in the BAF (BRG1/hBRM-associated factors) complex, a SWI/SNF family 

chromatin remodeler, that occur in Coffin-Siris syndrome ( Santen et al., 2012; Tsurusaki et al., 2012). 

Likewise, mutations in the components of the Mediator co-activator are linked to a number of neurological 

and developmental disorders, including X linked mental retardation, Cerebellar Atrophy and axonal and 

Charcot–Marie–Tooth disease (Ding et al., 2008; Kaufmann et al., 2010; Leal et al., 2009). 

From the initial stages of life, TFs carefully manage the sequence of events needed to achieve cell 

differentiation and identity. Starting from early embryonic development, the hallmark asymmetrical cell 

divisions along a basolateral cleavage are carried out by POU-TFs Oct 3 and 4. Nanog, Klf4, and Sox2 

among others are essential to maintain the inner cell mass (ICM) and govern embryonic stem cell 

pluripotency (Chambers et al., 2003; Mitsui et al., 2003; Zhang et al., 2003), disturbances in the expression 

of these TFs is often lethal or leads to numerous developmental disorders. 

ii. Cancer 
 

Another hallmark of development is the Epithelial to mesenchymal transition (EMT). During this process, 

stationary apical-basal polarised epithelial cells transform into motile, front-back polarised mesenchymal 
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cells (Hay et al., 1995). This tightly controlled process administered by the delicate interplay of TFs is 

hijacked in cancer to enable tissue invasion and metastasis.  

TFs influence every stage of cancer development and metastasis, the colonisation of the cancer to distant 

tumour organs. Typically, ‘gain of function’ oncogenes or ‘loss of function’ tumour-suppressors initiate the 

progression of the cancer that derive from mutation, gene amplification or epigenetic change. It is estimated 

that about 20% of oncogenes are TFs (Lambert et al., 2018). 

One of the most well recognised oncogenic TFs is c-MYC. Its function involves the gene activation of 15% 

of the genome and its misregulation is associated with 30% of all cancers (Dang et al., 2012). Myc induces 

the expression of OPN and RhoA to help instigate EMT and therefore has multiple roles including; cell 

cycle processes, operating in primary tumour formation and metastasis (Bernards et al., 2004). 

On the either side of the spectrum, p53 is the most well-established tumour suppressor TF.  Upon 

activation, following cellular stresses such as DNA damage, p53 initiates a series of transcriptional programs 

that induces DNA repair, cell cycle arrest, metabolic reprogramming, apoptosis, or autophagy (Sionov et 

al., 1999; Menendez et al., 2009). TP53 mutations that disrupt p53 function occur in nearly 50% of human 

cancers (Rayburn et al., 2005). 

The Forkhead Box A (FOX) family includes more than 170 TFs that contain a common winged-helix DBD 

(Hannenhalli et al., 2009; Carlsson et al., 2002). They have been categorized into 19 subfamilies based on 

protein sequence homology (FOXA to FOXS) (Jackson et al 2010) and influence all aspects of cellular 

mechanics from proliferation to senescence. Unsurprisingly, the FOX family transcriptional imbalance is 

linked to a wide range of cancer types and potential usefulness as molecular biomarkers (see Bach et al., 

2018). FOXA members are pioneer factors that have been shown to augment tissue-specific gene 

activation, such as estrogen and androgen modulation. They are therefore potential drug targets for both 

breast and prostate cancer (Jägle et al., 2017; Iwafuchi et al., 2014; Cirillo et al., 2002) 

Despite the majority of TFs being described as ‘undruggable’, a better understanding of TF regulation, 

protein/protein interaction and binding of their co-activators could provide new insight into their 

mechanism of gene transcription and open up new avenues to utilise TFs and their partners as drug targets 

for therapy. 
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2. Role of Geminin family transcriptional activators 

in the development of multiciliated tissues and 

ciliopathies 

 

a. The transcriptional differentiation of multiciliated cells 

i. Centrosomes and Centrioles 

Canonical centrosomes are subcellular organelles approximately 1 μm in size that are comprised of two 

centrioles. They play an ever-increasing number of important roles including asymmetric division, 

maintenance of cell shape, cell orientation and migration, as well as meiotic recombination (Marjanović et 

al., 2015). Centrosomes are embedded within a matrix of proteins known as the pericentriolar material 

(PCM) that are responsible for microtubule nucleation and anchoring (Azimzadeh and Bornens, 2007).  

Centrioles themselves are cylindrically shaped structures arranged perpendicular to each other, composed 

of nine sets of triplet microtubules symmetrically arranged around a central axis (Conduit et al., 2015). Being 

comprised of microtubules, the centriole is an inherently polar structure with microtubule minus ends 

positioned at the proximal end of the centriole. 

However, the two centrioles of a given centrosome are not equivalent. Firstly, they differ in age, the older 

centriole, termed the Mother, arose at least one cell cycle earlier than the second, termed the Daughter 

centriole in a pathway termed the mother-daughter pathway (MD).  Secondly, the Mother centrioles have 

distal and subdistal appendages, which are absent from the Daughter centriole. These sheet-like structures 

emanate from the centriole’s distal end, and are required for supporting the recruitment of the PCM and 

MT anchoring in interphase cells (Delgehyr et al. 2005) The daughter centriole is tethered to the mother 

centriole and matures to acquires such specializations following the next mitosis. 

 

ii. Centrosome cycle 

Centrosome replication is highly regulated and occurs in coordination with the cell cycle in proliferating 

cells. The pathway of the centrosome cycle is evolutionarily conserved among species and involves several 

core proteins, including Cep192, Cep152, Plk4, SCL-interrupting locus protein (STIL), and spindle 

assembly abnormal protein 6 (SAS-6) (Nigg & Holland 2018; Habedanck et al., 2005, Kim et al., 2013, Ohta 

et al., 2014). In the G1 phase of the cell cycle, each cell contains a centrosome with a pair of parental 

centrioles, each of the mother and daughter centrioles are able to nucleate one procentriole at its proximal 

end. These procentrioles elongate to full-length centrioles in S to late G2 phase, where the two centriole 

pairs separate and PCM recruitment promotes the formation of the mitotic spindle (Fujita et al., 2016). At 
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the end of mitosis, each daughter cell inherits a pair of centrioles resulting in two pairs of mother and 

daughter centrioles. 

Centriole duplication initiates at the G1/S transition and is regulated by the activity of Plk4, a divergent 

member of the Polo-like kinase family. In mammalian cells, PLK4 activation is mediated by CEP152 and 

CEP192 that interact with PLK4 and promote its recruitment encircling the proximal end of the parent 

centriole (Hatch et al., 2010; Kim et al., 2013). This step defines the site of origin of centriole duplication 

along the mother centriole (Kim et al., 2013) as Plk4 overexpression causes multiple centrioles to form 

adjacent to the two existing centrioles (Habedanck et al., 2005).  

PLK4 transforms from an initial ring-like localisation to a single dot at the G1–S phase transition on the 

wall of the parent centriole (Kim et al., 2013; Ohta et al., 2014). This transition requires binding of PLK4 

to STIL, which activates PLK4 to autophosphorylate its kinase domain and promote its own kinase activity 

(Lopes et al., 2015; Moyer et al., 2015). Active PLK4 then phosphorylates STIL within the so-called STAN 

motif, triggering the centriolar recruitment of SAS-6.  The SAS-6 proteins form rod-shaped homodimers 

with their coiled-coil domains to organise the central cartwheel, a stack of ring-like assemblies with nine-

fold symmetry which initiate the structural foundation for the procentriole (Breslowe et al., 2019; Ohta et 

al., 2014; Moyer et al., 2015). The centriolar microtubules and other machinery are further primed for 

assembly by the Centrin SAS6‐containing cartwheel (Zhao et al., 2019). After the cartwheel assembly, the 

centriole protein CPAP has a crucial role in the formation and stabilization of the triplet microtubule blades 

that make up the procentriole wall through interacting with multiple proteins including STIL (Cottee et al., 

2013) CEP152 (Cizmecioglu et al., 2010), CEP120 (Lin et al., 2013) and CEP135 help to determine centriole 

length. The procentriole continues to elongate throughout G2, until the capping protein CP110 and the 

centrosomal protein 97 (CEP97) binds to the distal end of the procentriole to prevent further growth and 

maintain the proper centriole length. 

 

iii. Primary and Motile Cilia 

Centrioles are multifaceted and key components of the cell. They serve to enable the successful division of 

the cell through mitosis and are also integral in generating structures known as cilia, that play diverse 

functions in the cell. Cilia can be non-motile, where they are referred to as primary cilia, or one of many 

types of motile cilia. 

Primary cilia can form during interphase or when the cell exits cell cycle into the quiescent G0 phase 

(Bornens, 2002). The primary cilium (also referred to as a sensory cilium) is a microtubule based, hair-like 

organelle that projects from the surface of many cell types to control a number of important physiological 

processes. 
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In the formation of the primary cilium, or cilliogenesis, a fully mature mother centriole migrates to the 

apical surface of the cell and associates with the ciliary vesicle, it proceeds to dock with the plasma 

membrane to become a basal body (BB). This structure templates cilium formation, where ciliary trafficking 

machineries such as intraflagellar transport (IFT) complexes A and B deliver material to the growing cilium 

through the transition zone based on the kinesin and dynein motor proteins (Kim and Dynlacht, 2013). 

The cilium is comprised of axonemal microtubules that elongate from the distal end of the basal body and 

a ciliary membrane that surrounds the axoneme, this “antenna” like extension must first be disassembled 

prior to the start of mitosis so that the mature centriole can support the formation of the mitotic spindle 

(Rasi et al., 2009; Breslowe et al., 2019). 

Classically, there are two classes of cilia distinguished by a central pair of microtubules, motile cilia which 

has typically a “9+2” structure, with dynein arms moving against the central pair to initiate ciliary 

movement. Whilst, Non-motile primary cilia or sensory cilia, lack this central pair and dynein arms, having 

a “9+0” structure. They are found on the apical surface of most cell types in the vertebrates, they sense 

extracellular chemicals osmotic, mechanical or optical signals (Berbari et al. 2009). Sensory cilia are also 

critical for the regulation of important developmental pathways, such as Wnt (Lancaster et al. 2011) or 

Sonic Hedgehog signalling (Breunig et al. 2008). 

Motile cilia are characterised by their axonemal movement and co-ordinated beating dynamics. Generally, 

they are longer, and utilise energy from ATP hydrolysis to drive rhythmic motility of the axonemes. There 

are different subtypes, for example motile monocilia, such as the flagella on unicellular eukaryotes and 

sperm cells.  In addition, solitary motile cilia that rotate are present on cells of the embryonic node to propel 

growth factors in a directional fashion for establishment of left-right body axis (Hirokawa et al.,  2006). 

These cilia generally beat in a wavelike or corkscrew fashion in order to generate cellular locomotion or 

fluid movement (Kramer-Zucker et al., 2005). 

 

iv. Multiple motile cilia 

 

Multiciliated cells (MCCs) are specialised epithelial cells that project multiple motile cilia required for 

respiratory, reproductive, renal and brain functions in many vertebrates (Spassky et al., 2017). In humans, 

MCCs are present in the ependyma and choroid plexus of the brain to direct the flow of cerebrospinal fluid, 

the airways to clear mucus and pathogens, and in the efferent ducts and oviducts for spermatozoa and egg 

transport, respectively. Depending on the tissue, dozens to hundreds of motile cilia are generated per MCC 

that can beat in a coordinated, directional manner or generate turbulence through whip-like movement 

(Spassky et al., 2017; Yuan et al., 2019) 

 

https://dev.biologists.org/content/141/7/1427.long#ref-84
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To direct fluid flow, cilia must beat in the right orientation. Thus, MCCs are polarized and aligned by the 

planar cell polarity (PCP) pathway with respect to the whole tissue (Butler et al., 2017). The ciliary beat is 

defined by the position of BBs within the plane of the apical membrane, BB rotational polarity, and 

subapical actin networks which are vital for BB spacing, as well as beating synchrony which is well reviewed 

(Meunier et al., 2019; Werner et al., 2011).  

The advancement in knowledge surrounding the fundamental principles of MCC biology have mostly 

derived from four main models; the ciliated epidermis of the Xenopus embryo, the pronephros of zebrafish 

and the airway mucociliary or brain ependymal epithelia of the mouse. MCCs can also be found in a range 

of small-sized aquatic invertebrate organisms, where they are mainly involved in locomotion (Meunier et 

al., 2016, Tamm and Tamm 1988). 

 

v. Centriole amplification  

iv.  

All MCCs are post-mitotic. However, although they have exited the cell cycle, they are remarkably able to 

rapidly generate hundreds of centrioles per cell. The MD pathway of centriole duplication is estimated to 

account for only around 10% of BB production in MCCs (Al Jord et al., 2014). The bulk of centriole 

production in MCCs is normally accomplished by the deuterosome-dependent (DD) pathway to facilitate 

centriole expansion which is discussed later. (Zhao et al., 2013; Klos Dehring et al., 2013 Spassky et al., 

2017) 

The ordered stages of the DD pathway are now well established (Figure 7). At the onset of centriole 

amplification, a Centrin-2 cloud or ‘halo’ accumulates around the pre-existing centrosome (Stage-I or 

Amplification (A)) and this signal intensifies to adopt a ‘flower-like’ shape (Stage-II or Growth(G)), 

corresponding to maturing centrioles that appear in a synchronized manner. And finally, the coordinated 

disengagement (Stage III or D) and release of centrioles and their migration to the apical surface as BBs 

takes place (Al Jord et al., 2014). 
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Figure 7 – Multiciliated cell production and the deuterosome dependent pathway. Centrosome 

amplification in Multiciliated cells occurs outside of the cell cycle. Centriole amplification creates produces 

hundreds of centrioles which can aggregate around deuterosomes in a ring like structure, in the growth 

stage. These centrioles disengage and migrate to the apical surface and dock as basal bodies, where a cilium 

can form.  

 

vi. Deuterosomes and cell cycle regulation  

The DD pathway, that uses a ring-shaped, electron dense structure, called the deuterosome, to facilitate 

centriole expansion of the bulk number of centrioles needed for MCC (Zhao et al., 2013; Klos Dehring et 

al., 2013; Spassky et al., 2017). Many deuterosomes can form during multcilliogenesis, each nucleating 

multiple procentrioles, thereby evading the restrictions that regulate the MD centriole duplication pathway 

to allow rapid BB production.  

 

While the deuterosome was first described many decades ago, only recently has its major structural 

component, DEUP1, been identified (Zhao et al., 2013; Zhang et al., 2015). DEUP1 evolved through a 

duplication of CEP63, that plays a key role in centriole duplication in the MD pathway. In addition to 

DEUP1, CCDC78, that localises to the acentriolar sites of centriole biogenesis and CDC20B, that localises 

to the perideuterosomal region, are the only other deuterosome specific proteins identified in both mouse 
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and frog MCCs (Klos Dehring et al., 2013; Revinski et al., 2018). Other components of the deuterosome 

are common to the MD pathway, including Pericentrin (PCNT), γ -tubulin, and CEP152, that are all located 

on the peripheral ring (Boutin et al., 2019). However, there are likely additional proteins that comprise the 

centre core or outer wall of the deuterosome that remain to be identified.  

The prevailing view was that deuterosome synthesis occurred de novo and did not require centrosomal 

centrioles. Detailed live cell imaging of newly synthesized centrioles during cultured brain MCC 

differentiation showed that deuterosomes were seeded by the daughter centrosomal centriole (Al Jord et 

al., 2014).. However, a handful of studies showed that deuterosomes with multiple centrioles could be 

produced when both parent centrioles were depleted (Nanjundappa et al. 2019; Zhao et al., 2019; Mercey 

et al., 2019). Deuterosomes were able to spontaneously synthesize from the pericenteriolar material (PCM) 

in a manner that did not require PLK4, in contrast to earlier reports (Zhao et al., 2019).  However recently, 

genetic ablation of PLK4 in mouse MCCs blocked procentriole assembly and multiciliogenesis without 

preventing MCC differentiation. (LoMastro et al., 2022). Discrepencies in results may be due to the level 

of PLK4 knockdown, which is upregulated ~20-fold in differentiating mTECs.  

One alternive view that has been put forward is that deuterosomes are created in the PCM, and then only 

briefly associate with the daughter centrioles to facilitate the loading of procentrioles that occur there 

(Mercey et al., 2019). Interestingly, E2F4, a key TF in MCC differentiation, was shown to co-localise with 

various components of centriole amplification in the cytoplasm, including PCM1, and it was proposed that 

this forms the core of the fibrous granules that have been observed overlapping with or adjacent to 

deuterosomes.  It will be important in future work to fully elucidate the composition of the PCM in MCCs 

and explore potential species-specific differences. 

Strikingly, the deuterosome cycle appears to rely on much of the same cell cycle machinery that plays a role 

during stepwise MD centriole duplication in proliferating cells, although the precise regulatory details 

remain unclear. Following cell cycle exit, radial glial progenitors re-express cell cycle markers, including 

KI67, CDK1, CDK2 and phosphorylated histone H3-Serine10, without performing DNA synthesis or 

undergoing mitotic division (Al Jord et al., 2017). Through the use of a number of small molecule inhibitors 

or agonists, key roles in controlling the transitions between centriole templating, growth and disengagement 

phases were demonstrated for CDK1, CDK2, PLK1, APC/C and CDC20 (Al Jord et al., 2019, 2017). 

 

However, recent work has questioned the necessity of the deuterosome for centriole amplification in MCCs. 

In mouse tracheal MCCs in vitro, depletion of DEUP1 caused a reduction in centriole amplification and 

CEP63 depletion did not influence centriole numbers in MCCs, due to apparent compensation from 

DEUP1 (Zhao et al., 2013;). Depletion of CEP63 in vivo, that reduces MD pathway centriole duplication 

in neural progenitor cells, also did not have an impact on centriole numbers in MCCs (Marjanović  et al., 

2015; Mercey et al., 2019b). However, the deletion of DEUP1 in vivo revealed that mice were able to 
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generate MCCs normally in the absence of deuterosomes, indicating they are dispensable for procentriole 

amplification during multiciliogenesis in mice and frogs (Mercey et al., 2019b). Concomitant depletion of 

CEP63, to impair the MD pathway, led to a slight reduction in centriole amplification in vitro, indicating 

that there is likely minimal compensation from the MD pathway in the absence of DEUP1(Mercey et al., 

2019b). This finding remains to be extended to MCCs in all tissues, but it opens up the field to a number 

of exciting possibilities. They speculate that centriole synthesis occurs within a cloud of fibrogranular 

material and PCM, and that deuterosomes function to relieve the parental centrioles of the high numbers 

of procentrioles that form along their length. Supporting this possibility, flatworms and some species of 

ray-finned fish (such as zebrafish) are capable of producing MCCs and do not encode DEUP1 or generate 

deuterosomes (Kramer-Zucker et al., 2005; kemp 1996; Azimzadeh 2012). This establishes that another 

route for de novo procentriole generation in MCCs can function independently of both the MD and DD 

pathways and provide compensation for their loss. It was proposed that this pathway may be equivalent to 

pericentriolar satellites that occur in non-MCCs given that they are scaffolded by PCM1 that is enriched in 

fibrogranular material (Mercey et al., 2019b; Ito et al., 2019). 

b. Transcriptional activation of MCC differentiation by GEMC1 and 

MCIDAS  

The process of MCC differentiation, or multiciliogenesis, requires the activation of a transcriptional 

program that specifies cell fate and allows the rapid generation of hundreds of centrioles which are amplified 

and become BBs to template motile cilia (Yan et al., 2016). This unique pathway has only just begun to be 

elucidated but has an important role in human development. 

i. Geminin family proteins 

Geminin is a protein with dual functions in cell cycle and differentiation. Geminin was first discovered as 

a replication control protein with a central coiled-coil (CC) domain that mediates its dimerization, reflecting 

its name (Balestrini et al., 2010). Its primary function is to bind to Cdt1, preventing origin firing and re-

replication in the same cell cycle  (McGarry and Kirschner, 1998; Wohlschlegel et al., 2000). Its expression 

oscillates during the cell cycle with high levels of the protein being detected in S, G2 and the first part of 

the M phase (Xouri et al., 2004).  

Geminin (encoded by GMNN), GEMC1 (Geminin coiled-coil-domain containing protein 1, encoded by 

GMNC) and MCIDAS (Multicilin (MCI) and IDAS, encoded by MCIDAS) were identified due to the 

presence of a similar CC domain and all 3 proteins can homo or heterodimerize (Figure 8). This feature 

appears to be functionally relevant, as the CC domains are required for some of their key functions in all 

cases, although the physiological significance of heterodimerization remains unclear (Terré et al., 2016;  

Lalioti et al., 2019). Studies in zebrafish and mice identified GEMC1 as a critical upstream mediator of the 

MCC differentiation program that is activated upon Notch inhibition (Terré et al., 2016;  Arbi et al., 2016; 

Kyrousi et al., 2015; Zhou et al., 2015; Lu et al., 2019). GEMC1 deficient mice lack MCCs in every tissue 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1698883/#b30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1698883/#b47
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where they are normally present, leading to infertility and penetrant hydrocephalus, a pathological condition 

characterized by the enlargement of the brain ventricles resulting from the accumulation of cerebrospinal 

fluid (CSF) (Terré et al., 2016). While MCCs are absent from the murine airway in GEMC1 deficient mice, 

no respiratory defects have been reported, potentially due to sterile housing conditions, although significant 

discrepancies remain regarding the lifespan of GEMC1 deficient mice derived in different colonies where 

they range from 9 days to over 2 years (Terré et al., 2016;  Arbi et al., 2016). 

 

 

Figure 8 – Geminin Family Proteins. Three members of the Geminin family; Geminin, GEMC1 

(Geminin coiled-coil-domain containing protein 1 and MCIDAS (Multicilin (MCI) and IDAS). Each are 

characterised by a coiled coil (CC) domain and a TIRT domain which is required for E2F4/5-DP1 binding 

and transcriptional activity 

The induction of Gemc1 and Mcidas in the developing murine brain is temporally distinct and MCIDAS 

deficient mice develop morphologically identifiable MCCs that express early transcription factors, including 

p73 and FOXJ1, but fail to amplify centrioles or generate cilia (Kyrousi et al., 2015; Lu et al., 2019). Air 

liquid interface (ALI) cultures from MCIDAS deficient mice showed no increase in the expression of genes 

implicated in centriole amplification, indicating that GEMC1 is not sufficient to activate multiciliogenesis 

when under its normal physiological regulation (Lu et al., 2019). Thus, a two-step process has been 

proposed; GEMC1 activates MCIDAS and other key transcription factors to promote MCC specification 

and MCIDAS subsequently activates the expression of genes required for Multiciliogenesis (Lu et al., 2019).  

The overexpression of MCIDAS can trigger MCC differentiation in frog skin and mouse cells, indicating 

that MCIDAS is one of the most crucial targets of GEMC1 (Kim et al., 2018; Stubbs et al., 2012). Consistent 

with this, overexpression of GEMC1 in frog embryos or murine ALI cultures also generates supernumerary 

MCCs in a manner that requires MCIDAS in ALI cultures (Zhou et al., 2015; Lu et al., 2019).  
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ii. MCC specification: Notch  

The full effects of Notch inhibition on transcription are not clearly understood at the early steps of MCC 

differentiation, but fate decisions following Notch inhibition are controlled by the interplay between the 

Geminin family proteins (Figure 9) 

 

Figure 9 – Transcriptional pathway of GEMC1/MCIDAS mediated Multiciliogenesis. General 

depiction of the Multiciliogenesis pathway in the mammalian airway epithelium. NOTCH inhibition 

activates GEMC1 through an unknown mechanism. GEMC1 interacts with E2F5-DP1 through its C-

terminal domain, to activate the MCC differentiation program. p73 act at an early step, prior to the induction 

of MCIDAS. MCIDAS induction required MYB, that also acts upstream of FOXJ1. Both GEMC1 and 

MCIDAS activate additional TFs, including FOXJ1, RFX2, RFX3. CCNO is induced by GEMC1 while 

MCIDAS induces DEUP1 amongst others. Centrosome amplification in Multiciliated cells occurs outside 

of the cell cycle and canonical and MCC specific cell cycle regulators may play roles in controlling the steps 

of centriole amplification and maturation to form MCCs. Diagram is not inclusive to all factors that are 

important in this pathway.  

The inhibition of Notch signalling is established as a consistent early event in MCC differentiation from 

the study of frog skin, zebrafish pronephros and murine ependymal, fallopian tube (oviduct) and airway 

epithelia (Ma et al., 2017; Guseh et al., 2009; Pardo-Saganta et al., 2015; Tsao et al., 2009; Kessler et al., 
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2015; Marcet et al., 2011). The precise details of Notch regulation remain unclear in all cases, but the Mir-

34/449 family of miRNAs has been implicated in Notch inhibition in frogs, zebrafish and mice and this 

miRNA family plays redundant roles in MCC formation in several tissues, including the brain, airway and 

male germline ( Yuan et al.,  2019; Marcet et al., 2011; Lize et al., 2010; Song et al., 2014; Wildung et al., 

2019; Chevalier et al., 2015). The Mir449 family has been linked more directly to the regulation of GEMC1 

and MCIDAS as important contributors to MCC development (Arbi et al., 2016; Wildung et al., 2019; 

Loukas et al., 2021). Recently, In the murine airway, progenitor cells give rise to secretory (Clara) or MCC 

lineages in a Notch dependent manner (Kiyokawa et al., 2020). Genetic or pharmacological inhibition of 

Notch causes the trans-differentiation of secretory cells into MCCs, demonstrating a central role for Notch 

inhibition in initiating the MCC differentiation program in the airway (Pardo-Saganta et al., 2015).    

iii. E2F4 and E2F5 

As GEMC1 and MCIDAS lack clear DNA binding domains, it remained an open question as to how they 

could activate transcription. Work in frogs first showed that a C-terminal domain of MCIDAS, absent in 

Geminin, dubbed the TIRT domain due to a repetitive amino acid motif sequence, interacted with the 

E2F4 and E2F5 transcription factors heterodimerized with DP-1 (Ma et al., 2014). This connected the 

activity of MCIDAS to previous and subsequent work that established a key role for E2F4 and E2F5 in 

murine brain, airway and germline MCC development (Ma et al., 2014; Hsu et al., 2016; Lindeman et al., 

1998; Danielian et al., 2007). While it lacks the specific TIRT amino-acid repetition, the C-terminus of 

GEMC1 contains a homologous “TIRT” domain that is also required for E2F4/5-DP1 binding and 

transcriptional activity (Terre et al., 2016; Arbi et al., 2016). The TIRT domains of GEMC1 and MCIDAS 

may not be functionally identical, immunoprecipitation experiments in mouse and human showed a higher 

affinity of GEMC1 for E2F5 than E2F4, and this specificity could be eliminated by replacing the TIRT 

domain of GEMC1 with that of MCIDAS. In contrast, MCIDAS was shown to have similar affinity to 

both E2F4 and E2F5, potentially enabling more efficient activation of the genes necessary for centriole 

amplification(Lu et al., 2019). One possibility that is consistent with current data is that GEMC1 displaces 

pocket protein inhibitors of E2F5, such as RB, p107 or p130, but does not strongly activate the MCC 

transcriptional program until it is reinforced by MCIDAS expression and its interactions with both E2F4 

and E2F5. While more detailed biochemical and structural studies remain to be performed, the emerging 

picture is that GEMC1 and MCIDAS play sequential roles that utilize specific E2F4/5-DP1 interactions 

influenced by differences in their C-terminal domains. 

While both E2F4 and E2F5 have been clearly linked to MCC generation, discerning their specific roles has 

been challenging in mice due to their essentiality and influence on the development of many tissues. E2F4 

and E2F5 have been typically characterised as repressive E2Fs, in contrast to the activating E2Fs, E2F1-3, 

and bind to the regulatory regions of hundreds of genes to repress cell cycle genes during G0 and G1 in 

conjunction with the RB family proteins and interactions with the MuvB/DREAM complex (Fischer et al., 

2017). Recent work in zebrafish showed that some tissue specificity exists with regards to their role in MCC 
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generation, but that this reflects the relative expression levels of E2f4 or E2f5 in those tissues, rather than 

specific functions of either factor, consistent with work in frogs that suggested redundancy between E2F4 

and E2F5(Ma et al., 2014; Chong et al., 2018).  

In overexpression experiments in frogs or human cells, Geminin acted as a potent inhibitor of 

transcriptional activation by GEMC1 and MCIDAS through CC-mediated interactions and the formation 

of a ternary complex with the E2F4 or E2F5-DP1 transcription factors (Terre et al., 2016 Arbi et al., 2016; 

Ma et al., 2014). It was proposed that Geminin may prevent the activation of the multiciliogenesis program 

until dividing cells exit the cell cycle, as the consequent centriole amplification would cause mitotic spindle 

defects (Ma et al., 2014). 

A crucial function of GEMC1 and MCIDAS is to activate numerous downstream TFs. This expanding list 

includes FOXJ1, FOXN4, RFX2, RFX3, MYB and P73, among others. Each of these TFs has been 

demonstrated to play critical, and in some cases cooperative, roles in enabling the gene expression of 

numerous proteins involved in MCC differentiation.  

iv. Cyclin O (CCNO) and CDC20B 

Two targets of the GEMC1-MCIDAS program, the poorly understood cell cycle proteins CDC20B and 

CCNO, appear to be required for the repurposing of the mitotic oscillator for centriole amplification, and 

have their highest expression levels during the earliest phase of deuterosome formation (Revinski et al., 

2018; Funk et al., 2015; Núnez-Ollé et al., 2017).  

CDC20B is a homologue of CDC20, which has a well-established role in the APC/C to drive progression 

of the cell through mitotic checkpoints. Futhermore, CDC20B was shown to interact with PLK1, and 

coordinate centriole disengagement of centrioles from the deuterosomes in mouse and Xenopus MCCs, 

although its functions have been proposed to be independent of APC/C interactions (Revinski et al., 2018). 

CCNO is an atypical cyclin that is encoded from the same genomic locus as the MCC genes CDC20B, 

Mir449a/b/c and MCIDAS, and can interact with CDK1 and maybe CDK2 in some cell types (Roig et al., 

2009). Its precise kinase partner(s) in MCCs or their targets have not been clearly elucidated. 

CCNO mutant mice exhibit large, malformed deuterosomes and produce fewer BBs, suggesting that 

CCNO is required for deuterosome stability (Funk et al., 2015). MCCs generated in ALI cultures derived 

from CCNO knockout mice also display significant transcriptional dysregulation, suggesting that CCNO 

functions to restrain the activation of key MCC genes, including MCIDAS (Núnez-Ollé et al., 2017) but 

precisely how CCNO regulates deuterosome stability, transcription or how it influences CDK activity in 

MCCs remains unclear. 

Reassigning the existing cell cycle regulation machinery appears to provide an elegant solution to regulating 

centriole amplification in the context of MCCs. Future work will be needed to understand its regulation 

and the specific roles of factors such as CDC20B and CCNO. It is certainly an interesting possibility that 
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CCNO and CDC20B could be specifically expressed in MCCs to help regulate CDK activity and promote 

differentiation.  

v. p73 

The TF p73 (encoded by TP73 and Trp73 in humans or mice) is a member of the p53 family that also 

includes p63, a marker of basal progenitor cells that give rise to MCCs in the airway (Pardo-Saganta et al., 

2015). Given its relationship to p53, one of the most well studied tumor suppressors, p73 was extensively 

studied in mice and was shown to cause a number of developmental phenotypes, most of which have been 

recently linked to defects in MCC differentiation (Marques et al., 2019). The TP73 gene generates 2 major 

isoform groups via 2 promoters; the activating (Tap73) or an N-terminally truncated (DNp73) form lacking 

the transactivating domain. Reduced numbers of MCCs were observed in the airway, oviducts and efferent 

ducts of mice lacking both isoforms, or only Tap73, and ChIP experiments linked p73 directly to genes 

involved in multiciliogenesis, such as FoxJ1, Rfx2, or Rfx3 (Nemajerova et al., 2016; Marshall et al., 2016). 

P73 forms a ternary complex with GEMC1 and E2F5 that is stabilised by both the CC and TIRT domains 

of GEMC1, and this complex can activate the TP73 promoter (Lalioti et al., 2019; Nemajerova et al., 2016; 

Terré et al., 2019). P73 is induced by both GEMC1 and MCIDAS through their respective E2F4/5-DP1-

containing complexes, although it remains unclear if MCIDAS also interacts with p73. P73 expression has 

been reported in p63+ basal cells and Radial Glial Cells (RGCs), that act as MCC progenitors in the airway 

and brain, respectively, suggesting an early role for p73 in MCC fate specification independent of GEMC1 

or MCIDAS, although this remains controversial (Marques et al., 2019; Nemajerova et al., 2016; Marshall 

et al., 2016; Fujitani et al., 2017).  The requirement for p73 appears to also vary depending on the isoform, 

tissue and cell type. In contrast to the airway, where Tap73 deletion in mice impaired MCC formation, these 

mice did not exhibit hydrocephalus or show impaired MCC formation in the brain due to compensation 

from the miR-449a-c cluster (Wildung et al., 2019). Combined deletion of Tap73 and miR-449a-c impaired 

MCC generation in the choroid plexus (CP) and deletion of both TP73 isoforms impaired MCC generation 

in ependymal cells (Wildung et al., 2019; Gonzalez-Canoet al., 2016). Therefore, MCC fate may be subjected 

to tissue-specific feedback modulation, warranting further comparison of the transcriptional regulation and 

signalling pathways involved in different tissues. 

 

vi. FOXJ1 

FOXJ1 was the first transcription factor shown to be required for MCC differentiation and is frequently 

used as a marker of MCCs in all tissues (Blatt et al., 1999; Brody et al., 2000; You et al., 2003; Okada et al., 

2004). FOXJ1 is now a well-established target of p73 and GEMC1, that likely work together to activate its 

expression at early stages of Multiciliogenesis (Terrer et al., 2016; Arbi et al., 2016, Lu et al., 2019; 

Nemajerova  et al., 2016 ; Marshall et al., 2015). FOXJ1 is also regulated by MCIDAS, as the absence of 

MCIDAS activity strongly reduced FOXJ1 expression in frog skin and human airway cells, but airway MCCs 
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in MCIDAS deficient mice were FOXJ1 positive (Lu et al., 2019; Stubbs et al., 2012; Boon et al., 2014) 

FOXJ1 promotes MCC differentiation by regulating a cohort of genes involved in the production, assembly, 

transport, and docking of the inner and outer dynein arms, radial spokes and the central pair as well as 

genes that encode intraflagellar transport (IFT) proteins(You et al., 2004; Stubbs et al., 2008;  Newton et 

al., 2012; Jacquet et al., 2009; Didon  et al., 2013). Studies in the human airway demonstrated that the RFX3 

TF functions as a transcriptional coactivator of FOXJ1, helping to induce the expression of cilia genes 

involved in differentiation towards the MCC lineage (Didon  et al., 2013). Similarly, recent work 

demonstrated that FOXJ1 preferentially binds enhancers and is stabilized at promoters of cilia genes 

through cooperative interactions with the TF RFX2 (Quigley et al., 2017).   

The stability of the MCC lineage is reportedly dependent on a constant FOXJ1 protein expression level in 

order to prevent cellular de-differentiation back into a glial-like morphology in mouse ependymal MCCs 

(Abdi et al., 2018). Recently, human patients with FOXJ1 mutations were shown to have defects in motile 

cilia, left right patterning defects and impaired basal body docking in MCCs (Wallmeier et al., 2019).   

 

vii. SWI/SNF complex 

The large chromatin remodeller - SWI/SNF complex, plays an integral part in the transcriptional response 

of many genes (See 1,b,iii and Figure 5). 

Previously, a disordered, acidic region of Geminin, was shown to facilitate interactions with BRG1 

(SMARCA4) an ATPase component of the SWI/SNF complex, that is known to interact with E2F4/5, 

and controls the expression of a number of TFs (Karamitros et al., 2015; Sanka et al., 2016; Seo et al., 2005; 

Nagl et al., 2007). 

It remains to be determined if Geminin acts only by impairing GEMC1 or MCIDAS homodimerization 

and transcriptional activation through E2F4/5, or has a more complex role involving modulation of 

SWI/SNF. Likewise, given the similar homology between the geminin family proteins and their intricate 

functional differences, exploring the interaction of GEMC1 or MCIDAS with the SWI/SNF complexes in 

the regulation of multicilliogenesis remains an exciting prospect. 

 

c. Consequences of MCC dysfunction 

i. Ciliopathies 

Defective cilia can be the cause of a diverse range of syndromes termed Ciliopathies. There are currently at 

least 190 known ciliopathy disease genes causing defects of the primary cilia that cause different phenotypes 

(Wheway et al., 2019). Some of the most severe-lethal ciliopathies disorders include Joubert syndrome, 

Bardet–Biedl syndrome, orofacial digital syndrome (OFD) and Meckel syndrome, but also more common 
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pathologies like polycystic kidney diseases (PKDs). Ciliopathies have been extensively reviewed elsewhere 

(Goetz et al., 2010; Hildebrandt et al., 2011) 

While present only in a few tissues, defective MCCs contribute to congenital disorders, such as primary 

ciliary dyskinesia (PCD) and Reduced generation of multiple motile cilia (RGMC) (Boon et al., 2014; 

Wallmeier et al., 2014; Amiravet al., 2016). Thus far, mutations in 2 genes have been implicated in RGMC: 

MCIDAS and CCNO. Both genes are located adjacent to each other on Chromosome 5 (5q11.2) that also 

contains CDC20B that encodes both a protein and the Mir449a/b/c genes. RGMC patients present clinically 

with hydrocephalus, recurrent airway infections and bronchiectasis (Figure 10).  

 

 

 

 

 

 

Figure 10 – RGMC clinical perspective. Reduced generation of multiple motile cilia (RGMC) patients 

present clinically with hydrocephalus, recurrent airway infections and bronchiectasis, as these are the areas 

where multiciliated cells are present in humans. Diagram on the right depicts current known mutations that 

are implicated in RGMC, two in MCIDAS and several in CCNO.  

Due to the ages of the patients, little data regarding fertility has been reported, although some female 

patients have presented with infertility (Boon et al., 2014; Wallmeier et al., 2014; Amiravet al., 2016). While 

RGMC represents an extreme case, it is possible that less severe mutations or tissue specific defects in the 

function or expression of key MCC factors may result in more subtle pathologies, such as subfertility, 

scoliosis or normal pressure hydrocephalus (Núnez-Ollé et al., 2018; Zhang et al., 2018).  

Consistent with this possibility, a mutation in GEMC1 was recently identified in a patient with congenital 

hydrocephalus, but respiratory defects or fertility issues were not reported (Lalioti et al., 2019). MCIDAS 
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mutations that have been identified in RGMC are located in the TIRT domain of MCIDAS and interfere 

with binding of the E2F4/5 transcription factors, highlighting again the central importance of MCIDAS in 

the MCC transcriptional pathway (Boon et al., 2014). 

 A new report identified the NEK10 kinase in familial bronchiectasis and demonstrated its expression in 

airway MCCs (Chivukula et al., 2020). While these patients exhibited respiratory distress, similar to that 

observed in RGMC, they generated airway MCCs with subtle morphological defects and shorter cilia that 

were incapable of mucociliary clearance. Proteomic analysis of NEK10 deficient MCCs revealed widespread 

effects on the phosphorylation of many proteins required for motile cilia function, indicating that NEK10 

may be a key regulator of many aspects of MCC function.  

ii. Cancer 

GEMC1 and MCIDAS appear to be expressed only in MCCs in normal tissues. Aberrant expression of key 

MCC specific genes can also be observed in many cancers and some evidence suggests they may play 

functional roles and become co-opted to support tumourigenesis (Gao et al., 2013; Cerami et al., 2012; Li 

et al., 2018).  

The irregular expression or depletion of GEMC1 and MCIDAS in cancer cell lines has been shown to 

impact DNA replication and could potentially modulate transcription factors such as E2F4, p73 and FOXJ1 

that have been implicated in cancer development and could provoke centriole amplification and mitotic 

defects (Caillat  et al., 2013; Pefani  et al., 2011; Balestrini  et al., 2010; Li et al., 2022). 

The potential of CCNO and CDC20B to impact cell cycle regulation or apoptosis is also potentially relevant 

to their expression in human cancers (Li et al., 2018; Roset et al. 2009), CDC20 is an oncogene and has 

been proposed as a target in cancer. Overexpression of CDC20 was observed in a variety of human tumours 

(Wang 2015). Moreover, higher expression of CDC20 is associated with clinicopathological parameters in 

various types of human cancers such as pancreatic or breast cancer (Taniguchi et al., 2008; Karra et al., 

2014). 

There are some clear parallels and overlaps of the cell cycle machinery utilised in MCC generation and some 

tumour formation. Therefore, further understanding the details of the MCC transcriptional program and 

its regulation could provide potential insights into cancer pathogenesis. 
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3. Ligand activated transcription factors in prostate 

cancer 

a. Androgen and Glutocorticoid receptors 

 
The Androgen Receptor (AR) is a member of the class I nuclear receptor TF family, which includes the 

steroid receptors (SR) glucocorticoid receptor (GR), mineralocorticoid receptor (MR), estrogen receptor 

(ER), and progesterone receptor (PR).  

The GR and the AR fall into the oxosteroid subfamily (Bledsoe et al., 2002) and are master regulators of 

several metabolic, homeostatic and differentiation processes. Both respond to binding of their respective 

hormone, causing activation and consequential gene specific transcription to fulfil their physiological roles. 

Glucocorticoids stimulate the GR to instigate an array of fundamental biological processes in the human 

body, including cell proliferation, metabolism, development, inflammation, and immune responses 

(Ramamoorthy et al., 2016; Vandevyver et al., 2014; Weikum et al., 2017) 

Androgens and the AR are crucial for the development, differentiation and function of male reproductive 

organs (Bardin et al., 1998; Gao et al., 2005) AR is not only found in the prostate where it promotes the 

survival and growth of prostate cells (PC), but is also expressed in range of tissues and has unique functions 

in bone, muscle, cardiovascular, immune, neural and haemopoietic systems (Rana et al., 2014). AR is also 

expressed in cells of the efferent ducts that generate MCCs to facilitate movement of male gametes (Zhou 

et al., 2002). 

b. AR Structure and signaling pathways 

 
The AR is a 110 kDa phospho-protein encompassing approximately 919 amino acids (aa), encoded by 

the AR gene located on chromosome X at Xq11–12. Like many nuclear receptors, the AR gene is 

comprised of three distinct functional domains:  an N-terminal domain (NTD), a 2-zinc finger DNA-

binding domain (DBD) and a ligand-binding domain (LBD) (Figure 11) (Heinlein et al., 2004).  

The NTD of the AR (spanning from amino acids 1–559) is the least conserved domain among the class I 

members, being less than 15–20% homologous (Simental et al., 1991; Jenster et al., 1995). The NTD is 

largely unstructured and intrinsically disordered, although it contains several motifs of helical propensity 

(Reid et al., 2002; Kumar et al., 2004; De Mol et al., 2016). It varies in the number of glutamine repeats 

(polyglutamine tract or polyQ) with shorter repeats equating to higher transcriptional activity (Beilin et al., 

2000). 
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 The NTD provides the majority of the transcriptional activity of the AR (Claessens et al., 2008), containing 

the activation function 1 (AF-1) domain. The AF-1 can be functionally subdivided into two transactivation  

units; Tau-1 (between amino acids 100–370) and Tau-5 (between amino acids 360–528).  

Figure 11 – Androgen Receptor (AR). The AR gene is comprised of three distinct functional domains:  

an N-terminal domain (NTD), a DNA-binding domain (DBD) and a ligand-binding domain (LBD). 

Predicted structure of the AR protein with AlphaFold (Deepmind), with high confidence structural 

prediction in blue to low confidence in yellow.    

The DBD is the highly conserved domain among SRs, it has two zinc finger motifs that are responsible for 

DNA recognition and dimerization (Dalal et al., 2014). The DBD binds as a dimer to the androgen response 

elements (AREs) on the DNA. The hinge region serves as a short flexible linker between the  DBD  and 

the  LBD and  contains  the nuclear localisation signal (NLS) for translocation (Claessens et al., 2008). 

 

The LBD of the AR is responsible for ligand binding, it is only moderately conserved among the receptors, 

and contains AF-2 which is important for interaction with co-regulators and co-chaperones as well as a 

dimerisation and activation (Nadal et al., 2017; Estebanez-Perpina et al., 2007; Dubbink et al., 2004). 

Inactivate AR is normally located in the cytoplasm, bound to chaperones Hsp40 and Hsp70 (Eftekharzadeh 

et al., 2019). Upon binding to the steroid dihydrotestosterone (DHT), a conformational change occurs, 

dislodging the chaperones and exposing the AF-2 surface (Claessens et al., 2008). 

 

 The 23FQNLF27 motif within the NTD interacts as an α-helix with its AR C-terminal LBD, creating the 

so-called N/C interaction (He 2004). AR forms a dimer and then translocates to the nucleus (Nadal et al., 

2017). Finally, upon DNA binding, the AR dimer forms a complex with coactivator and coregulatory 
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proteins at the AF-1 and AF-2 regions and binds to AREs of promoter and the enhancer targeted genes 

for transcription (Takayama et al., 2008.) (Figure 12). 

 

 Figure 12 – Androgen Receptor activation. Androgen Receptor (AR) is normally located in the 

cytoplasm, bound to Heat Shock Proteins (HSP). Testosterone is shuttled into the cell where it is converted 

into dihydrotestosterone (DHT). This causes a conformation change in AR, which dimerises and 

translocates into the nucleus. The AR dimer forms complexes with coactivator and coregulatory proteins 

and binds to AREs where it can activate targeted gene expression.  

 

c. Prostate cancer (PC)  

 

This AR signalling pathway is exploited in the development and growth of Prostate Cancer (PC). With ~1.2 

million new cases and nearly 360,000 deaths annually, PC is the second most common type of cancer and 

the fifth most common cause of cancer-related death in men worldwide (Bray et al., 2018). PC is 

unsurprisingly initially localised to the  prostate.  Prostatectomy  and  radiotherapy  are  often the  first 

treatment options, but have limited long term success. From a clinical viewpoint, patients with metastasis-
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free PC have a 5-year survival rate of 98.9%, whilst patients with metastatic PC on initial diagnoses have 

less than 30% survival rate (Siegel et al., 2018; Wu et al., 2014). 

 

As such, PC remains a major public health concern across the globe with a poor prognosis and no cure. 

One factor contributing to its persistence in the male population is the heterogeneity of the disease (Haffner 

et al., 2021). The clinical presentation of PC can range from anything between a localised asymptomatic 

onset to a rapidly progressing lethal metastatic cancer. Furthermore, Primary PCs are often multifocal, 

having morphologically and genetically distinct tumour foci leading to therapeutic challenges (Haffner et 

al., 2021). 

 

Upon diagnosis PC is classified in one of two groups. Firstly, Androgen-sensitive tumours (Around 80–

90%), which are highly responsive and likely controlled with androgen deprivation therapy (ADT). The 

second being Androgen-insensitive tumours, which generally represent later-stage, more aggressive and 

have higher metastatic potential (Sharifi et al., 2005). Unfortunately, resistance to AR blockade and 

progression to metastatic castration-resistant prostate cancer (mCRPC) eventually emerges in almost all 

patients (Watson et al., 2015). 

i. AR activating mutations 
 

Answering the questions of how and why these tumours originate is key to targeted therapeutic strategies 

and has been the focus of studies for decades. It is now well understood that AR becomes overactivated in 

this pathway and is a key driver in PC formation (Huggins et al., 2002). 

Within the AR gene about 1% of primary PC patients carry mutations or amplifications and approximately 

60% in metastatic tumours (Abeshouse et al., 2015; Grasso et al., 2012). Approximately 160 AR mutations 

have been found in PC, almost all being single-nucleotide substitutions due to somatic rather than germline 

mutations. It is estimated that the majority of mutations occur in the LBD (45%), although one-third occur 

in the transactivating NTD (Gottlieb et al., 2012). The biological significance of these mutations results in 

a much broader ligand specificity, providing an invaluable advantage for cancer progression.  

The most common example is the point mutation T877A, with a prevalence of about 30% in mCRPC 

patients (Gottlieb et al., 2012; Aurilio et al., 2020). The mutation enables the activation of AR by other 

adrenal androgens such as progesterone, DHEA and androstenediol (Veldscholte et al., 1990; Tan et al., 

1997; Miyamoto et al., 1998). Similarly, AR mutations like L701H permit the AR to be activated by 

glucocorticoids or progesterone and as such also confer ADT resistance (Buttigliero et al., 2015). 
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Alternatively, a distinct set of mutations, such as H874Y or W435L, cause enhanced binding of AR with its 

co-regulators and activators, increasing AR mediated transcription (Barbieri et al., 2012; Steinkamp et al., 

2009). The AR pathway is a source of genomic alteration in PC, with translocations involving androgen-

regulated promoter TMPRSS2 to the TF ERG (TMPRSS2:ERG) gene fusion present in ∼50% of localised 

PCs (Tomlins et al. 2009). 

Other common genetic aberrations not only target the AR pathways but also PI3K–PTEN, WNT, DNA 

repair and components of the cell cycle in nearly all CRPCs and a high portion of primary PCs (Taylor et 

al. 2010; Abeshouse et al., 2015; Robinson et al. 2015). 

ii. AR variants 
 

In addition to AR amplification and point mutations, PC tissues exhibits a diverse array of 

structural AR alterations which facilitate resistance to ADT. It is well established that the AR undergoes 

many missplicing events to generate variants in PC (Bryce et al., 2016). To date, over 20 AR variants (AR-

VARs) have been reported. The majority of them lack some of the C-terminal domain, including the LBD, 

but retain their ability to bind to DNA and localise to the nucleus, causing them to be constitutively active 

(Hu et al., 2017). AR-VARs can be detected in benign prostate tissue, hormone-naïve and CRPC, with the 

most frequent and highest expression detected in the CRPC sample (Guo et al., 2009; Hu 2009; Hörnberg 

et al., 2011, Qu  et al., 2015). 

AR-VAR7 (also known as AR-V7) is the most well examined variant, as it is endogenously detected at the 

protein level and the most consistently expressed variant in recurrent PC cell lines and CRPC specimens 

Luo, 2016; Haile 2016). Moreover, AR-VAR7 expression is specific to CRPC (Sharp et al., 2019) and may 

drive a progressive phenotype when canonical AR signalling is suppressed (Hu et al., 2012). 

AR-VAR7 is truncated at the end of exon 3 and contains 16 amino acids from cryptic exon 3. AR-VAR7 

stays active in the nucleus under androgen-depleted conditions, where it regulates both AR-regulated genes 

and a unique set of AR-independent genes including, gene sets related to cell cycle progression, such as the 

UBE2C gene (Hu et al., 2009). This suggests AR-VAR7 has an overlapping, but distinct role compared to 

full-length AR in prostate cancer cells (Dehm et al., 2011). 

Another common constitutively active AR variant termed ARv567es, originates from exon skipping of 

exons 5–7, coding for a portion of the LBD (Aurilio et al., 2020). Its expression has been confirmed in 

multiple studies of PC and CRPC and is another proposed method of AR variant-dependent mechanism 

of resistance (Hörnberg et al., 2011; Liu et al., 2013, Watson et al., 2010). Expression of AR-V567es and/or 

AR-VAR7 was associated with poor survival (Hörnberg et al., 2011). Particularly, AR-VAR7 overexpression 

is linked with increased risk of remission after radical prostatectomy in hormone-naïve PC patients (Bono, 

et al., 2012; Smith et al., 2018). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Bono%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=21612468
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Other variants including AR-V1 and AR-V9 are found to be conditionally active, depending on cellular 

context (Hu, 2011; Kohli 2017). In contrary to the hormone induced AR translocation pathway, the 

mechanisms controlling AR variant entry to the nucleus are less well known. For instance, some 

constitutively active AR variants, like AR-V567es, contain a NLS, whereas others like AR-V3, AR-VAR7, 

AR-VAR9 do not (Guo et al., 2009; Hu et al., 2009; Sun et al., 2010; Dehm et al., 2008; Hu et al., 2011). It 

has been hypothesised that within the unique COOH-terminal extension exists a NLS-like signal which 

enables the NLS-negative AR variants to enter the nucleus, or potentially dimeris with the full length AR-

WT (Hu et al., 2011). 

 

d. AR transcriptional cofactors and condensate formation 

 

The coordination of TFs and its co-activators to assemble at precise elements of the genome to carry out 

activation of selected gene programmes is both complex and reversible. In conjunction with RNAP this 

transcriptional complex of machinery quickly assembles and disassembles at promoters and enhancers at 

specific loci at a timely and tightly controlled manner.  

Therefore, unlike membrane-bound organelles, this highly dynamic system can rapidly respond to cellular 

environmental perturbations (Zhao et al., 2020). Additionally, the compartmentalisation of functionally 

related proteins enables enhanced capability of encountering its unique interacting partners in the cell. 

Moreover, it creates a reserve of proteins that can be resourced when required at separate condensates 

(Sabari et al., 2020). Emerging research suggests that it is the process of phase separation that synchronises 

these transcriptional condensates to facilitate its function, which are loosely held together by multivalence 

and weak low affinity-interactions (Hnisz et al., 2017). 

Recently, biomolecular condensates were observed to form in vitro and in vivo by the C-terminal domain of 

RNAP (Lu et al., 2018; Guo et al., 2019) or by multiple sequence-specific TFs containing disordered amino 

acid regions at their TAD (Boijja et al., 2018; Chong et al., 2018). 

Developing research demonstrates the SWI/SNF complex within SEs, which drive AR transcriptional 

activation and PC growth. Of the three SWI/SNF complexes (Discussed earlier, Figure 5), BAF has shown 

to be mostly required for enhancer activation (Alver et al., 2017; Wang et al., 2017). Inactivation of the 

ATPase components led to a targeted loss of chromatin accessibility at the core-enhancer circuitry, thereby 

attenuating cancer-promoting transcriptional programs and tempering the enhancer related expression of 

driver oncogenes (Xiao et al., 2022). Cancer cells can also develop genomic alterations that create SE at 

driver oncogenes (Chapuy et al., 2013; Hnisz et al., 2013; Zhang et al., 2016). 

The Mediator complex (discussed earlier Figure 6) is fundamental to the recruitment and maintenance and 

execution of transcription mediated by phase separation. The Mediator complex have been well 
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documented with Biomolecular condensates. Both in vitro and in vivo (cells) studies have shown many of 

Mediator’s subunits forming condensates in combination with multiple TF´s, which provides significant 

support to the role of biocondensates as master regulators in specific transcriptional programmes (Sabari 

et al., 2018; Cho et al., 2018; Boija et al., 2018; Shi et al., 2002). 

As a corollary, MED1 presence is considered a marker for SEs, along with H3K27Ac and BRD4 (Whyte 

et al., 2013). MED1 contains LXXLL motifs, typical of co-regulators for nuclear receptors, and has been 

found to interact with the AF-2 of AR (Chen et al., 2011) and stimulates its transcriptional activity in a 

ligand-dependent manner (Yuan et al., 1998; Wang et al., 2002; Wang et al.,  2005). Although it is now 

known the Tau1 site in the AR NTD can facilitate AR binding to Mediator as well (Ren et al., 2000; Jin et 

al., 2012).  

MED1 has been shown to drive the activity of AR in PC cells (Wang et al., 2002) and is overexpressed in 

primary PC patient samples (Vijayvargia et al., 2007; Jin et al., 2013). The Phosphorylation of MED1 

enhances its association with the Mediator complex and its binding to AR (Belakavadi 2008). Whilst several 

other Mediator subunits have been found to act as co-regulators for AR including MED24, MED14 and 

MED19 (Yuan et al., 1998; Wang et al., 2002; Imberg-Kazdan et al., 2013; Cui et al., 2011). 

e. Castration-resistant prostate cancer (CRPC) 

 

Interestingly, MED1 phosphorylation at T1457 enhances its interaction with AR and it is this 

phosphorylated form of MED1 that interacts with AR-VAR7. This is important as it is the AR-VAR7 that 

lacks the ligand-binding domain and is constitutively active in CRPC (Chen et al., 2011; Watson et al., 2015). 

Moreover, CRPC models have increased MED1 phosphorylation, and AR-mediated MED1 recruitment to 

chromatin (Rasool et al., 2019).  

Apart from abnormal AR splice variant expression, the shift of PC to CRPC can originate from many 

sources, such as aberrant AR activation,  enhanced AR expression, hypersensitivity to androgens (Waltering 

et al., 2009), intra-tumoral steroidogenesis (Locke et al., 2008) alteration of AR co-regulators and more (see 

Huang et al., 2018). The spectrum of heterogeneity in CRPC formation has led to a consensus of re-defining 

what exactly constitutes CRPC (Heidenreich et al., 2014). 
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f. Small molecule inhibitors  

 

The last decade has led to the development of different therapeutics for CRPC. As this cancer still relies on 

the AR signalling axis, CRPC patients continue to receive ADT (enzalutamide, abiraterone, apalutamide, 

darolutamide) as a first line treatment, often in combination  with  chemotherapy  (docetaxel) or Cabazitaxel 

(de Bono et al., 2010). A second therapeutic option is immunotherapy with spirucel-T, and in those cases 

with bone metastasis, treatment with a radioligand (radium 223 dichloride) is a possibility (Parker et al., 

2013; Kantoff et al., 2010). 

However, even with these recent developments in the clinic, the median survival after reaching CRPC stage 

is in the range of 15–36 months, depending on disease burden (Higano et al., 2011; Kirby et al., 2011). 

Therefore, finding new strategies to fight CRPC is of paramount importance. 

Small molecule inhibitors are attractive anti-tumour agents due to their small size (≤500 Da), highly 

penetrative features, and suitability for oral administration (Imai et al., 2006; Zhong et al., 2020). To date, 

there are a total of 89 anti-cancer small molecules approved in the United States and China. They cover a 

large scope including kinases, epigenetic regulatory proteins, DNA damage repair enzymes, and 

proteasomes (Zhong et al., 2021). 

In PC there are two small molecule inhibitors (ARV-110 and ARV-471) designed by proteolysis targeting 

chimera (PROTAC) technology that have entered clinical trials (An et al., 2018). ARRV-110, which 

specifically binds to AR and mediates AR degradation, showed promise in early phase I/II cliical trials. The 

latest observations demonstrated prostate-specific antigen (PSA) declines of over 50% in a subset of CRPC 

patients (Gao et al., 2022;Wang et al., 2020). 

Targeting of ARs NTD would be advantageous over drugs specific to the LBD of AR due to the NTD 

being essential for the transcriptional activities of AR full length and AR-VÁRs that lack the LBD (Huang 

et al., 2018). However, the high level of IDRs in the AR-NTD has hindered the development of inhibitors 

for this domain (Sadar et al., 2020). 

EPI compounds were the first drugs designed to inhibit the AR-NTD. Their exact mechanism of action 

was not fully understood, but has been suggested they prevent transcriptional coregulator interactions 

within the TAD (Urol et al., 2020). Studies showed EPI-001 was promising in reducing clinically relevant 

AR-dependent mechanisms of treatment resistance and restricted PC growth in preclinical studies 

(Andersen et al., 2010). The successor to EPI-001, EPI-506, was investigated in a Phase I study on CRPC, 

but was discontinued after showing only minor PSA decline; ultimately proving ineffective owing to its high 

metabolisation rate and low potency (Obst et al., 2019). However, a second-generation of EPIs, including 

EPI-7386, entered phase I/II clinical trials in 2020 (Sadar et al., 2020). 
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Derivatives of EPI compounds have been recently developed by the Salvatella and Riera labs with improved 

pharmacodynamics, such as 1ae (Basu et al., 2022).  Targeting biomolecular condensates with small 

molecule inhibitors is an exciting and largely unexplored avenue in PC. Elucidation of the mechanisms 

controlling the regulation and organisation of PS condensates is central to unlocking the potential in 

drugging the currently ‘undruggable’ TFs like AR. 
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Objectives 
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Objectives 

 

1.  Determine the overlapping and/or specific molecular functions of 

GEMC1/MCIDAS. 

- Understand how GEMC1 and MCIDAS find and activate genes. 

 

2. Identify the targets of CCNO and determine how it influences the 

transcriptional targets of Geminin family proteins. 

 

3. Understand the mechanisms governing the heterogeneous organisation, 

nuclear translocation and function of AR . 

-Investigate how Phase Separation effects the AR interactome and its 

transcriptional function. 
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Cloning  

Geminin Family  

Human GEMC1 or MCIDAS were amplified from previously described expression vectors(Terré et al., 

2016) using forward primers containing AscI and reverse primers containing NotI restriction sites(GEMC1-

Asc1-F-AAGGCGCGCCATGAACACCATTCTGCCTT;GEMC1-NotI-R-

TTGCGGCCGCCTAACTGGGGACCCAGCGGAACT; MCIDAS-Asc1-F-

AAGGCGCGCCATGCAGGCGTGCGGGGGCGGC;MCIDAS-NotI-R-

TTGCGGCCGCCTAACTGGGGACCCAGCGGAACT) using KOD Hot Start DNA Polymerase 

(Millipore) and cycling conditions recommended from the manufacturer (polymerase activation at 95 °C 

for 2 min, denaturation at 95 °C for 20 s, annealing at 55 °C for 10 s and extension at 70 °C for 50 s, repeated 

for 40 cycles). PCR products were purified using the PureLink Quick Gel Extraction Kit (Invitrogen) and 

cloned into pCR2.1-TOPO vector (Invitrogen). Top10 competent E. coli cells (Invitrogen) were 

transformed with pCR2.1-GEMC1/MCIDAS and colonies were selected in carbenicillin. Constructs were 

verified by restriction digestion and sequencing (Macrogen) with primers for the TOPO vector (T7 

Promoter-F and M13-R). Afterwards, GEMC1 or MCIDAS were cut from the pCR2.1-TOPO vector by 

restriction digest with AscI (New England BioLabs (NEB), Ipswich, MA, USA) and NotI-HF (NEB), 

purified using the PureLink Quick Gel Extraction Kit (Invitrogen) and ligated into pcDNA5/FRT/TO-N-

FLAG-BirA* using Quick Ligation Kit (NEB). Top10 competent E. coli cells (Invitrogen) were transformed 

with pcDNA5/FRT/TO-N-Flag-hBirA*-GEMC1/MCIDAS vector and carbenicillin selected. The 

constructs were confirmed by restriction digestion with AscI (NEB) and NotI-HF (NEB) and sequencing 

(Macrogen). 

Geminin family Hybrids 

Initial Geminin family hybrid plasmids were designed by swapping the C-termini of GEMC1 and MCIDAS 

directly after the CC domain to generate GEM-IDAS (C-terminus of MCIDAS) and MC-C1 (C-terminus 

of GEMC1). Later Hybrid domains were designed to exchange the TIRT domain. The GEM-IDAS-C1 = 

GEM-IDAS with the GEMC1 TIRT domain. GEM-IDA-C1 = GEM-IDAS with the GEMC1 TIRT and 

the internal deletion of a predicted ordered region upstream from the TIRT within the MCIDAS sequence. 

The MCI-GEM-S is MCI-C1 with the MCIDAS TIRT domain. All constructs were made by Genescript 

and incorporated into pcDNA3.1(+)-N-DYK: Cloning site: 5' KpnI, 3' NotI. 

 For Co-immunoprecipitation experiments the GEM-IDAS and MC-C1 hybrid cDNAs were PCR 

amplified using forward primer containing HindIII and reverse primer containing NotI restriction enzyme 

sites (GM-F-HindIII: GATCGATCAAGCTTACCATGAACACCATTCTGCC; GM-R-NotI: 

GATCGATCGCGGCCGCCTACTGGGGACCCAGCGGAA; MG-F-HindIII: 

GATCGATCAAGCTTACCATGCAGGCGTGCGGGGGC; MG-R-NotI: 

GATCGATCGCGGCCGCCTAGACTGCTTAGGGACCCA) and cloned into the pXJ40 vector with 

one HA-tag at the N-terminus. 
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CCNO 

CCNO was previously described (Terré et al., 2019). Briefly, Human CCNO cDNA was obtained as a 

template from Expressed Sequence Tag EST IMAGE: 6421733 (GenBank accession number 

BQ917277.1). This was amplified using 5′-GCGAATTCCATGGTGACCCCCTGTCCCACCAGCC-3′ 

and 5′-GCTCTAGATTATTTCGAGCTCGGGGGCAGG-3′ primers. hCCNO cDNA was cloned into 

the pBluescript (I) SK(+) vector (Stratagene) at the EcoRI and XbaI restriction sites and then into the 

mammalian expression vector pCDNA3.1 (Invitrogen) modified with an N-terminal myc-tag under the 

control of the constitutive CMV promoter (pcDNA3.1-myc-hCcno). 

PSLIK - Induction Multiciliogenesis Cell model  

Plasmids FLAG-hBirA*-GEMC1/MCIDAS were amplified using forward primers and revers primers  

containing SpeI-XhoI restriction sites (GEMC1 F – AAAAACTAGTatggactacaaagacgatgac, R- 

TTTTCTCGAGCTAAGACTGCTTAGGGACCCA),(Primers used for amplification- MCIDAS, F– 

AAAAACTAGTatggactacaaagacgatg,R-TTTTCTCGAGTCAACTGGGGACCCAGCGGAAC) using 

KOD Hot Start DNA Polymerase (Millipore) and cycling conditions recommended from the manufacturer 

(polymerase activation at 95 °C for 2 min, denaturation at 95 °C for 20 s, annealing at 55 °C for 10 s and 

extension at 70 °C for 50 s, repeated for 40 cycles). PCR products were purified using the PureLink Quick 

Gel Extraction Kit (Invitrogen) and ligated into a pENTR vector for final cloning into the PSLIK-Neo  

destination vector (Cat# 25736) using LR Clonase gateway reaction  vector (Invitrogen Cat. No. 11791-

020). Top10 competent E. coli cells (Invitrogen) were transformed and colonies were selected in neomycin. 

Constructs were verified by restriction digestion and sequencing (Macrogen). 

AR plasmids 

Constructs to express FLAG-MTID or its fusions to AR-WT; 8YtoS, 22YtoS as well as AR-WT-22YtoF, 

AR-VAR7, AR-VAR7-22YtoS and AR-VAR7-22YtoF fusion proteins were synthesized by Genscript and 

either cloned into pcDNA3.1(-) and subsequently cloned into pLenti-CMV-MCS-GFP-SV-puro using XbaI 

and BamHI to replace GFP or cloned directly into pLenti-CMV-MCS-GFP-SV-puro by Genscript using 

the same sites. Sequences were codon optimized for mammalian expression and verified by sequencing. 

pLenti-CMV-MCS-GFP-SV-puro was a gift from Paul Odgren (Addgene plasmid # 73582)  

 

Cell culture and transfection 

General 

AD293 cells (Agilent) and Hela cells were cultured in Dulbecco's Modified Eagle Medium (Gibco) with 

10% FBS (Hyclone) were routinely tested for mycoplasma and found negative. For transient transfections, 

cells were seeded in either 10 cm or 6 well plates at 70% confluence and transfected with 10µg or 3 µg of 

plasmid respectively, with polyethylenimine (Polysciences) for AD293 or Lipofectamine 2000 

(ThermoFisher Scientific) for Hela cells. The medium was changed 8 hrs post-transfection and cells were 

collected after 48 hrs. Full established cell lines used can be seen at Table 1. 
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                                                 Table 1. Established Cell Lines.  

Established Cell Lines Company Identifier 

AD293 Stratagene Cat# 240085 

Hela ATCC Cat# CCL-2.2 

Mouse Tracheal Epithelial Cell 
(MTEC) cultures for (ALI) 

Mahjoub et 
al., 2010 

N/A 

PC3  ATCC CRL-1435 

LNCaP FGC ATCC CRL-1740 

DBTRG-05MG ATCC CRL-2020 

U2-0S ATCC HTB-96  
 

                                             

 

Multiciliogenesis Induction Cell model  

For induction experiments, expression was induced on D0 through addition of Doxycycline 1ug/ml with 

the addition of 5uM DAPT notch inhibitor (Sigma 208255-80-5). The next day media was changed to 1% 

FBS whilst maintaining Doxycycline and notch inhibition. On D3 the media was replenished with media 

containing the previously described with the addition of Noggin 20ng/ml (In house made from IRB Mass 

Spectometery core facility).  Measurements were taken D0, D3 and D7 where cells were plated on 

coverslips. Immunostainings were performed as previously described, antibodies utilised were Acetylated 

tubulin (Sigma T6793) and Centrin (#04-1624). With Secondary (Goat anti-Mouse IgG2b, Alexa Fluor™ 

488 # A-21141) and (Goat anti-Mouse IgG2a, Alexa Fluor™ 568Catalog # A-21134). Utilisation of 

DBRD9 – a PROTAC degrader (Cat# 6943) against BRD9 was applied at D0 in conjunction with 

Doxyclycline induction. PLA was first performed as previously described, slides were then counter stained 

with Acetylated tubulin before mounting. Fluorescence images were acquired and denconvoluted using a 

Leica TCS SP8 confocal microscope. Full list of inhibitors used in this thesis described in Table 2. 

 

                                                         Table 2. Inhibitors used  

Inhibitor Company Identifier  

DBRD9 TOCRIS Cat #6943 

I-BRD9 Sigma Cat #SML1534 

DAPT Sigma Cat #208255-80-5  
 

 

MTEC ALI cultures 

All animal studies were performed following protocols that are compliant with guidelines of the 

Institutional Animal Care and Use Committee at Washington University and the National Institutes of 

Health. Mouse Tracheal Epithelial Cell (MTEC) cultures were established as previously described 
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(Nanjundappa et al., 2019; Silva et al., 2016). Briefly, C57BL/6J mice were euthanized at 2-4 months of age, 

trachea were excised, opened longitudinally to expose the lumen, placed in 1.5 mg/ml pronase E in 

DMEM/F-12 supplemented with antibiotics and incubated at 4°C overnight. Tracheal epithelial progenitor 

cells were dislodged by gentle agitation and collected in DMEM/F12 containing 10% FBS. After 

centrifugation at 4°C for 10 min at 800 g, cells were resuspended in DMEM/F12 with 10% FBS and plated 

in a Primaria Tissue Culture dish (Corning) for 3-4 h at 37°C with 5% CO2 to adhere contaminating 

fibroblasts. Non-adhered cells were collected, concentrated by centrifugation, resuspended in an 

appropriate volume of MTEC-complete medium (described in (You and Brody, 2013; You et al., 2002)), 

and seeded at a density of 9X104 cells/cm2 onto Transwell-Clear permeable filter supports (Corning) treated 

with 0.06mg/ml rat tail Collagen type I. Air liquid interface (ALI) was established after cells reached 

confluence by feeding cells with MTEC serum-free medium (You and Brody, 2013; You et al., 2002) only 

in the lower chamber. Cells were treated with either 5, 10 or 20uM I-BRD9 (#SML1534) in serum-free 

medium, which was exchanged every 2 days. Cells were cultured at 37°C with 5% CO2, and media 

containing I-BRD9 replaced every 2 days for up to 12 days. Samples were harvested at ALI days 4, 8, and 

12, fixed in either 100% ice-cold methanol or 4% paraformaldehyde in PBS at room temperature for 10 

min. 

 

AR cell culture  

PC3 (ATCC; CRL-1435) and LNCaP clone FGC (ATCC; CRL-1740) cells were cultured in RPMI 

containing 4.5 g L−1 glucose (Glutamax, Gibco) supplemented with 10% (v/v) charcoal stripped FBS 

(Gibco) and antibiotics, unless specified otherwise. 

 

Lentiviral production and stable cell lines  

Plasmids were co-transfected with lentiviral packaging plasmid vectors REV (Cat# 12253), RRE (Cat# 

12251) and VSV-G (Cat# 8454) into  AD293 cells with PEI (Sigma-Aldrich). Two days after transfection, 

virus-containing medium was collected and filtered through a 0.45-µm low-protein-binding filtration 

cartridge. The virus containing media was directly used to infect primary cells in the presence of polybrene 

(8 µg/mL) for 48 hours, before correct selection was applied corresponding to resistance gene, either 400 

μg/ml Neomycin was introduced for 72 hours  or puromycin 2ug/ml. Recovered cells were then tested for 

successful introduction of protein expression via western blot. 

 

Western blotting assays 

For western blotting, cells were collected and lysed in RIPA buffer (1% NP-40, 0.1% sodium dodecyl 

sulfate (SDS), 50 mM Tris–HCl pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 1× proteinase inhibitor 

cocktail (Roche)) on ice. Samples were sonicated using a Bioruptor XL sonicator (Diagenode) for 15 min 

with 15 sec intervals and centrifuged at 4°C for 15 min at 1300 rpm. The proteins were quantified and 

resolved on 8% SDS-polyacrylamide gels with 1% (v/v) β-mercaptoethanol, 0.01% (w/v) Bromophenol 
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blue. Transferred onto Nitrocellulose (Bio-Rad) 100V for 1 hour. The membrane was blocked with 5% 

milk powder (Bio-Rad) then incubated with specific antibodies at 4°C overnight. Following incubation with 

secondary antibodies, immunoblots were visualized LI-COR Odyssey CLx system (LI-COR 

Biotechnologies). Full antibody list can be seen at Table 3. 

                                

                                                        Table 3. Antibodies used 

Antibody Company Identifier  

ARID1a/BAF250A Sigma 
Cat# 12354, 
RRID:AB_2637010 

BRD9 Bethyl 
Cat# A303-781A, 
RRID:AB_11218396 

Baf57/SMARCE1 Bethyl 
Cat# IHC-00129, 
RRID:AB_2192300) 

Baf155/SMARCC1 Abcam 
Cat# ab26304, 
RRID:AB_470850 

Flag Sigma 
Cat# P2983, 
RRID:AB_439685 

Actin Sigma 
Cat# A4700, 
RRID:AB_476730 

LaminA Sigma 
Cat# SAB4501764, 
RRID:AB_10744653 

Goat anti-Mouse IgG 
(H+L) Alexa Fluor 680 

Invitrogen 
Cat# A-21057, 
RRID:AB_2535723 

 Goat anti-rabbit IgG 
(H+L) Alexa Fluor 680 

Invitrogen 
Cat# A21088, 
RRID:AB_10373119 

Androgen Receptor 
[ER179(2)] 

Abcam Cat #ab108341 

Androgen Receptor (441) SCBT Cat #sc-7305 

GAPDH (ZG003) Invitrogen Cat #39-8600 

Goat anti-Rabbit IgG 
(H+L) Secondary 
Antibody, HRP 

Invitrogen Cat #65-6120 

Goat anti-Mouse IgG 
(H+L) Secondary 
Antibody, HRP 

Invitrogen Cat #G-21040 

Nup153 antibody (QE5) Abcam Cat #ab24700 

Med1 antibody Abcam Cat #ab64965 
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Streptavidin antibody, 
Alexa Fluor™ 488 
conjugate 

ThermoScientific  Cat #S11223 

Centrin Sigma Cat #04-1624 

Actylated Tubulin  Sigma Cat #T6793 

PML Sigma Cat #P6746 

FLAG Sigma Cat #F3165 

CDK1 Millipore Cat #MAB8878 

CDK2 Santa Cruz Cat #sc-163 

PLK1 Calbiochem Cat #DR1037 

CDC20 Santa Cruz Cat #sc-13162 

Anti-
Phosphoserine/threonine 

BD Transduction 
LaboratoriesTM Cat #612548 

 

 

 

BioID analysis of proximity interactions 

AD293 cells were seeded and transfected the next day using PEI (Sigma-Aldrich) ±50 μM biotin (IBA 

GmbH; 2-1016-002). For mass spectrometry, 5x15 cm2 plates per condition were harvested 24 h after 

transfection by scraping cells into PBS, washing two times in PBS and snap freezing on dry ice. Cell pellets 

were lysed in 5 ml modified RIPA buffer (1% TX-100, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 0.1% SDS, 0.5% sodium deoxycholate and protease inhibitors) on ice, treated with 

250 U benzonase (Millipore) and biotinylated proteins were isolated using streptavidin-sepharose beads 

(GE Healthcare). Proteins were washed in ammonium bicarbonate and digested with trypsin. Mass 

spectrometry was performed as described previously(Silva et al., 2018). 

 

Small scale BioID-AP followed by western blotting was carried out as described above, but using 

3x15 cm2 plates per condition and, following affinity purification with streptavidin-sepharose beads (GE 

Healthcare), samples were centrifuged briefly and the supernatant aspirated. Samples were resuspended in 

100ul-150ul RIPA buffer and boiled at 95°C for 10 minutes. Lysates were separated on SDS-PAGE gels 

and transferred for western detection as described previously. 

 

Co-immunoprecipitation 

Co-immunoprecipitation assays followed by western blot were performed as previously described. 

Combinations of plasmids were co-transfected into AD293 cells (3µg plasmid, per 10 cm dish) using 

Lipofectamine 2000 (Thermo Fisher Scientific). 24 hrs post-incubation, cells were lysed in 800µl of RIPA 
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buffer (Thermo Fisher Scientific) supplemented with EDTA-free Protease Inhibitor Cocktail (Roche, 

11836170001). Cell lysates were sonicated briefly, spun down and an aliquot taken for total cell lysate 

control. Remaining lysate was rotated O/N with 25µl of Protein-A-agarose beads (Roche) and 2µg of 

mouse anti-HA antibody (Santa Cruz, sc-7392). Beads were washed four times in RIPA buffer and boiled 

in 50µl of 1× SDS loading buffer. Total cell lysates (15µl, 1%) and IP (15µl, 30%) were resolved with SDS-

PAGE gels, transferred to PVDF membranes, blocked in 2% BSA and probed with relevant primary 

antibodies for western detection. 

 

siRNA Knockdown 

For RNA interference experiments (RNAi) cells were transfected with siRNAs using Lipofectamine 

RNAiMAX (Invitrogen) according to manufacturer’s protocol. RNAi oligos used were: siGEMC1.1 (5’-

CCACAUCCUUUCUCAACUU-3’) 40nM; siGEMC1.2 (5’-CCAGUUUCCGGAUGAUGCA- 

3’) 80 nM; siCdt1 (5’- AACGUGGAUGAAGUACCCGAC-3’) 50 nM; control luciferase siGL2 (5’-

CGUACGCGGAAUACUUCGA-3’) 40-80 nM. All siRNAs can be seen at Table 4.  

                                            

                                                           Table 4 siRNAs 

Oligonucleotides Sequence 

siGEMC1.1  5’-CCACAUCCUUUCUCAACUU-3’ 

siCdt1  5’-UGCCAACUCUGGAAUCAAA-3’)  

siGL2  5’-CGUACGCGGAAUACUUCGA-3’ 
 

 

Quantitative real time-PCR (RT-qPCR) 

Transfected cells were collected after two cold PBS washes by scraping into Tri-Reagent. RNA was isolated 

by chloroform extraction followed by centrifugation, isopropanol precipitation, 2 washes in 75% ethanol 

and resuspension in DEPC-treated water. Nucleic acid quantification was performed with a Nanodrop 

8000 Instrument (ThermoFisher Scientific). cDNA was generated using 0.5-1μg of total RNA and a High 

Capacity RNA-to-cDNA Kit (Applied Biosystems). RT-qPCR was performed using the comparative CT 

method and a StepOne Real-Time PCR System (Applied Biosystems). Amplification was performed using 

Power SYBR Green PCR Master Mix (Applied Biosystems) or TaqMan Universal PCR Master Mix 

(Applied Biosystems). All assays were performed in duplicate. For TaqMan assays, mActB probe was used 

as an endogenous control for normalization and a specific Taqman probe was used for mouse or 

human TP73 (Hs01056231_m1), CCNO (Hs004389588_91), FOXJ1 (Hs00230964_m1). Full list of 

primers used can be found in Table 5. 
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                                         Table 5. SYBR green and Taqman primers  

Oligonucleotides Sequence Identifier  

PKYMT1-F CATGGCTCCTACGGAGAGGT N/A 

PKYMT1-R ACATGGAACGCTTTACCGCAT N/A 

GAPDH-F GCACAGTCAAGGCCGAGAAT N/A 

GAPDH-R GCCTTCTCCATGGTGGTGAA N/A 

HSPA1L-F TGATGCCAATGGTATTCTCAATG N/A 

HSPA1L-R CAGGCGGCCCTTGTCAT N/A 

CCDC96-F GACATCCTGACCAAGACGAAG N/A 

CCDC96-R GAAGTGAGTCCTTGCCTAGAAG N/A 

Taqman Probes     

TP73  Hs01056231   

CCNO  Hs004389588   

FOXJ1  Hs00230964   

 

 

Immunofluorescence (IF) 

For IF cells were grown on 8-well Lab Tek II chamber slides (Labclinics) to sub-confluence. Cells were 

grown on Poly-L-Lysine coated coverslips. Cells were fixed for 10 minutes in 4% 

paraformaldehyde on ice and permeabilised for 5 minutes in 0.2% Triton in 1X PBS at room temperature. 

After two washes in PBS, fixed cells were incubated for 1 h in blocking solution (5% BSA 0.1%Tween/PBS) 

and stained with primary antibodies in blocking solution for 1hr at room temperature in a humid chamber. 

The secondary antibodies used were Alexa Fluor 488 (goat anti-rabbit IgG), Alexa Fluor 488 (goat anti-

mouse IgG), Alexa Fluor 568 (goat anti-rabbit IgG), and Alexa Fluor 568 (goat anti-mouse IgG) from 

Thermo Fisher Scientific and were used at a dilution of 1:500 in blocking solution. After primary and 

secondary antibody incubations, washes were performed with blocking solution. The last wash before 

mounting contained DAPI. Slides were air-dried, mounted in Vectashield (Vector Labs), sealed and stored 

in a cold dark chamber. Confocal fluorescence images were obtained on a Leica DM2500 SPE confocal 

system. Images were taken with 40x NA 1.15 oil or 63x NA 1.3 oil objectives and the standard LAS-AF 

software. 
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Proximity Ligation Assay (PLA) 

Protein—protein interactions were studied using a Duolink In Situ Orange Starter Kit Mouse/Rabbit 

(Sigma DUO92102) following the manufacturer’s protocol. Briefly, transfected Hela cells were seeded in 

coverslips (company) and cultured overnight. Slides were washed with cold 1×PBS and fixed in 4% 

paraformaldehyde for 15 min, permeabilized using 0.1% Triton X-100 for 10 min and then blocked with 

blocking buffer for 1 hour at 37°C. The cover slips were blocked with Duolink Blocking Solution in a pre-

heated humidified chamber for 30 min at 37°C. The primary antibodies were added to the coverslips and 

incubated overnight at 4°C. Then coverslips were washed with 1×Wash Buffer A and subsequently 

incubated with the two PLA probes (1:5 diluted in antibody diluents) for 1 h, then the Ligation-Ligase 

solution for 30 min, and the Amplification-Polymerase solution for 100 min in a pre-heated humidified 

chamber at 37°C. Before imaging, slides were washed with 1×Wash Buffer B and mounted with a cover 

slip using Duolink In Situ Mounting Medium with DAPI. Fluorescence images were acquired using a Leica 

TCS SP8 confocal microscope. The signal was detected as a distinct fluorescent dot and analysed by 

fluorescence microscopy. Negative controls consisted of samples treated as described above but with only 

primary, secondary or control IgG antibodies. 

 

BrdU labelling for G1/S checkpoint assay by flow cytometry 

For BrdU labelling, cells were plated 24 hours post transfection. After 24 hours, cells were pulsed with 10 

μM BrdU for 20 min, and cells were trypsinized and fixed overnight in ice-cold 70% ethanol. DNA was 

denatured by 0.1M HCl and incubated at 100 ºC. S-phase cells were stained using the BD Pharmigen FITC 

Mouse Anti- BrdU Set antibody (BD Biosciences). Cells were resuspended in 400 μl PBS containing 25 

μg/ml propidium iodide (PI) and 0.1 mg/ml RNaseA and subjected to FACS analysis in a Gallios Flow 

Cytometer (Beckman Coulter). The percentage of BrdU positive cells and the cell cycle based on PI content 

was analysed with FlowJo software 

 

CRISPR knockout of ARID1A  

For the generation of stable ARID1A KO cells, AD293 cells were transfected with the NickaseNinja 

(ATUM) vector (pD1401-AD: CMV-Cas9N-2A-GFP, Cas9-ElecD) co-expressing two gRNAs targeting 

ARID1A.  ARID1A gRNA sequences (GGGGAGCTCAGCGCGTAGGC and 

TGGCACTCCGGGCTCCGGCG) were designed using the ATUM gRNA Design Tool. 48 hrs post-

transduction, positive GFP cells were sorted by FACS (BD FACSAriaTM Fusion) and plated into 96‐well 

plates. After 15 days, clones were collected and validated by western blot. 

 

Phosphoproteomics 

AD293 cells transfected with CCNO (3 x 15 cm plates). The next day the media was supplemented with 

50um of Biotin. 48 hours post transfection the cells were trypsined and washed. Small scale BioID-AP was 
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performed as described above with sepharose beads. The proteins were digested of the beads and BioID-

MS analysis was performed as described. For phosphoproteomic enrichment, the phosphopeptides were 

enriched using TiO2 columns (Titansphere, GL Sciences, 5μm) in Eppendorf GELoader Tips. TiO2 

microcolumns were packed as described elsewhere (Larsen et al., 2005).  Briefly, the protein digest was then 

diluted in a loading buffer containing 80% acetonitrile and 0.1% TFA and loaded on the EV1106 column. 

The column was washed with 30 μl of loading buffer and then with washing buffer (40 μl; 80% acetonitrile  

2% TFA). The bound peptides were eluted with H2O 0.1% formic acid and CH3CN 0.1% formic acid. 

  

 

MS analysis was carried out using the Orbitra  p Eclipse™ Tribrid (Thermo Scientific) with detection system 

Orbitrap (MS1 120k), peptides were analyzed in positive ion mode. The phosphorylation peptides were 

analyzed using Proteome Discoverer (Thermo Scientific) / v2.5.0.000) with MaxQuant  (Cox, 2008) 

v2.0.2.0.  

 

RNA-Seq 

Stable AR mutant PC3 cells were plated (1 million) in 6 -well plates. The next day the cells are washed twice 

with cold PBS and collected by scraping in Tri-Reagent (Sigma-Aldrich). RNA was isolated using the 

PureLink RNA Mini Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. Briefly, 

chloroform extraction followed by centrifugation resulted in a colourless upper aqueous phase that was 

mixed 1:1 with 100% ethanol. Sample containing RNA in 50% ethanol was bound to the spin cartridge, 

washed twice with Wash Buffer II and eluted in RNase-free water. RNA quantity was checked for quality 

via nanodrop. RNA sampling was conducted in National Cancer Institute (NCI). Sample mRNA was 

purified using the Nucleospin RNA Plus kit (Takara). Libraries were prepared using the Nextseq 500/550 

High Output kit v2.5 (Illumina) following manufacturer’s instructions and 75x75 PE sequencing was run 

on a NextSeq550 in the CCR Genomics core facility of the NCI.  Gene differential expression was 

performed using DESeq2 (Love et al., 2014) with replicates as covariate. Pathway enrichment was assessed 

through the preranked version of Geneset Enrichment Analysis (GSEA) (Subramanian et al., 2005). GSEA 

was applied to the ranking defined by the log2 Fold Change of the differential expression analysis using 

DESeq2. Genesets for analyses were from the Gene Ontology (GO) terms (Ashburner et al., 2000) as 

collected in the Hallmark collection (Liberzon et al., 2015) after retrieval from the MsigDB (Liberzon et al., 

2011). Classification in coding and non-coding gene classes was performed according to the Gencode 

annotation version 19 (Harrow et al., 2012). For Repeat Masker analysis, sequences from repeat elements 

in the human Repbase database version 22.06 (Bao et al., 2015) were downloaded. Fold changes were 

computed between AR-WT or FLAG samples using normalised reads values of repeat sequences that had 

at least 100 raw reads. 
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Cellular Characterisation of GEMC1 and MCIDAS 

  

The Geminin family of proteins consists of three members, Geminin, GEMC1 (or GMNC) and MCIDAS. 

Geminin contains a central coiled-coil (CC) domain and its primary function is to bind to Cdt1 to prevent 

origin firing and re-replication in the same cell cycle (McGarry and Kirschner, 1998; Wohlschlegel et al., 

2000). GEMC1 and MCIDAS were identified by their similar CC domain but have distinctive structures. 

Both proteins contain a Geminin-like CC with 47% sequence homology to each other in Humans (Figure 

1A-C). The CC enables dimerisation and is somewhat conserved across species (Caillat et al., 2015). (Figure 

1D).  Both GEMC1 and MCIDAS contain a C-terminal TIRT domain, also with 47% homology (Figure 

1A). This domain is not present in Geminin and is essential for transcriptional activation (Arbi et al., 2016; 

Terré et al., 2016; Lu et al., 2019). 

Previously in the Stracker group, GEMC1 was knocked out in mice and did not cause a replication 

phenotype.  Instead, the mice displayed growth impairment, developed hydrocephaly and were infertile, 

due to defects in the formation of MCCs  (Terré et al., 2016). In contrast, mice lacking MCIDAS have 

columnar MCC like cells that are positive for MCC markers, including FOXJ1 and TP73, but they fail to 

amplify centrioles and generate motile cilia, consistent with the fact that GEMC1 expression preceded 

MCIDAS (Zhou et al 2015., Kim et al., 2018).  

As both GEMC1 and MCIDAS do not contain any notable DNA binding domains, we sought to better 

understand their transcriptional roles in multiciliogenesis and find any functional differences that may exist 

and explain their specific functions. Analysis of their structural properties showed a high degree of intrinsic 

disorder in their structures, especially just after their CC domains (Figure 1E, F). Immunostaining in AD293 

cells expressing either GEMC1 or MCIDAS following transient transfection showed a clear propensity to 

form nuclear foci that resemble condensates (Figure 1G). These foci did not overlap with PML bodies and 

may represent transcriptionally active sites (Figure 1H). 
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Figure 1 

Figure 1: GEMC1 and MCIDAS Characterisation. A Schematic illustration of the domain structure of 

GEMC1 and MCIDAS proteins with the percent identity in the CC and TIRT domains indicated. B-C. 

Predicted structures of GEMC1 (B) and MCIDAS (C) from Alphafold. D. Sequence alignment of GEMC1 

and MCIDAS across species taken from (Terré et al., 2016). Reported phosphorylation sites are marked in 

blue (phosphositeplus.org).  E-F. Predicted intrinsic disorder of GEMC1 and MCIDAS with key domains 

annotated. Higher PONDR score indicates higher predicted disorder. http://www.pondr.com/. G. 

Representative immunofluorescence (IF) images of AD293 cells transfected with the indicated proteins and 

stained with FLAG antibody and DAPI (DNA). Scale bar = 20 uM. H. Representative IF images of AD293 

cells transfected with the indicated proteins and stained with antibodies for FLAG and PML and DAPI 

(DNA). Scale bar = 20 uM. 

http://www.pondr.com/
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GEMC1 and MCIDAS activate common and specific gene targets 

 

Transient overexpression of either GEMC1 or MCIDAS is sufficient to activate key genes implicated in 

MCC differentiation, including TP73, MYB, CCNO and FOXJ1, in a manner dependent on the CC and 

TIRT domain of either protein (Arbi et al., 2016; Lalioti et al., 2019; Lu et al., 2019; Terré et al., 2016, 2019). 

We took advantage of this facile system to try and understand their relative influence on gene expression. 

Microarray analysis of gene expression changes in AD293 cells expressing either GEMC1 or MCIDAS 

following transient transfection, revealed the activation of a similar core set of genes implicated in MCC 

differentiation (Figure 2A, B). This included several transcription factors (TF) important for MCC 

differentiation, including FOXJ1, TP73, MYB and FOXN4, as well as additional genes implicated in the 

MCC program, such as CCNO and CDC20B (Lu et al., 2019).  

GEMC1 and MCIDAS expression led to the differential expression (p<0.05, fc ≥ 0.25 or ≤-0.25) of a 

similar number of genes, and around 50% of those induced by GEMC1 were common to MCIDAS (Figure 

2C). Functional enrichment analysis on gene ontologies (GO) revealed that GEMC1 and MCIDAS 

activated genes in overlapping GO categories, including Ribosome biogenesis, Developmental maturation, 

Transcription factor binding and Cilium, with the latter only significantly enriched by MCIDAS (Figure 

2D). Despite the similarity in their transcriptional profiles, both proteins also activated some targets 

preferentially (Figure 2C). Several genes were highly enriched with MCIDAS in comparison to GEMC1, 

including CCDC96 and HSPA1L, that have both been previously implicated in centrosome or cilium 

biology (Figure 2B) (van Dam et al., 2019; Firat-Karalar et al., 2014). 
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Figure 2 

Figure 2: GEMC1 and MCIDAS activate overlapping and distinct target genes. A. Volcano plots (-

Log10 p-value vs Log2 fold change) of microarray analysis of gene expression following transient 

transfection of GEMC1 and B. MCIDAS in AD293 cells. Genes in the Cilium and Transcription Factor 

Binding Gene Ontologies (GO-SLIM categories) (TFB = Transcription factor binding), genes implicated 

specifically in MCCs or genes enriched with MCIDAS are indicated by colour (see legend, applies to A, B). 

C. Scatter plot comparing gene expression (Log2 fold change) following GEMC1 or MCIDAS expression. 

Colour coding of gene categories is applied as in B. D. Gene set enrichment analysis of the gene expression 

data using GO-SLIM categories. The nominal enrichment score (NES) for each category with either 

GEMC1 or MCIDAS is shown.   
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Identification of the proximal interactomes of GEMC1 and MCIDAS 

We wanted to better understand how GEMC1 and MCIDAS can regulate transcription and achieve distinct 

target specificity without any known DNA binding. To address this, we performed BioID-mass 

spectrometry (BioID-MS) to identify proximal interactors for each protein. Both genes were N-terminally 

tagged with a FLAG-tagged BirA* enzyme and expressed in AD293 cells supplemented with biotin for 20 

hours (Figure 3A). Biotinylated proteins were affinity purified, trypsinised and identified by LC-MS/MS. 

The proximal interactomes of GEMC1 and MCIDAS were highly similar and the proteins identified were 

almost exclusively involved in transcription (Figure 3B, C). Validating the approach, known interactors of 

each protein were identified (Figure 3C, D). This included Geminin, that interacts with the CC domain of 

both proteins and its primary interactor CDT1, as well as E2F4/5-DP1 that interacts with the C-terminal 

TIRT domain of GEMC1 or MCIDAS (Arbi et al., 2016; Caillat et al., 2015; Ma et al., 2014; Terré et al., 

2016).  

Consistent with previous work, MCIDAS showed increased labeling of E2F4/5-DP1 compared to GEMC1 

(Figure 3D, E) (Lu et al., 2019), and E2F3 and the E2F regulators RB (RB1) and p107 (RBL1) were also 

identified. Multiple components of the DREAM/MuvB complex, including MYB-B (MYBL2), LIN9, 

LIN52, and LIN54, that functions with E2F to regulate cell cycle related genes, were identified with both 

baits (Figure 3D, E). TRRAP, that was previously shown to be required for multiciliation, as well as many 

components of its associated chromatin regulatory complexes SAGA/STAGA, ATAC and NuA4, were 

identified (Figure 3D, E, Figure 4). In addition, many other transcriptional regulatory complexes and 

factors, including the p300 and CBP acetyltransferases, SWI/SNF, Mediator, LSD-CoREST, Polycomb 

(PRC1, PR-DUB), and COMPASS-like complexes were identified to different extents with both baits 

(Figure 3D, E and Figure 4). Similarly, TP73, that is transcriptionally activated by both GEMC1 and 

MCIDAS and shown to be a direct interactor of GEMC1, as well as the YAP1 and TEAD1 TF that interact 

physically and functionally with TP73, were identified with both baits (Figure 3D, E and Figure 4) (Lalioti 

et al., 2019; Papaspyropoulos et al., 2018; Strano et al., 2001; Wang et al., 2018). 

In contrast, the Aryl hydrocarbon receptor (AHR), that is required for CCNO expression and MCC 

differentiation at some developmental stages, and its associated proteins ARNT and AIP, as well as 

ELMSAN1/MIDEAS and DNTTIP1, defining components of the MiDAC complex, were identified as 

proximal interactors highly enriched with GEMC1 compared to MCIDAS (Figure 3D,E) (Bantscheff et al., 

2011; Villa et al., 2016). CDK2 and Cyclin A (CCNA2) were also highly enriched in GEMC1 transfected 

samples and have been shown to associate with the MiDAC complex, as well as regulate E2F4/5 and RB 

family members (Figure 3D, E) (Kent and Leone, 2019; Pagliuca et al., 2011). 

To further validate some of these results, we performed small scale BioID affinity purifications (BioID-

AP) followed by western blotting in transfected AD293 cells. We observed that expression of either 

GEMC1 or MCIDAS fused to BirA* led to similar, robust levels of YAP1 biotinylation that was not 

observed in controls (Figure 3G). Similarly, the SMARCE1(BAF57) component of the SWI/SNF 
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remodeler, that plays important roles in transcriptional regulation, was labeled to a similar extent by both 

GEMC1 and MCIDAS, but not BirA* alone, consistent with the proteomic data (Figure 3G).  

Figure 3 

Figure 3: The proximal interactomes of GEMC1 and MCIDAS. A. Western blots from lysates of 

AD293 cells transfected with FLAG-BirA*-GEMC1 or FLAG-BirA*-MCIDAS. Expression of baits in 

cells with or without biotin supplementation is shown using the FLAG antibody (top panel) and labeling 
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in biotin supplemented samples with Strep-HRP (middle panel). B. Graph of protein number unique or 

common to each sample using a cutoff of >20 or >50 spectral counts (SC) with a SAINT score of >0.7 in 

one of the samples. C. Scatter plot of peptides identified in GEMC1 or MCIDAS samples (Log2- spectral 

counts of 2 technical replicates). All peptides with a SAINT score of >0.7 in one of the samples are shown. 

Specific subsets are highlighted including key TF, components of the E2F or DREAM complexes, 

SWI/SNF and Mediator related proteins. Specific subsets are shown in detail in Figures 2 and 3. D. Dot 

plot depicting relative abundance and spectral counts for selected proteins. B=BirA*, G=GEMC1 and 

M=MCIDAS. E. Heatmap of relative combined spectral counts for selected groups. Colour coding 

corresponds to protein groups defined in D. F. Heatmap of relative combined spectral counts for selected 

transcriptional complexes in each sample. Colour coding corresponds to protein complex groups defined 

in Figure 4. G. BioID-AP western blots for YAP1 and BAF57 (SMARCE1) a SWI/SNF component 

following expression GEMC1/MCIDAS baits (FLAG). Input (I) and streptavidin Eluate (E) (See A). 

Ponceau staining shown for loading and transfer control. 

These results established that the proximal interactomes of GEMC1 and MCIDAS are highly similar and 

comprise primarily of proteins involved in transcription, including many factors required for multiciliation  

Figure 4 

Figure 4. The proximal transcription factor complexes of GEMC1 and MCIDAS. A. Dot plot 

depicting relative abundance and spectral counts for selected Polycomb group (PcG) proteins grouped by 
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known complexes. Key applies to all panels. B. Dot plot depicting relative abundance and spectral counts 

for selected complexes enriched with GEMC1 compared to MCIDAS. C. Dot plots of transcriptional 

complexes associated with TRRAP. B=BirA*, G=GEMC1 and M=MCIDAS for all panels 

 

GEMC1 and MCIDAS proximally interact with Mediator and distinct 

SWI/SNF complexes 

 

While many other proteins involved in coactivator and corepressor complexes, as well as basal TFs, splicing 

regulators and RNA binding proteins, were identified, both samples were notably enriched for components 

of the SWI/SNF nucleosome remodeler and the Mediator complex, that is involved in the coordination of 

promoter and enhancer elements and recruitment of RNAP (Figure 3D and 5A) (Savas and Skardasi, 2018; 

Soutourina, 2018). Although there were differences in specific subunits, the overall abundance and identity 

of Mediator subunits identified was highly similar between GEMC1 and MCIDAS (Figure 5A-C).  

While potentially hundreds of distinct SWI/SNF subcomplexes can be formed, 3 major subcomplexes, 

defined by distinct DNA and chromatin binding components, have been identified: cBAF, PBAF and 

ncBAF/GBAF, that each contain overlapping and unique subunits (Figure 5C) (Mashtalir et al., 2018). In 

addition, specificity of SWI/SNF complexes can be dictated by the specific ATPase subunit used, either 

SMARCA2 (BRM) or SMARCA4 (BRG1).  

While GEMC1 and MCIDAS identified similar core subunits, we observed differential labeling of subunit-

specific complexes and ATPase domains. In the case of GEMC1, we found primarily BAF, defined by the 

ARID1A/B subunits, and to a lesser extent PBAF subunits and near exclusive labeling of BRG1, a known 

interactor of Geminin (Figure 5A-C) (Seo et al., 2005). In contrast, MCIDAS labeled the ncBAF 

components BICRA (also referred to as GLSTCR1) and BRD9, that were not enriched with GEMC1, as 

well as both BRG1 and BRM ATPase subunits (Figure 5A-C).  

MCIDAS also showed a notable stronger interaction to the Cell cycle components (Figure 5D).These data 

indicated that although GEMC1 and MCIDAS both labeled Mediator to a similar extent, GEMC1 and 

MCIDAS preferentially associated with distinct SWI/SNF subcomplexes; namely the ARID1A containing 

BAF complex in the case of GEMC1 and the BRD9 containing ncBAF in the case of MCIDAS. 
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Figure 5 

Figure 5. Interactions with Mediator and SWI/SNF. A. Dot plot depicting relative abundance, spectral 

counts and SAINT score for Mediator and SWI/SNF proteins. B=BirA*, G=GEMC1 and M=MCIDAS. 

B. Heatmap showing the relative abundance of the indicated subunits of either complex (groups are sum 

of components detailed in A). C. Schematic illustration of the Mediator and SWI/SNF complexes with 

spectral count data for each bait overlaid (colour key in A applied). D. Relative abundance of the Cell cycle 

proteins found between MCIDAS and GEMC1 BioID.  
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Sequence C-terminal to the CC domain regulates distinct SWI/SNF 

interactions 

SWI/SNF nucleosome remodeling complexes occupy thousands of genomic loci and play important roles 

in transcriptional regulation during development, including the regulation of E2F target genes (Mittal and 

Roberts, 2020). As the enriched interactions between GEMC1 and BAF and MCIDAS and ncBAF emerged 

as one of the major differences, we sought to validate them and determine if they influenced the 

transcriptional activity of either protein. The most abundant interaction with a specific SWI/SNF 

component we identified was between GEMC1 and ARID1A. We therefore further examined this using 

BioID-AP followed by western. We observed ARID1A in Strep-purified lysates from both GEMC1 and 

MCIDAS proteins but enriched in GEMC1 samples, consistent with the BioID-MS data (Figure 6A). In 

contrast, we observed BRD9, a defining component of the ncBAF complex, highly enriched in MCIDAS 

samples, while the levels of core SWI/SNF components SMARCE1 (BAF57) and SMARCC1 (BAF155) 

were similar in each case and not identified in the BirA* controls (Figure 6A). 

To try and understand what region of the protein conferred the BRD9 proximal interaction, we generated 

hybrid proteins by swapping the C-termini of GEMC1 and MCIDAS directly after the CC domain to 

generate GEM-IDAS (C-terminus of MCIDAS) and MC-C1 (C-terminus of GEMC1) (Figure 6B). In 

previous work, the C-terminal TIRT domain of MCIDAS was shown to have a higher affinity for E2F4/5-

DP1 than GEMC1 when compared directly (Lu et al., 2019), consistent with our BioID results (Figure 3D). 

To determine if swapping the larger C-terminal domains also influenced this higher affinity interaction, we 

performed immunoprecipitations for GEMC1, MCIDAS, GEM-IDAS and MC-C1 using an HA-tag. As 

predicted, GEM-IDAS, containing the C-terminus of MCIDAS, immunoprecipitated higher levels of both 

E2F4-DP1 and E2F5-DP1 than GEMC1 or MC-C1 (Figure 6C). 

We next examined the proximal interactions between the hybrid proteins and specific components of the 

BAF or ncBAF complex using BioID-AP westerns. GEM-IDAS again showed a similar profile as 

MCIDAS, interacting proximally with BRD9, and to a lesser extent with ARID1A. In contrast, MC-C1 did 

not exhibit detectable labeling of either specific component and showed reduced labeling of the core 

SMARCE1 component, despite showing similar levels of overall expression (Figure 6D).  

To validate this further, we used the Proximity ligation assay (PLA) to examine the subcellular localisation 

of GEMC1, MCIDAS or the hybrid proteins, all tagged with FLAG, relative to BRD9. We observed that 

all of the proteins localised to the nucleus, in some cells forming discrete foci or localising diffusely 

throughout the nucleus (Figure 6E, lower panels). In PLA experiments, we observed signal generated by 

the proximity of the FLAG and BRD9 antibodies only in cells transfected with MCIDAS or GEM-IDAS 

(Fgure 6E and F), consistent with the specific interaction of MCIDAS observed in BioID-MS (Figure 5A), 

as well as BioID-AP (Figure 6D).  
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Figure 6 

Figure 6: Specific interactions with SWI/SNF subcomplexes. A. BioID-AP western blots for 

ARID1A, BRD9 and core SWI/SNF subunits SMARCE1 (BAF155) and SMARCC1 (BAF57) demonstrate 
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the relative specificity for BAF and ncBAF complexes. B. Schematic illustration of the structure of 

GEMC1-MCIDAS hybrid proteins that exchange C-terminals domains after the CC domains. C. Co-

immunoprecipitation experiments demonstrate enhanced E2F4/5-DP1 interactions with the MCIDAS C-

terminus. AD293 cells were transfected with HA-tagged vector, GEMC1, MCIDAS, GEM-IDAS and MC-

C1, Myc-tagged DP1 and either Myc-E2F4 or Myc-E2F5. Lysates were immunoprecipitated with anti-HA 

antibodies and westerns carried out for Myc and HA following transfer to PVDF. Total lysates are shown 

blotted for Myc. Data presented is representative of 2 biological replicates. D. BioID-AP westerns blots 

for ARID1A, BRD9 and core SWI/SNF components following expression of hybrid proteins (see B for 

schematic). Ponceau staining shown for loading and transfer control. E. Representative 

immunofluorescence (IF) images of HeLa cells transfected with the indicated FLAG-BirA* tagged proteins 

(bottom panel, FLAG in yellow and DAPI (DNA) in magenta) and PLA-IF (top panels, PLA in cyan and 

DAPI (DNA) in magenta). Scale bar = 20 uM. F. Quantification of the percentage of transfected HeLa 

cells and PLA positive cells. Mean (bar) with standard deviation and values of individual experiments 

(circles) are shown. For statistical analysis, a generalised linear model was performed with raw cell counts 

from 3 independent experiments. MCIDAS vs GEMC1, p=<1e-06(***), MCIDAS vs MCI-C1, p=<1e-

06(***), MCIDAS vs GEM-IDAS, p=0.836(n.s).  

TIRT domain swapping reverses SWI/SNF specificity 

Given that the C-terminal of MCIDAS provides specificity towards SWI/SNF´s ncBAF DNA binding 

domain - BRD9, we further probed what exactly what part of the C-terminal confers this result. To this 

end, we generated three more hybrid proteins (Figure 7A). Firstly, GEM-IDAS-C1, which is the GEM-

IDAS hybrid, but with the TIRT domain of GEMC1. Secondly, GEM-IDA-C1, which is also like the 

GEM-IDAS hybrid, but with the TIRT domain of GEMC1 and the internal deletion of a predicted ordered 

region upstream from the TIRT within the MCIDAS sequence (leaving the disordered regions). Lastly, the 

MCI-C1 with the MCIDAS TIRT domain. We performed a Bio-ID-AP pull down on these plasmids after 

expression into AD293s. We found that having the MCIDAS TIRT domain put back into the C-terminal 

of MCI-C1 rescued BRD9 binding (Figure 7B). Contrastingly, the GEM-IDAS-C1 and GEM-IDA-C1 

hybrid plasmids both registered no interaction with BRD9 or other components to the SWI/SNF complex 

(Figure 7C). These results were validated again through PLA experiments showing strong co-localisation 

between BRD9 and FLAG in MC-GEM-S but not GEM-IDAS-C1 (Figure 7D and E).  

Together these results demonstrate that the C-terminal half of MCIDAS defines its SWI/SNF interactions 

and specifically its TIRT domain is responsible for its proximity to BRD9 containing ncBAF complexes. 

Furthermore, it indicates that both the N and C-terminal portions of GEMC1 are required for enhanced 

BAF-ARID1A interactions.  
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Figure 7 

Figure 7: MCIDAS TIRT domain is required for the BRD9 interaction.  A. Schematic illustration of 

the structure of GEMC1 and MCIDAS hybrid proteins that exchange C-terminals domains and TIRT 
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domains (Continuation of Figure 6). B + C.  BioID-AP westerns blots for ARID1A, BRD9 and core 

SWI/SNF components following expression of hybrid proteins (see A for schematic) that demonstrate the 

relative specificity for BAF and ncBAF complexes. Ponceau staining shown for loading and transfer 

control. D Representative IF images of HeLa cells transfected with the indicated FLAG-BirA* tagged 

proteins (bottom panel, FLAG in yellow and DAPI (DNA) in magenta) and PLA-IF (top panels, PLA in 

cyan and DAPI (DNA) in magenta). Scale bar = 20 uM. E. Quantification of the percentage of transfected 

HeLa cells and PLA positive cells. Mean (bar) with standard deviation and values of individual experiments 

(circles) are shown. For statistical analysis, a generalised linear model was performed with raw cell counts 

from 3 independent experiments, p=<1e-05 (**). 

 

Distinct SWI/SNF complexes influence transcriptional activation 

 

Given the clear interactions with SWI/SNF and their role in E2F-mediated transcription, we sought to 

determine if they were required for GEMC1 or MCIDAS-mediated transcriptional activity. We generated 

AD293 cells lacking ARID1A using CRISPR/CAS9 (Figure 8A) and analysed the ability of GEMC1 or 

MCIDAS to activate several common or enriched gene targets. In ARID1A-KO cells, neither protein could 

activate FOXJ1 or CCNO following transfections (Figure 8B). In contrast, the activation of several genes 

preferentially activated by MCIDAS (Figure 2B), CCDC96 and HSPA1L, were largely unaffected by 

ARID1A status (Figure 8C). Conversely, the activation of both of these genes was reduced following 

treatment with a small molecule inhibitor for BRD9 (I-BRD9, #SML1534) (Figure 7D) (Theodoulou et al., 

2016). Treatment with I-BRD9 also strongly reduced the activation of FOXJ1 by MCIDAS but had a minor 

effect on its activation by GEMC1 (Figure 8E). 

As replacing the C-terminus of GEMC1 with that of MCIDAS resulted in a proximal interaction with 

BRD9, we analysed the ability of the hybrid proteins to activate HSPA1L and CCDC96, that were ARID1A 

independent but sensitive to I-BRD9. The GEM-IDAS fusion protein, that showed BRD9 interactions 

(Figure 6), activated both genes to a similar extent as MCIDAS, while the MC-C1 fusion protein showed 

only minor activation, similar to that of GEMC1 (Figure 8F). Together, these results demonstrated that 

ARID1A and BRD9 influence the transcriptional output of GEMC1 and MCIDAS. In addition, they 

predicted that ARID1A or BRD9 loss may affect subsets of GEMC1 or MCIDAS targets and impair 

multiciliogenesis. 
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Figure 8 

Figure 8. Transcriptional dependence on SWI/SNF subcomplexes. A. Validation of AD-293 

ARID1A knock-out (KO) cells. Western blots for ARID1A and BRD9 are shown. Actin and Ponceau 

staining serve as loading and transfer controls. B. Quantitative real-time PCR (qRT-PCR) analysis of CCNO 

and FOXJ1 expression in AD-293 cells following transfection with the indicated genes. WT vs ARID1A-

KO p-values were 0.0027** and 0.0083** for GEMC1 and 0.0142* and 0.0024** for MCIDAS. Transfected 

genes are colour coded in the key to the right. C. qRT-PCR analysis of HSPAL1 and CCDC96 in parental 

or ARID1A-KO AD293 cells. Statistical analysis as in B revealed no significant differences. D. qRT-PCR 

analysis of HSPAL1 and CCDC96 in parental or ARID1A-KO AD293 cells treated with 5 uM of I-BRD9. 

WT vs I-BRD9 p-values were 0.0207* (HSPA1L), 0.0166*(CCDC96) and 0.0176*(FOXJ1) for MCIDAS. 

Colour coding as shown in panel B. E. qRT-PCR analysis of FOXJ1 expression in AD293 cells following 

transfection with the indicated genes, p=0.0003*** for MCIDAS. Colour coding as shown in panel B. F. 
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qRT-PCR analysis of HSPAL1 and CCDC96 expression in AD293 cells following transfection with the 

indicated genes. Transfected genes are colour coded in the key to the right. For B-F, results from 3 

independent experiments are shown with the bars indicating the mean and the standard deviation shown. 

For statistical analysis a paired (B, C) or unpaired (D, E, F) t-test was used, p≤0.001=***, p≤0.01=** and 

p≤0.05=*. 

 

Inhibition of BRD9 inhibits Multiciliogenesis in an MTEC model  

 

To test this possibility, we used Medullary thymic epithelial cells (mTECs) that can generate MCCs and 

other differentiated cell types characteristic of the airways when exposed to an Air Liquid Interphase (ALI) 

(Nanjundappa et al., 2019).  

ALI cultures were treated with I-BRD9 during differentiation at 3 doses and examined for their ability to 

generate MCCs. Treatment with I-BRD9 reduced the expression of both Foxj1 and Trp73 at the mRNA 

and protein level in a dose-dependent manner (Figure 9A-C).  

In addition, there was a dose-dependent reduction in cells exhibiting centriole amplification (inferred by 

staining for Centrin and DEUP1) (Figure 9A, D, E) and multiciliogenesis (inferred by staining with 

Acetylated tubulin antibodies (Ac-tubulin) (Figure 9A, F).  

Together these data indicated that ncBAF function is essential for multiciliogenesis in murine ALI mTEC 

cultures. 
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Figure 9 

Figure 9: Requirement for BRD9 in multiciliation. A. Representative images of MTEC ALI cultures 

stained for Centrin and DEUP1 to analyse centriole amplification, FOXJ1 and p73 transcription factor 

targets of GEMC1/MCIDAS, or Acetylated tubulin (Ac-tubulin) to monitor ciliogenesis. Some images 
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stained with ZO-1 to define cell boundaries or DAPI to define the nuclear DNA. ALI culture day and 

treatment with 20 uM I-BRD9 indicated. B. Quantitative real-time PCR analysis of Gemc1, Mcidas, Trp73 

and Foxj1 in ALI cultures. Results from 3 independent experiments are shown with bar indicating mean 

and standard deviation. Paired t-tests were used for statistical analysis: Control vs. I-BRD9: Foxj1 

p=0.0125*(10 uM) and 0.003**(20 uM), Trp73 p=0.0092*(10 uM) and 0.0087** (20 uM), Gemc1 

p=0.0082** (20 uM). C. Fraction of cells committed to the MCC fate (p73+ or FoxJ1+) at ALI 12. Results 

are from 3 independent experiments. N (total cells) = control (2128), 5 uM (1665), 10 uM (1273), 20 uM 

(1360). D. Fraction of cells undergoing centriole amplification (centrin-positive cells) or E. deuterosome 

formation (Deup1-positive cells) at ALI 4.  Results are from 3 independent experiments. N (total cells) = 

control (1269), 5 uM (1062), 10 uM (1199), 20 uM (1170). F. Fraction of ciliated cells at ALI 12. Results 

are from 3 independent experiments. N (total cells) = control (1814), 5 uM (1295), 10 uM (1113), 20 uM 

(1099). Statistical analyses for C-F were done using one-way ANOVA. *denotes p<0.05. 

 

BRD9 depletion inhibits multiciliogenesis in an inducible in vitro model  

 

To further probe the specificity of interaction found between MCIDAS and BRD9 we created a 

cell model from Glioblastoma DBTRG-05MG cells that were able to generate multiple cilia through a 

Doxycycline-inducible  system expressing either GEMC1 or MCIDAS after 7 days (Figure 10A and B). 

Using this time course we tested the system with addition of a proteolysis targeting chimera (PROTAC) 

degrader of BRD9 termed DBRD9 in MCIDAS expressing cells, to determine if it impacted 

Multiciliogenesis (Brien et al., 2018).   

At D0, all cells showed one or no cilia, marked by acetylated tubulin (Figure 10B). At D3 there was a 

significant amplification in the production of centrioles marked by centrin staining, this is cosistent with 

prominent acetylated tubulin presence at the surface of the cell, indicating budding multicilia. FLAG 

expression showed that GEMC1 and MCIDAS both primarily localised to the nucleus (Figure 10B).  

Based on previous results that demonstrated specificity of interaction between MCIDAS and BRD9 and 

not GEMC1 we applied the DBRD9 degrader on the MCIDAS expressing cell line. Notably, DBRD9 

inhibited the amplification of centrioles at this early stage in the MCIDAS inducible system. At D7 the cilia 

were fully extended with multiple extensions protruding per cell for both MCIDAS and GEMC1 (Figure 

10B). Consistent with the impaired centriole amplification, treatment with DBRD9 almost completely 

prevented the production of multiple cilia in MCIDAS expressing cells. 

 Cells from each time point were counted and quantified and GEMC1 and MCIDAS showed the majority 

(60%) of FLAG expressing cells produced multiple centrioles (>20) and almost half of the cells in each 
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system resulted in MCCs (>10), whilst DBRD9 + MCIDAS significantly decreased both cilia and centrilole 

amplification (Figure 9C).  

Using the same system, we applied the PLA technique to visualize the interaction between BRD9 and either 

GEMC1 or MCIDAS (using FLAG) and the effects of this interaction with addition of DBRD9 (Figure 

10D). After 3 days of induction MCIDAS can be seen with a number of foci representing the proximal 

interaction with BRD9. This was not observed in cells expressing MCIDAS or GEMC1 and treated with 

DBRD9 (Figure 10D, E). At D7, multiple cilia were fully produced and there remains a number of 

interactions between MCIDAS and BRD9 (average 6), while DBRD9 + MCIDAS and GEMC1 have 

significantly less interactions, averaging less than one per cell.  

To further validate this interaction, we performed a BioID-AP western at the D3 time point (Figure 10F). 

We found that the DBRD9 successfully degrades BRD9 and this interaction was abolished in the Bio-ID 

pull down. In all, these results indicate BRD9 is a crucial regulator of MCIDAS mediated multiciliognesis 

in this system.  
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Figure 10 
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Figure 10: MCIDAS knockdown inhibits Multiciliogenesis in an in vitro cell model. A. Schematic 

demonstrating the time course of the inducible system used to generate MCCs from Glioblastoma 

DBTRG-05MG cells. For full details, see methods section. B. Immunofluorescence of the induction model 

with either G=PSLIK-FLAG-BirA-GEMC1, M=PSLIK-FLAG-BirA-MCIDAS or M+DBRD9=PSLIK-

FLAG-BirA-MCIDAS + DBRD9 PROTAC (20uM). Images taken at three different time points D0, D3, 

D7 and stained with the indicated antibodies. C. Quantification of Immunofluorescence from induction 

models PSLIK-FLAG-BirA-GEMC1, PSLIK-FLAG-BirA-MCIDAS or PSLIK-FLAG-BirA-MCIDAS 

DBRD9 PROTAC (20uM). Centriole counts were derived from Centrin antibody and Cilia counts were 

derived from acetylated tubulin antibody, normalised as percentage from FLAG expressing cells. D. 

Proximity ligation assay (PLA) merged images taken at three different timepoints of the three inductions 

models described in B. Counterstained with Acetylated tubulin after PLA protocol was followed before 

mounting. E. Quantitation of D where Foci were counted per cell for each condition. N>100 cells counted 

per condition. F. Small scale BioID-AP followed by western blotting was carried out as previously 

described. Samples were taken from D3 of the induction models as described in B. I indicates Input and E 

indicates Eluate, western run separately but from same small scale BioID-AP.    

Identification of CCNOs proximity interactome and influence on GEMC1 and MCIDAS  

Previous work suggested that GEMC1 was negatively regulated by the poorly characterized Cyclin, CCNO 

(Cyclin O), potentially connecting CDK activity to its transcriptional functions (Funk et al., 2015). We 

sought to further understand CCNOs role in multiciliogenesis in context to its relationship with GEMC1 

and MCIDAS. To explore this, we first performed microarray analysis on CCNO overexpression in 

AD293s, we found there to be a strong increase in expression of cell cycle specific genes and especially 

genes involved in the G2/M transition (Figure 11A and B) 

To examine the interactors of CCNO we tagged the plasmid with FLAG-tagged BirA* and expressed it in 

AD293 cells supplemented with Biotin for 20 hours (Figure 11C). The proximal interactome of CCNO was 

identified and the majority of the top 25 protein interactors identified were involved in cell cycle regulation 

(Figure 11D). The GO molecular function search specifically highlighted regulators of the G2/M transition, 

such as CDC20, BUB1 and PLK1 which were also upregulated in the Microarray data (Figure 10E and 

10A)  

To determine any regulatory influence that CCNO may have on the interactome of GEMC1 and MCIDAS, 

we co-expressed CCNO in AD293 cells with either protein fused to BirA* and performed BioID-MS. We 

found that the overexpression of CCNO with GEMC1 greatly decreased the interaction with the majority 

of its transcriptional regulators in comparison to GEMC1 expression on its own (Figure 11F). This is in 

contrast to MCIDAS co-expression with CCNO, which showed an almost negligible change in its proximal 

interactome (Figure 11G). 
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Figure 11 

Figure 11: Transcriptional effects and proximal interactome of CCNO. A. Volcano plots (-Log10 p-

value vs Log2 fold change) of microarray analysis of gene expression following transient transfection of 
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CCNO  B. Gene set enrichment analysis of the gene expression data using GO-SLIM categories. The 

nominal enrichment score (NES) for each category in CCNO microarray C. Western blots from lysates of 

AD293 cells transfected with FLAG-BirA* or MYC-BirA*-CCNO. Expression of baits in cells with or 

without biotin supplementation is shown using the MYC antibody (top panel) and FLAG (second bottom) 

and labeling in biotin supplemented samples with Strep-HRP (middle panel). D. STRING network 

generated from top 25 proteins E. GO Molecular function of CCNO BioID top 25 proitens, Generated 

from STRING enrichment searches. BFDR categorization from STRING enrichment analysis. Network 

made in cytoscape. F,G. Scatter plot of peptides identified in GEMC1 or MCIDAS with CCNO co-

expression (Log2- spectral counts of 2 technical replicates). All peptides with a SAINT score of >0.7 in 

one of the samples are shown. Specific subsets are highlighted including key TF, components of the E2F 

or DREAM complexes, G2M, SWI/SNF and Mediator related proteins. H,I. As in D,E but Total peptide 

spectra matches (PSM) quantitated for each condition and complex.  

 

Deeper analysis showed a substantial reduction in the interaction of GEMC1 with the Mediator complex 

but a less significant decrease in the interaction with E2F4/5 and SWI/SNF in the presence of CCNO that 

was not observed in MCIDAS + CCNO co-expression (Figure 11H, I and Figure 12A and B). 
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Figure 12 

Figure 12. CCNO co-expression effect on and Mediator or SWI/SNF interaction   A. BioID MS of 

FLAG BirA tagged GEMC1 or MCIDAS with co expression of CCNO interaction mapping on mediator 
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complex. Colour indicates the total number of spectral counts from 2 technical replicates. B. As in A but 

interaction mapping from the SWI/SNF chromatin remodeler with CCNO co-expression. 

CCNO influences the expression of cell cycle components 

 

As CCNO BioID and Microarray analysis highlighted specific G2M component interaction or upregulation 

respectfully, we sought to elucidate whether this occurrence was a consequence of a shift in the cell cycle 

or a direct effect of CCNO expression, or both. Using flow cytometry, we observed that CCNO 

overexpression in AD293 cells caused a reduction in cells entering mitosis in a time dependent manner 

(Figure 13A). Consistent with this, we observed reduced CDK1 levels in CCNO overexpressing cells 

(Figure 13B). We performed the BioID-AP followed by western blotting in CCNO transfected AD293 cells 

and validated a number or interactors including CDK2 and CDC20 (Figure 13C). We then applied a 

phosphorylated serine/threonine (p-S/T) antibody which identified a number of proteins that became 

phosphorylated after CCNO expression. The most abundant of these appeared around 62 kDa, which we 

hypothesised based on BioID data and size to be PLK1 (Figure 13C).  

This was confirmed with a PLK1 specific antibody by a BioID-AP western blot which gave a band at the 

same size, as well as a slighter higher band, presumably resulting from Phosphorylation of PLK1. Reblotting 

with the p-S/T antibody confirmed this likelihood (Figure 13D). This indicated that CCNO overexpression 

in AD293s led to the phosphorylation of PLK1, potentially through the direct action of  CCNO-CDK 

complexes. Based on these findings, we utilised phosphoproteomic techniques to examine the proteome 

wide effects of CCNO. We performed phosphoproteomic enrichment after BioID-AP of either CCNO or 

FLAG overexpression in AD293s (Figure 13E). Although PLK1 was not enriched in the CCNO sample 

above background controls, a number of PLK1 interactors were significantly phosphorylated as a 

consequence of CCNO overexpression. Whislt a number of significant G2/M proteins were enriched with  

CCNO overexpression that were not strongly present with FLAG like the CDK proteins (Figure 13E and 

F). 

In all, these data indicate that GEMC1 and MCIDAS engage a similar core set of transcriptional machinery 

to activate transcription, but also differ in SWI/SNF subunit specificity and potentially other unique 

interactions to upregulate distinct gene sets. We hypothesize that CCNO provides negative feedback on 

GEMC1 through CDK2-mediated phosphorylation, and that the possible activation of PLK1 and depletion 

of CDK1 may allow cells to amplify centrioles without entering mitosis (Figure 13G).  
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Figure 13 

Figure 13: The influence of CCNO on the cell cycle. A. Flow cytometry of CCNO overexpression in 

AD293s after 48 and 72 hours stained with BrdU for proliferation and DNA (PI), gated area marks mitosis, 
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counts are quantified in right panel  B. Western blot of overexpression of either CCNO or GFP in AD293 

cells stained with indicated antibodies C,D. BioID-AP western blots for CCNO overexpression or Bir-A 

control in AD293s cells, probed with marked antibodies. Input (I) and Elute (E). E. Scatter graph of 

abundance of Phosphoproteomic enrichment of proteins from either BirA-CCNO or BirA-FLAG 

overexpression in AD293s after BioID-AP. Categorised by proteins inclusive of PLK1 interactors by 

Biogrid database or G2/M transition proteins according to GO search terms. F. Heatmap of most phosho-

enriched proteins of CCNO from E. Repeat proteins occur from more than one phosphorylation site. 

Categorised by proteins inclusive of PLK1 interactors by Biogrid database or G2/M transition proteins 

according to GO search terms G. Schematic of hypothesized GEMC1 and MCIDAS activation of the 

transcriptional pathway in multiciliogenesis.   

Potential roles of GEMC1 in Cancer 

 

In vivo, GEMC1 and MCIDAS appear to be expressed only in MCCs. In addition to MCC differentiation, 

the Geminin family members and CCNO are expressed in different cancer cell types, suggesting their 

functions may be co-opted to support tumourgenesis, warranting further investigation (Balestrini et al., 

2010; Pefani et al., 2011; Caillat et al., 2013;Li., 2018). We performed gene expression analysis using RT-

PCR and observed that many cancer cell lines maintain a high level of GEMC1 and other members of the 

Geminin family, as well as their downstream target p73 (Figure 14A, B).  

We wanted to determine the dependency of GEMC1 on cancer growth through siRNA mediated 

knockdown in different cancer cell lines. Two different siRNAs were utilised targeting GEMC1 and 

knockdown was confirmed by western blotting and RT-PCR analysis using the hTERT RPE-1 cell line, 

with siGEMC1.1 being a more potent oligonucleotide (Figure 14C, D). This knockdown strategy was 

applied to several cancer cell lines that showed the highest GEMC1 expression.  Using the Alamar blue 

assay we observed a time dependent decrease in cell viability once GEMC1 was depleted across all cell lines 

compared to control (Figure 14E). Finally, the effect of the GEMC1 knockdown on the cell cycle was 

measured using flow cytometry in U2-OS cells. We observed a clear depletion in S phase and a shift to G1 

phase with BrdU staining, indicating GEMC1s importance for DNA replication in these cells.   
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Figure 14 

Figure 14: GEMC1 influences cancer cell growth. A.B RT-PCR of Geminin family genes quantified 

across a series of different cancer cell lines, Log2 relative expression normalised to hTERT RPE-1 cells. 
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(Taqman probe used) N=3 C. Western blot showing hTERT RPE-1 cell knockdown of GEMC1 using 

siRNA after 48 hours, transfected with two distinct oligonucleotides with lipofectamine. Antibodies used 

GEMC1 or actin. D. RT-PCR of GEMC1 (Taqman) of knockdown from C. E. Alamar blue assay of cell 

viability 48 hours and 72 hours after siRNA mediated GEMC1 knockdown. N=3. F. Brdu staining 48 

hours and 72 hours after siRNA mediated GEMC1 knockdown, showing time dependent reduction in s 

phase replication.   
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Identification of Androgen Receptor proximal interactions in AD293s 

 

As BioID proved to be a powerful method for identifying the transcriptional apparatus associated with 

GEMC1 and MCIDAS, we used it to examine proximal protein interactions with the AR, a transcription 

factor key to the pathogeneiss of PC. The full length Wild-Type (WT) Androgen Receptor (AR) protein 

(22Q) was fused to a FLAG-MiniTurboID (MTID) tag by gene synthesis (Genscript) and a number of 

mutations were made in key domains (Figure 15A).  The TT mutant occurs in the DNA binding domain, 

the Tau1 and 5 mutations occur in the transactivation domain (TAD) and may influence recruitment of co-

activators. The FQNLF motif is important for the interaction with the ligand- binding domain (LBD), and 

S767A has been shown to disrupt dimer formation (Nadal et al., 2017).  

The expression and biotynlation of each mutant was confirmed through transient expression in AD293 

cells (Figure 15A, B). Like many TFs, AR shows a high level of intrinsic disorder, especially in its NTD 

(Figure 15C). Correspondingly, the MTID-AR-WT is capable of forming nuclear foci or condensates that 

are morphologicaly similar to other AR-WT fusion proteins, with the addition of DHT in transfected 

AD293 cells, indicating the FLAG-MTID tag does not interfere with its ability to phase separate in this 

system.  

The functionality of the MTID-AR-WT enzyme was tested in a pilot BioID-MS experiment using 

transiently transfected AD293 cells with 2 hours DHT and Biotin treatment. The proximal interactome of 

the top 75 AR hits consists largely of TFs, transcriptional coactivators/repressors, helicases and chromatin 

remodelers, including the SWI/SNF and Mediator complexes (Figure 15E). 
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Figure 15 

Figure 15: Androgen Receptor characterisation A. Schematic of Androgen Receptor (AR) domains and 

length, annotated with 6 specific mutations corresponding to the 6 AR-Mutants generated B. Western blot 
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showing expression of each AR mutant generated after over expression in AD293s, 48 hrs. Blotted with 

FLAG and Strep for biotinylation. C. Prediction of intrinsic disorder in the AR with NTD indicated. 

Sourced from http://www.pondr.com/. D. Representative immunofluorescence (IF) images of AD293 

cells transfected with the indicated proteins with addition of DHT and stained with FLAG antibody and 

DAPI (DNA). Scale bar = 20 uM. E. STRING generated protein network of BioID-MS experiment of AR 

overexpression in AD293s, 48 hrs. Top 75 strongest interactors based on Tmean spectral counts and BFDR 

≤ 0.02, FC> 3. Size of node equates to strength of interaction by Tmean, colour coded for loose 

characterisation based on STRING GO search categorisations. DHT and Biotin 2 hrs. Made in Cytoscape. 

N=1. 

 

Proximal interactions of AR-VAR7 in AD293s 

 

Using the MTID-AR-VAR7 construct, we performed the BioID-MS experiment in AD293s with 2 hours 

of DHT and Biotin treatment. The top 50 interactors that were unique to VAR7 (FC> 15, BFDR < 0.2) 

were mapped using STRING (Figure 16A). Analysis with GO searches of the AR-VAR7 interactors 

highlighted clusters of proteins associated with RNA binding, mRNA processing and splicesomal type 

Biological Processes or Molecular Functions (Figure 16B and C). 

The proximal interactomes of AR-WT and AR-VAR7 were compared in terms of the intensity of their 

interactions (Figure 16D). Generally, the AR-WT had a stonger intereaction in most of the prey proteins 

(BFDR < 0.05) in comparison to AR-VAR7. Of the known AR interactors (according to BioGrid database) 

and SWI/SNF subunits AR-WT also exhibited a stronger binding towards them compared to AR-VAR7. 

Whilst subunits of the Mediator complex showed no preference in their strength of interaction between 

the two proteins. 

 

 

 

 

 

 

 

 

http://www.pondr.com/


 
 

99 

Figure 16 

Figure 16: Androgen Receptor VAR7 Interactome in AD293. A. STRING generated protein network 

of BioID-MS experiment of AR-VAR7 overexpression in AD293s, 48 hrs. Top 50 strongest interactors of 

AR-VAR7, based on Tmean spectral counts and BFDR ≤ 0.2, FC> 15 against AR-WT as control. DHT 

and Biotin 2 hrs. Made in Cytoscape. N=1. B and C. GO enrichment analysis searches of AR-VAR7 

overexpression in AD293s  network from A, generated from STRING database. D. Scatter plot of peptides 

identified in BioID-MS of AR-WT or AR-VAR7 samples (Log2- SAINTe n=1). DHT and Biotin 2 hrs. 
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Proximal proteome of AR in stable cell lines  

 

To ensure our results were not the result of overexpression, we successfully generated a number of stably 

expressing MTID-AR-WT cell lines using lentivirus transduction in several different prostate cancer 

backgrounds that are either AR positive, such as LNCaP (Figure 17A), or AR negative, such as PC3 and 

DU145 (Figure 17B, C). The proximal interactomes of the PC3 and LNCaP stable cell lines were 

determined from BioID-MS analysis and compared after the addition of DHT and Biotin for 2 hrs (Figure 

17D). The strongest 100 interactors shown for LNCaP are strongly correlated with reported AR interactors 

in the BioGrid database, with the majority involved in transcription related activity, nuclear hormone 

receptor binding and chromosome organisation (Figure 17D, E).  

Strikingly, there was a significant overlap of the total number and high confidence (BFDR ≤ 0.02) 

interactors shared between LNCaP and PC3 MTID-AR-WT cell lines, not just from such well-established 

partners such as FOXA1, EP300, CREBBP, but also in the intensity of interaction with the SWI/SNF and 

Mediator complexes (Figure 17F, G). In all, these data demonstrate the flexibility and effectiveness of 

proximal protein labelling with the MTID enzyme. Our results validated a large number of known AR 

interactors and will allow us to better understand AR and AR variant function across cell types.  
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Figure 17 
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Figure 17: Analysis of proximal interaction in stable cell lines. A-C. Western blot showing expression 

of each MTID-AR-WT from generated Prostate cancer stable cell lines, LNCaP, PC3 and DU145 

respectfully with or without biotin. Stained with AR or Strep antibodies. LNCaP panel shows background 

in biotin negative from biotin being present in growth medium of RPMI.  EV=empty vector. D.  STRING 

generated protein network of AR-FLAG-MTID stable cell line BioID-MS analysis of LNCA. Top 100 

interactors and annotated with top PC3 interactors BFDR≤0.02, FC> 3. SAINTq of intensity from N=1. 

DHT, Biotin 2 hrs. BioGrid database used for known AR interactors and Depmap database of LNCaP for 

cancer dependency genes for Prostate Cancer annotated. Made in Cytoscape. E. GO enrichment analysis 

searches of LNCaP network from D, generated from STRING database. F Venn diagram highlighting 

overlap of proximal interactome from both AR-FLAG-MTID-WT in PC3 and LNCaP top hits as in D. G. 

SAINTq intensity values of total counts from FLAG-MTID-WT in LNCaP and PC3 cell lines of each 

complex.   

Mutating ARs Tyrosine residues depletes protein interactions   

 

AR condensates are stabilised by interactions between exposed aromatic residues, similar to condensates 

formed by various prion-like proteins (Li et al., 2018; Martin et al., 2020; Vernon et al., 2018). Previous 

research done by the Salvatella lab and others showed the importance of aromatic residues in the NTD, 

especially Tyrosines, of TFs in the propensity of the protein to phase separate in vitro and In vivo (Holehouse 

et al., 2021). We therefore generated two AR mutants that had either 8 or 22 Tyrosine (Y) to Serine (S) 

substitutions in the NTD to examine the functional and proteomic effects of depleting ARs aromatic 

character (Figure 18A). We fused both these mutants (8YtoS and 22YtoS) to a FLAG-tagged MTID enzyme 

and introduced them into PC3 cells using a lentiviral vector. Addition of biotin for 1 hour led to increased 

protein labeling, demonstrating that the MTID enzyme was functional (Figure 18B).  

We carried out BioID-MS analysis of these Tyrosine mutants compared to MTID-AR-WT and collected 

samples after DHT treatment of 60 min. The SAINTq analysis revealed a significant reduction in the 

interactions of the majority of the strongest interactors of AR-WT in comparison to the 8YtoS mutant, 

although their remains a weak interaction with the transcriptional machinery (Figure 18C, and E). 

Enrichment analysis of the strongest interactors present in 8YtoS over AR-WT reveal according to 

STRING generated GO Bioprocesses - negative regulators of AR signaling, cell growth and post-

translational modifications (Figure 18D, F and G). This suggests Tyrosine residues may play an important 

role in ARs interactome and warrants further investigation.  
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 Figure 18 
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Figure 18: Mutating Tyrosine residues A. Schematic of AR domains and length (amino acid), MTID-

AR-WT top and both Tyrosine MTID tagged mutants 8YtoS and 22YtoS below, annotated with their 

respective tyrosine to serine (YtoS) substitutions along the protein. B. Western blot expression of the 

generated PC3 stable cell lines MTID-AR-WT and both Tyrosine MTID AR mutants 8YtoS and 22YtoS 

below, stained with indicated antibodies. C Heat map generated from BioID-MS of top 100 AR-WT 

interactors BFDR ≤0.02, FC>3, compared to the Tyrosine mutants interaction of the same interactors. 

Scale represents strength of interaction of averaged SAINTq intensity values. DHT and Biotin 2 hrs. N=2. 

D. As in C but proteins listed as most enriched in 8YtoS compared to MTID-AR-WT, BFDR≤0.02, FC > 

3. DHT and Biotin 2 hrs. E. BioID-MS of MTID 8YtoS AR mutant STRING network of SAINTq data, 

top 50 interactors based on intensity BFDR < 0.02, FC≥ 1.5. Made in Cytoscape. F. GO enrichment from 

STRING of 8YtoS network of E. G. GO Bio Process´ of interactors enriched in 8YtoS compared to AR 

WT. BFDR≤0.02, FC > 3. 

BioID-MS analysis of 22YtoS revealed an almost complete depletion of the AR-WT proteomic network 

(Figure 19A). Instead, 22YtoS identified several proteins related to nuclear transport with 5 nucleoporins 

identified amongst the top 50 most enriched proteins compared to AR-WT (Figure 19B). 

 Figure 19 

Figure 19:  22YtoS Tyrosine residues Interactome A. Heat map generated from BioID-MS of top 50 

most enriched in 22YtoS compared to MTID-AR-WT, BFDR≤0.02, FC> 3. DHT and Biotin 2 hrs Scale 

represents strength of interaction of averaged SAINTq intensity values. DHT and Biotin 2 hrs. N=2. B. 

Scatter plot of peptides identified in BioID-MS of MTID-AR-WT or 22YtoS samples (Log10- SAINTq 

n=2). DHT and Biotin 2 hrs. 
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22YtoS fails to translocate to the nucleus and interacts with Nucleoporins 

 

To better interpret these results, we performed a series of immunofluorescence experiments with hormone 

treatment to visualize the relative localisation of AR-WT and 22YtoS in stably expressing PC3 cells. Without 

DHT treatment, we observed that AR-WT was present mainly in the cytoplasm with some nuclear 

localisation. After addition of DHT (60mins), almost all AR-WT had translocated to the nucleus, where 

anti-streptavidin antibody indicated most of the proximity interactions were taking place (Figure 20A). The 

22YtoS did not follow this pattern of localisation, as addition of DHT caused the mutant AR to go from a 

mostly cytoplasmic localisation to a perinuclear staining, with some AR present in the nucleus but the 

majority of its interactions taking place on the nuclear membrane (Figure 20A). 

The same hormone treatment in the PC3 AR-WT and 22YtoS cells was performed with samples taken for 

BioID-MS with and without DHT to determine how AR-WT responds to the ligand and to further examine 

the differences that may exist between their proteomic interaction. As expected, the addition of DHT 

(60mins) substantially increased the intensity of interactions between AR-WT and many of its core 

transcriptional partners such as EP300, SWI/SNF (Figure 20B). Whereas the overall interactome of 22YtoS 

did not change to any notable degree with DHT treatment, apart from further increasing the interaction 

strength of members of the Nucleoporin family (Figure 20C). Enrichment analysis of AR-WT protein 

interactors after DHT treatment revealed little overlap with 22YtoS, highlighting transcriptional or 

hormone related categories, whereas 22YtoS enrichment related to nuclear pore and cellular structure based 

ontologies (Figure 20D, E). 

To validate these observations, we performed proximity ligation assays (PLA) for several of the top hits in 

AR-WT, including the SWI/SNF component ARID1A, the Mediator component MED1, and nucleoporin 

member NUP153. PLA signal was clearly evident for AR-WT with MED1 and ARID1A, whereas no 

interaction was observed for 22YtoS (Figure 20F). In contrast, 22YtoS showed clear interaction with 

NUP153 in the perinuclear space, but no interaction with MED1 or ARID1A (Figure 20F). 
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Figure 20 
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Figure 20: Translocation and the proximity interactome of MTID-AR-WT and 22YtoS. A. 

Representative immunofluorescence (IF) images of the MTID-AR-WT or 22YtoS stable cell lines with 

treatment of Bioitn and DHT (2 hrs) or without. Stained with AR antibody and Streptividin (Strep) for 

indicating potential interactors.  B,C. Scatter plot of time course PPI network from BioID-MS in PC3 

stable cell lines. Relative abundance of top proximity interacting proteins of AR-WT or 22YtoS ranked 

from SAINTq (BFDR≤0.02). T0 = Biotin ±50 uM = 2 h, T60 = Biotin ±50 uM = 1 h then tDHT = 1h).D. 

Enrichment analysis of B+C of top 70 PPI network ranked by abundance utilising SAINTq Data (BFDR 

≤0.02) of the AR-WT or 22YtoS respectfully. N=2. E Venn diagram of AR-WT or 22YtoS from B and 

SAINTq (BFDR≤0.02). BioGrid database was used for known AR interactors (https://thebiogrid.org). F. 

Proximity ligation assays (PLA) using the indicated antibodies are shown in cyan with DAPI staining in 

magenta in DHT treated PC3 cells. Streptavidin labeling is shown in green with DAPI in blue (far right 

panels) in DHT treated PC3 cells, scale bars 10 μm. 

AR Tyrosine mutants are transcriptionally impaired  

 

The two Tyrosine mutants were investigated further with RNA-Seq to examine the potential transcriptional 

effects of their impaired protein-protein interactions. The PC3 stable cell lines were subjected to 2 hours 

of DHT treatment, whilst 22YtoS was treated with 2 hours DHT or 24 hours DHT to allow for a greater 

nuclear translocation time (Figure 21A, B). Globally, MTID-AR-WT and 8YtoS shared the most similar 

gene expression profile whilst 22YtoS and 22YtoS 24 hrs (DHT) were together the most distinct with a 10x 

greater number of downregulated differentially expressed genes (Figure 21B). Gene set enrichment analysis 

(GSEA) revealed that AR-WT was positively enriched for known AR targets (Figure 21C), which reached 

significance in weighted GSEA parameters (padj< 0.01) (Figure 21D). 8YtoS showed an overall slight 

negative correlation in GSEA analysis of the AR hallmark response, whereas 22YtoS and 22YtoS 24 hrs 

both exhibited a significant dysregulation in the known AR targets (padj< 0.01) (Figure 19D, E). Comparing 

AR-WT to the Tyrosine mutants directly highlights a number of pathways activated in AR-WT, including 

SWI/SNF subunit SMARCA4 targets and pathways hyperactive in CRPC, like E2F and MYC targets 

(Rasool et al., 2019; Takeda et al., 2018) (Figure 21F). In contrast, downregulated pathways of AR-WT 

against the mutants included stress response signaling and inflammatory responses, with 22YtoS showing 

the strongest dysregulation, indicating the longer DHT treatment in 22YtoS of 24 hrs rescued some typical 

AR transcriptional responses (Figure 21F). Taken together these results indicate that the Tyrosine AR 

mutants indicate a reduced propensity to phase separate, they are characterised by lower nuclear 

translocation rate, increased association with the nuclear pore, and reduced transcriptional activity in cells. 
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Figure 21 

Figure 21: AR Tyrosine mutants Gene activation. A. Principle Component Plot of inputs from PC3 

stably expressing MTID-AR-WT, 8YtoS, 22YtoS and 22YtoS 24 hrs (DHT) or FLAG control. B. Heatmap 
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of differentially expressed genes (DEG), indicated with NES=nucleotide enrichment score. Normalized to 

FLAG C. Random walk of the GSEA running enrichment score of Hallmark Androgen Response Pathway 

genes in AR-WT vs FLAG control, treated with DHT 2 hours. Weighted p=1. D. The GSEA running 

enrichment score of Hallmark Androgen Response Pathway in AR-WT, 8YtoS and 22YtoS, 22YtoS 24 hrs 

vs FLAG control, treated with DHT 2 hours. Weighted p=1.5. *=p value < 0.05. E. Heatmap of normalised 

DEG Counts of Top 10 Genes in Hallmark Androgen Response in AR-WT vs FLAG compared to 8YtoS, 

22YtoS or 22YtoS 24 hrs all vs FLAG. F. GSEA of enrichment score of a number of different pathways 

of AR-WT vs 8YtoS or 22YtoS or 22YtoS 24 hrs. Weighted p=1. Black ring indicates p value <0.05 NES= 

Nucleotide enrichment score.  

Tyrosine mutants with AR Variant 7 depletes protein interactions   

 

To investigate whether the reduced engagement of the 22YtoS mutant with the transcriptional machinery 

and lower gene expression stemmed from its reduced propensity to phase separate, its aggregation in the 

nuclear membrane or its impaired nuclear localisation, we generated a new set of Tyrosine mutants in AR-

VAR7 that is normally constitutively nuclear. Firstly, the AR-VAR7-22YtoS was generated, which lacks the 

LBD and  may enable better translocation into the nucleus to examine the phase separation properties 

(Figure 22A). Secondly, we changed the 22 Tyrosines to Phenyalanines (F) to generate AR-VAR7-22YtoF, 

another aromatic residue that has a weaker tendency to reduce phase separation and can therefore operate 

as an intermediate or partial rescue of the S mutations (Figure 22A).  Lastly, as a control for Phenyalanine, 

we generated the same plasmid in the WT background, AR-WT-22YtoF, to determine if there were effects 

of utilising Phenyalanine on nuclear translocation.  

We again generated stable PC3 cell lines and tested the conjugated FLAG-MTID expression and enzyme 

biotinylation (Figure 22B). The translocation of the AR-VAR7 Tyrosine mutants was examined by 

immunofluorescence. MTID-AR-WT showed clear translocation to the nucleus upon DHT treatment, 

whilst deconvoluted images show clear condensate like foci in the nucleus (Figure 22C, D). The VAR7 

remains largely nuclear without hormone treatment as expected, also with similar condensate formation 

(Figure 22C, D, E). AR-WT-22YtoF showed very similar translocation properties as the WT, while AR-

VAR7-22YtoF maintained some cytoplasmic staining even with DHT treatment (Figure 22C, E). AR-

VAR7-22YtoS demonstrated primarily nuclear localisation with some residual cytoplasmic staining and less 

clear or more aggregated like condensate formation (Figure 22D). The AR-VAR7-22YtoS much like AR-

VAR7 localisation, did not significantly change with hormone treatment (Figure 22C, E). 

As all stable cell lines show no major translocation defects, the next steps will be to take these forward for 

analysis with  BioID- MS to determine whether altering the aromaticity translates into inhibited AR 

interaction with the VAR7 form of AR too. 
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Figure 22 

Figure 22: AR Variant 7 Tyrosine mutants rescue interaction. A. Schematic of Androgen Receptor 

(AR) domains and length (amino acid), AR-WT-22YtoF top and both Tyrosine AR-VAR7-22YtoS and AR-

VAR7-22YtoF below, annotated with their respective tyrosine to serine (YtoS) or tyrosine to Phenyalanine 

(YtoF) substitutions along the protein. B. Western blot expression of the generated PC3 stable cell lines of 
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plasmids from A, stained with indicated antibodies. C. Representative immunofluorescence (IF) images of 

the PC3 stable cell lines from A+B with treatment of DHT (2 hrs) or without DMSO. Stained with FLAG. 

Scale bar= 10 μm. D. Deconvoluted image of MTID-AR and mutants to show condensate formation. PC3 

stable cell lines with DHT treatment. Stained with FLAG. Scale bar = 10μm E. Quantification from C of 

nucleic over cytoplasmic ratio of immunofluorescence intensity calculated in ImageJ.  

 

Small molecule inhibitors deplete the AR proteomic network 

 

As the NTD of AR is key to interactions with its co-activators, targeting it with small molecule inhibitors 

is a promising prospect with EPI-001 based compounds already in clinical trials (Sadar et al., 2020). 

Derivatives of EPI have been formulated, with potentially improved potency, including 1ae (Figure 23A, 

B) (Basu et al., 2022). Understanding the mechanistic effects of these small molecule inhibitors is therefore 

of clinical relevance. To determine if changes in the proximal interactome occur with the addition of these 

drugs, we performed BioID-MS with SAINTq analysis with a 1 hour pretreatment and then 2 hours with 

addition of DHT + Biotin in MTID-AR-WT expressing PC3 and LNCaP stable cell lines (Figure 23C).  

1ae treatment caused a noticeable decrease in the intensity of interactions present in the PC3 cell line, whilst 

a small minority of proteins increased in the intensity of their interaction (Figure 23D). This effect was 

replicated in the PC3 cell lineage with EPI-001, with almost two-fold more proteins demonstrating reduced 

compared to an enhancement (Log2FC > 1.5) (Figure 23E). The small molecule inhibitor treatment led to 

a more profound reduction in total AR interactors, including known transcriptionally related proteins 

(annotated) in the LNCaP cell line, with few interactors significantly increasing their intensity of interaction 

upon drug treatment (Figure 23F, G). GO searches showed the significantly decreased protein interactors 

are mainly categorised as transcriptional regulators, chromatin modifiers and specific androgen receptor 

related signaling partners (Figure 23H, I).  
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Figure 23 
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Figure 23: Small molecule inhibitors inhibit AR proteomic interactions. A. Chemical structure of 

compound EPI-001. B. Chemical structure of compound 1ae.  C.  Schematic of method for small molecule 

treatment of cells and BioID experiment. D. BioID-MS of PC3 MTID-AR-WT cells treated with 1 hour 

1ae 5uM and then 2 hrs of DHT and Biotin. SAINTq intensity data of LogFC of intensity of interaction. 

Red highlights DOWN in reduced interaction pvalue < 0.05 and Log2FC < -1.5 or UP in interaction.  In 

blue pvalue < 0.05,  Log2FC > 1.5 or Log2FC < -1.5. Annotated with proteins of interest. N=1. E. As in B 

BioID-MS of PC3 MTID-AR-WT cells but treated with 1 hour EPI-001 10uM and then 2 hrs of DHT and 

Biotin. LIMMA data of LogFC of intensity of interaction. Red highlights DOWN in reduced interaction 

pvalue < 0.05 and Log2FC < -1.5 or UP in interaction in blue pvalue < 0.05  Log2FC > 1.5 or Log2FC < -

1.5. Annotated with proteins of interest. N=1. F. as in D but utilising LNCaP MTID-AR-WT cells with 

SAINTq intensity data. Green circles represent proteins with BFDR < 0.02.  N=3. G. As in E but utilising 

LNCaP MTID-AR-WT cells using SAINTq intensity data. Green circles represent proteins with BFDR < 

0.02. N=3. H,I.  Enrichment analysis of SAINTq intensity Data (BFDR < 0.02,  DOWN=Log2FC < -1.5) 

of the LNCaP MTID-AR-WT treated cells with small molecule inhibitors indicated above DOWN enriched 

protein interactions.  

Small molecule inhibitors alter the homeostasis of specific transcriptional 

interactions  

 

We further sought to determine the effects of small molecule inhibitors. Some of these affected key 

interactions, highlighted in Figure 23, were validated with PLA, using FLAG-AR + MED1 or ARID1A 

antibodies. Drug treatment led to a visible reduction in the total number of foci per cell, which was inversely 

correlated to increasing time of drug incubation in LNCaP cells (Figure 24A). This proved to be a significant 

reduction in the number of foci for MED1 with 1ae at all time points and ARID1A with both drugs at the 

longer time point of 8 hours (Figure 24B). 

As the Mediator complex is a key interactor with AR, and notably important for phase separation, we 

highlighted the specific subdomain change in interaction we saw with these small molecule inhibitors in the 

BioID-MS of the LNCaP stable cell line. The MTID-AR-WT forms a strong interaction with the tail and 

middle parts of the Mediator complex (Figure 24C). EPI-001, and more strongly 1ae, caused the most 

significant loss of interaction across the Mediators middle and head subdomains, particularly MED1 and 

MED14 being the most significantly reduced (Figure 24C).   

Lastly, using the BioID data of the LNCaP cell line with drug treatments 1ae and EPI-001, a network of 

the most enriched and significant interactors was formed (Figure 24D). These interactors were loosely 

characterised to functions related to transcriptional regulation, as well as other categories. 

Interestingly both drugs led to enhanced AR interaction with E3 Ubiquitin protein ligase proteins, as well 

as the Polycomb group RING finger protein 1 (PCGF1). This suggests these small molecule inhibitors alter 
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the balance that exists between AR and its transcriptional co-activators and may lead to enhanced post-

translational modification that could inhibit its function or target its degradation. 

Figure 24 

Figure 24: Small molecule inhibitors specific effects in AR´s proteome. A Proximity ligation assay 

(PLA) using the indicated antibodies shown in cyan with DAPI staining in magenta in small molecule or 
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DMSO and DHT treated LNCaP MTID-AR-WT cells at times indicated. Scale bars=10 μm. B. 

Quantitation of PLA foci shown in A per cell scored. C. BioID MS of MTID-AR-WT interaction with 

Mediator complex with and without small molecule inhibitors shown. SAINTq data, colour indicates 

strength of interaction from LogFC Tmean of intensity. D. Interactome of LNCaP MTID-AR-WT cell line 

BioID-MS treated with small molecule inhibitors. Most enriched and significant interactors FC > 1.5 

compared to MTID-AR-WT and BFDR < 0.1. Generated from STRING. Made in Cytoscape.   
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The TF AR and transcriptional regulators GEMC1 and MCIDAS are unified by their ability to 

drive specialised transcriptional programs to activate gene networks with important roles in cell 

fate decisions and oncology. In the first chapter, we exploited the proximity labelling technique of 

BioID to identify the complex and novel interaction networks that equip them to perform their 

specific transcriptional functions. This work is the first interactome study to compare the two 

atypical transcriptional activators GEMC1 and MCIDAS and implicate multiple SWI/SNF 

complexes in the transcriptional regulation of MCCs. Furthermore, we uncovered the molecular 

role of CCNO as an important regulator in Multiciliogenesis. In the second chapter we explored 

the role of phase separation on the heterogenic composition and organisation of the AR through 

multiple biochemical methods. We have uniquely demonstrated the importance of aromaticity in 

ARs translocation, interaction and function. Lastly, we attempted to alter the properties of these 

processes to gain a better understanding of how AR regulates transcription, which may help to 

generate beneficial therapeutic insights that will benefit PC treatment.  

 

1. BioID proximity labelling identifies interaction networks in 

Multiciliogenesis  

 

We and others have previously established that the two Geminin family members, GEMC1 and 

MCIDAS, are key factors that control the transcriptional regulation of MCC development (Terré 

et al. 2019; Lu et al., 2019). Yet, several lines of evidence point to distinct functions for GEMC1 

and MCIDAS in MCC differentiation that is not adequately explained by our current 

understanding of their molecular interactions. In this work, we directly compared their 

transcriptional targets and proximal interactions and found that, while their targets and 

interactomes are highly similar, they also have distinct molecular interactions and transcriptional 

effects. Using BioID, we identified nearly every protein previously implicated in the transcriptional 

regulation of MCC differentiation to date, including E2F4/5-DP1, TRRAP, AHR, MYB, TP73, 

and CDK2, as well as many additional proteins implicated in their regulation, demonstrating the 

suitability of this strategy for interrogating transcriptional complexes (Lewis and Stracker, 2020). 

These results also indicated that the proposed role of GEMC1 and MCIDAS in DNA replication 

is likely limited to their interactions with Geminin/CDT1, as nearly all of the proteins identified 

were related to transcriptional regulation (Balestrini et al., 2010). 

Previous work showed that the E2F4/E2F5-DP1 TFs were required for MCC differentiation in 

every tissue where MCCs are present (Chong et al., 2018b; Danielian et al., 2007, 2016; Ma et al., 
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2014). Our data suggests that E2F3, as well as DP-2 (TFDP2), may also influence the 

transcriptional response, particularly with MCIDAS, that has higher affinity for E2F4 and E2F5 

through its distinct C-terminal TIRT domain (Lu et al., 2019). Work by the Lygerou group 

demonstrated that GEMC1 was essential for the formation of MCCs in the mouse airway 

epithelium and responsible for the transcriptional activation of MCIDAS expression in radial glial 

cells (Arbi  et al., 2016; Lalioti et al., 2019). Research from the Roy group proposed a stepwise 

model of activation, as MCIDAS deficient mice developed morphologically recognisable MCCs 

that maintained expression of early TFs such as TP73 and FOXJ1, but failed to multiciliate, in 

contrast to GEMC1 KO mice that lack MCCs all together (Lu et al., 2019). These group´s data 

and others indicate that GEMC1 activates MCIDAS and other key TFs to promote MCC 

specification and then MCIDAS consequently activates the expression of genes required for 

Multiciliogenesis. This is consistent with our array data that shows MCIDAS overexpression 

activating many more cilia related genes than GEMC1 (Figure 2).  

How GEMC1 and MCIDAS achieve specificity remains unclear, but our work suggests that this 

may involve specific interactions with SWI/SNF complexes. We showed that GEMC1 almost 

exclusively interacts with BRG1 containing complexes, compared to MCIDAS that labeled both 

BRG1 and BRM (SMARCA2). MCIDAS showed almost exclusive binding to the BRD9 subunit 

of the ncBAF complex in comparison to GEMC1 in AD293s and our Inducible Multiciliogenesis 

model.  However, moving the C-terminus of GEMC1 to MCIDAS (MC-C1) eliminated 

interactions with complex-specific subunits, which were then rescued by swapping the TIRT of 

MCIDAS back in the hybrid protein (MC-GEM-S) in AD293s (Figure 7). This indicates the TIRT 

domain is the key determinant of specificity that varies the interaction between the DNA-binding 

subdomains of the SWI/SNF. Observing the predicted Alphafold structures of the C-terminal 

domains of these proteins did not reveal any clear mechanistic insight, but did show that while 

they are somewhat similar, they are potentially varied enough to have distinct binding sites and 

affinities, consistent with biochemical data. Additionally, previous work showed the microRNA 

family Mir449a-c are key regulators of Multiciliogenesis and the initial stages of the transcriptional 

pathway (Wildung et al., 2019; Loukas et al., 2021).  Understanding the complex relationship 

between these transcriptional regulators would benefit from a better understanding of their 

structures, further analysis of how the TIRT domains interact with TFs at the molecular level and 

a comprehensive view or their own transcriptional regulation by both TFs and miRNAs.  

As both GEMC1 and MCIDAS identified multiple SWI/SNF complexes, one possibility is that 

they work together at some of the same genes through distinct enhancer/promoter interactions. 

It was shown that ARID1A containing BAF complexes bind more predominantly to H3K4 
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monomethylated enhancer regions, while ncBAF binds preferentially to H3K4-trimethylated 

promoter regions (Gatchalian et al., 2018; Michel et al., 2018). This theory is supported by the 

identification of common TFs that bind enhancer and promoter elements with both proteins in 

BioID experiments, as well as their similar labeling of the Mediator complex that bridges promoter 

and enhancer elements and recruits RNAPII (Jeronimo et al., 2016; Lee et al., 2011; Nemajerova 

et al., 2016). Another possibility is that the weakened interactions of GEMC1 allow it to activate 

the MCC program in a manner that is reversible, if cell status is not appropriate. Work from the 

Kintner group proposed that the inhibition of MCIDAS by Geminin provided a mechanism for 

preventing centriole amplification in cycling cells (Ma et al., 2014). The relatively weak activation 

of these genes by GEMC1 compared to MCIDAS could make it more sensitive to Geminin 

inhibition, but further experiments are needed to test this idea. 

It is known that MCC differentiation requires canonical cell cycle regulators, including CDK2, 

CDK1 and PLK1 to facilitate centriole amplification, although their precise roles remain largely 

unclear (Al Jord et al., 2017; Funk et al., 2015; Revinski et al., 2018; Wallmeier et al., 2014). GEMC1 

was shown to be a target of CCNA2/CDK2 kinase activity (Balestrini et al., 2010) and previous 

work suggested that GEMC1 was negatively regulated by the poorly characterized Cyclin, CCNO 

(Cyclin O), potentially connecting CDK activity to its transcriptional functions (Funk et al., 2015). 

Consistent with this, we identified CCNA2 in our BioiD experiments with GEMC1 and found 

that CCNO co-expression significantly reduced GEMC1’s interactions. Notably, CCNO has little 

effect on the interactions of MCIDAS, indicating that its effects are specific for GEMC1. Our 

analysis of CCNO’s interactome revealed a number of cell cycle components, many of which were 

also transcriptionally upregulated by CCNO.  

We also noted that several G2/M specific factors, including PLK1 and CDC20 (a component of 

the APC/C), proximally associated with MCIDAS, but not GEMC1, and these associations were 

enhanced by CCNO co-expression. Co-expression of CCNO with MCIDAS led to the loss of 

interactions with TP73, SMARCD2 (a CDK target) and TEAD1 (a partner of YAP), indicating 

possible regulation of MCIDAS as well. YAP is a TF and component of the Hippo signaling 

pathway that responds to cell surface tension and mechanical forces (Lewis & Stracker, 2020). 

Several YAP interactors have been localised to BBs in mice, and in frogs, YAP nuclear 

translocation shows increased tissue stiffness in the multiciliated epithelium, suggesting YAP may 

influence MCC size or centriole numbers (Tu et al, 2018; Kim et al., 2020; Soldt et al., 2019). Thus, 

the emerging picture suggests that GEMC1 and MCIDAS are both likely targets of cell cycle-

specific regulation, providing an elegant mechanism to facilitate their stepwise actions and fine 

tune transcriptional output with massive centriole amplification. 
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We validated the interaction between CCNO and CDC20B, which both have their highest 

expression levels during the earliest phases of MCC differentiation during the formation of 

deuterosomes. (Revinski et al., 2018; Funk et al., 2015; Núnez-Ollé et al., 2017) In CCNO deficient 

cells, deuterosomes are malformed and produce fewer BBs and defective MCCs (Funk et al., 2015; 

Núnez-Ollé et al., 2017). Transcriptional dysregulation is also apparent in Air liquid Interphase 

(ALI) cultures from CCNO KO mice indicating that CCNO is required for deuterosome stability 

and plays a role in the regulation of the Multiciliogenesis pathway (Funk et al., 2015).  Recent 

studies showed that CDC20B localises to deuterostomes and regulates the release of centrioles 

during disengagement (Revinski 2018). Previous work showed that the phosphorylation of 

CDC20B by BUB1–PLK1 inhibits APC/Cdc20 in vitro and is required for checkpoint signalling in 

human cells. (Luying Jia 2016). Therefore, it is likely that the components of the cell cycle 

machinery are being repurposed to regulate different stages of Multiciliogenesis, as proposed by 

Meunier and Spassky (Al Jord et al., 2017). Based on our work here (Figure 11 and 13), we speculate 

that CCNO negatively regulates GEMC1, presumably through CDK phosphorylation of GEMC1 

itself, or potentially of its associated factors. CCNO may also modulate APC regulation by CDC20 

phosphorylation through PLK1 and CDKs, keeping entry to mitosis inhibited and promoting the 

controlled formation and disengagement of centrioles.  

Despite the limitation that our proteomic study was performed by overexpressing GEMC1 or 

MCIDAS in cycling AD293 cells, our approach is strongly validated by its ability to identify most 

of the factors known to be involved in MCC transcription. Due to technical challenges working 

with MCC models and the amount of material needed for BioID, performing such experiments in 

MCCs would be currently unfeasible. We and others have shown that the initial transcriptional 

functions of GEMC1 and MCIDAS are recapitulated in AD293 cells and the proteomic data picks 

up nearly all proteins previously implicated in MCC transcription.  Notably absent from our results 

were the RFX2/3 transcription factors, that are expressed at low levels in AD293 

(http://www.proteinatlas.org). This could be one reason why overexpression of GEMC1 and 

MCIDAS is incapable of driving efficient multiciliation in this cell type (Bisgrove et al., 2012; 

Chung et al., 2014; Didon et al., 2013). This notion is supported by the inducible Multiciliogenesis 

model created in this study using a Glioma cell line, DBTRG-05MG, which has the highest 

expression levels of RFX2/3 according to the TCGA dataset.  

This model is similar to that reported by the Kintner group using mouse cells, but does not require 

the use of E2F4 overexpression (Ma et al., 2014). In our cell lines, GEMC1 or MCIDAS induction 



 
 

122 

resulted in markers of multiciliated cells being apparent from D3 (Figure 10). Results obtained 

from PLA and BioID-AP pull downs in this system solidified observations we made in AD293s, 

demonstrating functional significance of the SWI/SNF interactions in Multiciliogenesis.    

 

2. BioID proximity labelling identifies interaction networks in PC  

 

Due to difficulties in targeting AR therapeutically, widespread efforts are being made to understand 

the proteomic landscape and functional significance of its interaction partners. Some interactors, 

for example Cyclic adenosine monophosphate (cAMP) and p300, have already been linked with 

distinct sets of target genes (Ianculescu et al., 2012). These and other co-activators such as BRD4, 

represent potentially more druggable targets than AR that are being investigated as alternative ways 

to perturb AR gene activation and signalling, as discussed later in more detail (Asangani et al., 

2014; Waddell et al., 2021). 

Previous BioID studies have been performed on AR in AD293 cells and LAPC4 cells (Lempiäinen 

et al., 2017; Vélot et al., 2021.). The AR interaction networks generated from our PC stable cell 

lines have been partially validated from these previous studies, as we identified many members of 

the same transcriptional machinery and a large majority of AR interactors reported in BioGrid. 

The only caveat from previous studies is the reliance on transient transfection, whereas our stable 

cell line system is more manipulatable, maintains expression to near physiological levels, and is less 

variable. The results presented here push the field further, providing insights into the interaction 

changes during the transition of AR following ligand binding in both hormone dependent and 

independent PC cell lines. Generally, AR is bound HSP in the cytosol prior to ligand activation. 

This family of proteins often appear in FLAG-BirA* controls and are often not returned as 

significant hits, something noted in Contaminant Repository for Affinity Purification (the 

CRAPome), which is carefully considered when analysing all significant interactions (Mellacheruvu 

et al., 2013).  

Utilisiation of the Mini Turbo ID (MTID) with AR, enabled more flexible and rapid labelling 

times, allowing us to look temporally at interactions after hormone treatment. Looking at the 

condition of 0 min DHT in our time course (Figure 20), AR maintains cytoplasmic localisation 

and its interaction partners are associated to biological process relating to regulation of cellular 

component organisation, actin or vesicle mediated transport and K63-linked deubiquitination, 

which has been linked with AR stability (Lim et al., 2017). We identified novel interactions with 
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several proteins at this time point. For instance, we noted several interactions with breast cancer 

anti-estrogen resistance (BCAR) proteins, like BCAR1 which serves as a structural hub in cellular 

signaling and may correlate to PC progression (Heumann et al., 2018).  

We saw a rapid change in the proteome of AR after only a 15 min interval of DHT +  biotin, with 

the AR becoming almost entirely nuclear and hits being largely transcriptionly related. We see 

therefore, a large amount of the trascriptional machinery already in proximity to the AR within 15 

minutes, with a stronger enrichment of chromatin remodellers than Mediator, possibly reflecting 

limited active transription at this point.  Typically identified interactors of AR at the 15 minute 

time point included translocation proteins that can shuffle between the cytoplasm and the nucleus, 

as well as structural proteins that serve as an interface between TFs. Such proteins may offer 

potentialy novel targets to disrupt pathogenic AR translocation or at least reduce its transcriptional 

output. 

After 60 mins of ligand treatment, fully translocated AR consistently identified members of large 

chromatin modifiers, TFs and Mediator subunits, indicative of proteins found in active, phase 

separated condensates. Unexpetedly, we discovered a number of mitochondrial proteins as 

significant hits including Mitochondrial Ribosomal Proteins (MRPS), Isoleucyl-TRNA Synthetase 

2, Mitochondrial (IARS2) and Pentatricopeptide Repeat Domain 3 (PTCD3). Mitochondrial type 

proteins were found across all cell lines tested with the highest number occuring  in AD293 and 

PC3 cells. AR was recently shown to also localise to mitochondria, potentially regulating 

mitochondrial function and retrograde signaling, although this relationship warrants further 

investigation with respect to PC (Bajpai et al., 2019). 

Using the same system, we examined the proximal interactome of the AR-VAR7, a ligand 

independent variant that has been proposed to be clinically relevant. To our knowledge this is the 

first report to examine the proximal interactome of AR-VAR7 in any cell line. Although, generated 

from AD293s, clear differences in comparison to the AR-WT can be seen, including splicesomal 

and RNA processing type interactors that are unique for AR-VAR7. The Ring finger protein 113A 

(RNF113A) was identifed , which is an E3 ubiquitin-protein ligase that functions in pre-mRNA 

splicing and promotes the proliferation, migration and invasion of cancer, its expression often 

correlating with poor prognosis in certain cancer types (Wang et al., 2018; Lear et al., 2017). Further 

work is being carried out to determine the AR-VAR7 interactome in PC lines to understand the 

functionalilty of the variant which is found more prominently in CRPC. 

There are a number of possible avenues to pursue in relation to determining functional relevelancy 

for any number of AR co-activators indentified in this study. For example, a similar BioID study 
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in PC identified the Kruppel-like Factor 4 in the cell line LAPC4, and through biochemical 

methods they determined its significance to AR function (Vélot et al., 2021). Due to time 

contstraints and other particular aims of the AR project, these leads were not fully explored. 

However, it would be important to show dependency of AR function on a number of the 

interactions in relevant PC models in future work, as it was seen that a large number of proteins 

are expressed at diverse levels throughout the progression of PC, from benign prostate cells to 

CRPC (Kumari et al., 2017; Chmelar et al., 2006). Importantly, the specificity of interaction 

between AR and its potential pivotal interactor should be assed to establish any potential off target 

toxicity that may come as a result of therapeutic intervention (Dahiya and Heemers 2022). 

Potentially, it would be interesting to apply the BioID technique to xenograft tumours, as was 

performed for the TF c-MYC (Dingar et al., 2015). This could be done specifically, in CRPC in 

conjunction with different drug treatments or conditions, like enzalutamide or hypoxia, in order 

to gain more clinically relevant insights to AR. 

Additional new technologies based on BioID have been developed, such as Split-TurboID, which 

consists of two inactive fragments of TurboID that biotinylate proximal proteins when the two 

constitutive protein-protein interaction occurs. This allows greater targeting specificity, which 

could be used with AR to decipher interactomes at transcriptionally active regions (Cho et al., 

2020). Crosslinking (XL)-MS based proteomic studies have been used with AR at chromatin regions, 

which confirmed many known AR coregulators reported here such as FOXA1, P300 and the newly 

identified interactor GRHL2 (Paltoglou et al., 2017). Interesting recent work utlised a chromatin 

immunoprecipitation coupled with selective isolation of chromatin-associated protein method 

(ChIP-SICAP) and captured the chromatin protein network of AR in VCaP cells that represent 

CRPC, to highlight a number of clinically relevant candidates (Launonen et al., 2021).  Moreover, 

a vast number of quantitative proteomics studies have been performed over the years ranging from 

PC cell lines to patient samples (reviewed Sadeesh et al., 2021). The depth of these studies is 

beyond the scope of this thesis, but as protein expression profiles can change from a non-

malignant sample to metastatic tissue in the same patient, further work should adopt a more 

integrative approach. These could combe genomic, transcriptomic, and proteomic alterations to 

tackle the ever-changing landscape of this disease (Kwon et al., 2020; Sadeesh et al., 2021). 

3. Phase separation and Tyrosine Mutants 

 

The weight of evidence behind the process of phase separation orchestrating transcriptional 

machinery to coherently form at SEs and mediate RNAP transcription is growing. As GEMC1 
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and MCIDAS do not have identifiable DNA binding domains, their target gene specificity is likely 

dictated by multivalent protein interactions rather than specific contact with DNA elements, a 

property indicative of phase separation. GEMC1 and MCIDAS form clear nuclear condensates in 

multiple cell lines tested in this thesis, which did not correlate to PML typle foci in the nucleus. 

Further experiments such as Fluorescence recovery after photobleaching (FRAP), super-

resolution Stimulated emission depletion (STED) microscopy, or in vitro based droplet assays, are 

needed to clarify its propensity to phase separate. However, foci type condensates can be seen in 

immunofluorescence based images in other overexpression studies or in MCC-bearing tissues 

tissue (Kyrousi et al., 2015; Lu et al., 2019). Additionally, as our results show a vast number of 

transcriptional interactors, many of which are already implicated in phase separated condensates, 

like SWI/SNF components and Mediator, it is easy to imagine the relatively small proteins 

GEMC1 and MCIDAS are integrated in this process to recruit the large transcriptional complexes 

needed to active their gene program. For this reason, we speculate that our extensive attempts to 

ChIP either GEMC1 or MCIDAS to identify direct gene targets were unsuccessful because 

GEMC1 and MCIDAS are not located in close enough proximity to DNA.   

However, our data provides a number of leads to pursue this possibility in future work, in order 

to better understand the mechanism that confer transcriptional specificity. In addition, approaches 

such as ATAC-seq, that measures changes in chromatin density, could be applied to infer target 

genes of GEMC1 and MCIDAS in more detail. 

AR on the other hand, is a DNA binding-domain containing TF that has been previously shown 

to form condensates in vitro and in vivo (Black et al., 2004, 2004b; Zhang et al., 2021; Basu et al., 

2022). The data that was generated from the AR project illustrated how the phase separation 

capacity of AR can be altered by changing the aromaticity of the receptor’s NTD. As the 8YtoS 

mutant showed decreased propensity to form condensates in vitro (Basu et al., 2022).  It is becoming 

evident that the molecular grammar of phase separation is stipulated by pi-pi interactions between 

two aromatic residues, or the pi-cation interactions of aromatic residues and positively charged 

amino acids (Wang et al., 2018). Previous studies substituting tyrosine residues with serine on prion 

like domains changed the propensity of phase transition and inhibited their capacity to form 

hydrogels (Kato et al., 2012; Kwon et al., 2013). With the 8YtoS substitutions in AR’s NTD we 

saw a decreased interaction of its known co-activators and decreased transcriptional activity, 

consistent with previous mutagenesis based studies on an array of different TFs (Basu et al., 2020; 

Boija et al., 2018; Wang et al., 2021; Zhang et al., 2022). Whilst positively enriched protein 

interactions indicated perturbed AR signaling and cell growth with the 8YtoS mutant. This data 

indicates that the structural properties of AR’s NTD domain facilitate the phase separation 
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process. This is likely indicative for other nuclear hormone receptors and transcriptional regulators, 

similar to condensates seen formed by various prion-like proteins (Li et al., 2018; Martin et al., 

2020; Vernon et al., 2018). 

We found that replacing all 22YtoS significantly inhibited transcription based protein interactions 

and gene activation typical of AR. Unexpectedly, this Tyrosine mutant which still had an intact 

NLS, showed impaired nuclear translocation. 22YtoS preferentially interacted with nucleoporins 

on the nuclear membrane and PLA revealed a perinuclear accumulation compared to the AR-WT 

(Figure 20). Nucleoporins contain FG repeats that we speculate directly interact with the aromatic 

residues in the AR NTD and hinder the membrane crossing mediated by nuclear import receptors 

and adaptor proteins (Milles et al., 2015). Nuclear pore complexes undergo phase separation 

themselves, highlighting a complex relationship between permeabilisation and condensate 

formation (Nag et al., 2022). Studies in large globular proteins, which substituted surface residues 

with aromatic ones, resulted in an increase in the rate of nuclear translocation, further supporting 

our results (Frey et al., 2018). This suggests a potentially universal nuclear import mechanism 

different from the linear sequence information encoded in nuclear localisation signals (Basu et al., 

2022).  

In light of these findings, AR-VAR7 was used in conjunction with the 22YtoS mutations. This was 

found to be more localised to the nucleus with ligand stimulation than the same mutant in the AR-

WT background, but visually it did not form typical transcriptional condensates. A 22YtoF plasmid 

was created to act as an rescue experiment, as phenylalanine is an aromatic amino acid with a lesser 

propensity to phase separate. This plasmid showed more residual nuclear staining and better 

response to ligand stimulation indicating less perceived translocation interference. The analysis of 

their respective proximal interactions was performed but not included in this thesis due to time 

restraints.  

One alternative explanation regarding the effects of the tyrosine mutants seen in this study that 

cannot be fully ruled out is associated with post-translational modifications (Hofweber & 

Dormann 2019). Substituting tyrosine residues to serine inherently alters some known kinase 

targets that may alter the function of AR (Liu et al., 2010; Mahajan et al., 2007). Although, in house 

phosphoproteomic experiments only revealed one phosphorylation site in AR-Y224 in our system, 

to fully exclude this uncertainty one could add inhibitors to the known tyrosine kinases or perform 

parallel experiments with phosphomimic mutants. Additionally, potential interference with AR´s 

capacity to dimerise should also be assessed, as both inter-and intramolecular NTD-LBD 
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interactions facilitate ARs dimerisation which may be affected in these mutants and could 

contribute to decreased affinity with its interaction partners (Yu et al., 2020).  

Equally, it should not be ignored the alternate mechanisms that exist to describe the biogenesis, 

maintenance, and disassembly of membraneless compartments of macromolecules. Musacchio 

argues that many properties held by the PS viewpoint can rather be explained by Site Specific 

Interacions (SSIs), whereby highly specific interactions, rather than unspecific ones, appear to be 

the main driver of biogenesis of subcellular compartments (Musacchio, 2022). It is true that to 

define PS is an arduous task, as there are countless ways to modulate the solubility of a protein to 

forms droplets in vitro and it is difficult to correlate with overexpression experiments in cells that 

do not necessarily represent the physiological environment (Musacchio, 2022). Definition 

experiments come under their own scrutiny like FRAP that different studies have kinetics of 

recovery ranging between sub-seconds to hours (McSwiggen et al, 2019). Thus, this study like 

many others in the field falls short of excluding other potential drivers of compartment biogenesis 

under limited resources and time. However, PS is still an emerging field with many unknowns and 

the tools needed to improve its defining parameters and translation into the in vivo context are still 

developing. Only with advancements in super-resolution fluorescence methods and effective 

interdisciplinary minded approaches can these shortcomings be fulfilled.  

 

4. Implications for disease  

 

We identified distinct SWI/SNF subcomplexes used by GEMC1 and MCIDAS that influence their 

transcriptional outputs and inhibition of BRD9 impaired Multiciliogenesis in mTECs and our 

Induction Multiciliogenesis model. These observations may have significance to ependymal MCC 

differentiation in mice or human patients with SWI/SNF mutations and hydrocephaly (Diets et 

al. 2019; Cao and Wu 2015).  

The discovery of the transcriptional specificity being reliant on the TIRT domain may also be of 

clinical significance. Mutations in the TIRT domain of MCIDAS have been implicated in RGMC, 

a condition in which patients have malformed MCCs, and may be linked to the pathogenesis of 

other ciliopathies (Boon et al., 2014; Wallmeier et al., 2014 Núnez-Ollé et al., 2018; Zhang et al., 

2018). Consequently, restoring the aberrant binding of the TIRT domain with specific SWI/SNF 

components or E2F4/5 TFs, could potentially re-establish defective Multiciliogenesis. Approaches 
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such as CRISPR/Cas9 gene editing could be used in future work to correct point mutations in 

RGMC patients as restore MCC function. 

We measured the expression levels of key MCC specific genes in several cancer cell backgrounds 

and found that they showed significant upregulation. GEMC1 was overexpressed in certain cell 

lines consistent with previous reports which suggests it may play functional roles in DNA 

replication (Li et al., 2018; Cerami et al., 2012; Gao et al., 2013). This warrants additional studies 

of the transcriptional roles of GEMC1 and MCIDAS expression in cancer. Whether or not the 

expression of these genes are pivotal driving forces in cancer progression or by-products of 

pathway dysregulation in these backgrounds should be determined.  It is not hard to envisage these 

proteins contributing to the pathology through the over activation of TFs such as E2F4, TP73, 

FOXJ1 and SWI/SNF components, that have already been implicated in cancer development 

(Zheng et al., 2021; Bisso et al., 2011; Liu et al., 2019). Contrastingly, it was proposed that re-

activation of the GMNC-MCIDAS Multiciliogenesis pathway can be tumour suppressive.  

Through Notch interference one study was able to generate tumours that are similar to Choroid 

plexus papilloma in mice. Disruption of Notch restored multiciliation and decreased tumour 

growth, while GEMC1-MCIDAS overexpression rescued multiciliation defects and suppresses 

tumour cell proliferation (Li et al., 2022). These studies indicate an intricate and perhaps evolving 

relationship between cancer causation, progression and the Multiciliogenesis pathway.   

Likewise, the identified potential regulators of MCCs we highlighted, CCNO and CDC20, have a 

multifaceted association with oncology. There is a lot of interest of CDC20 as an oncogene and 

its pathogenesis to cancer. Overexpression of CDC20 was observed in a variety of human tumours 

(Cheng et al., 2019; Wang et al., 2015). Moreover, higher expression of CDC20 is associated with 

clinicopathological parameters in various types of human cancers, such as pancreatic or breast 

cancer (Taniguchi et al., 2008; Karra et al., 2014). CCNO is relatively understudied in oncology but 

its depletion was seen to significantly induce cancer cell apoptosis, both in vitro and in vivo (Li et al., 

2018). Moreover, PLK1 is well known to be highly expressed in many cancers, where its expression 

is associated with poor prognosis (Ramani et al., 2015; Tut et al., 2015). Thus, one hypothesis 

arising from our work is that CCNO overexpression in cancer could be activating PLK1 and 

CDC20, thus having oncogenic effects. Analysis of CCNO overexpression showed correlation 

with a subset of cilia genes in some cancers, but it has yet to be determined the significance of this. 

As the G2M programme is clearly associated with oncogenesis, this may have some clinical 

importance or prognostic value and warrants further investigation in the future.   
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The significance of AR in prostate cancer is undisputed. However, current treatments for CRPC 

are limited and generally ineffective as long term options. There are many emerging studies relating 

phase separation to cancer development (Wang et al., 2020; Spannl et al., 2019). The Salvatella 

group and collaborators designed next generation compounds based on knowledge of the 

properties of phase separation and the pharmokinetics of small molecule inhibitors that function 

by covalently attaching to multiple aromatic groups to the AR-NTD. In this study we utilised the 

small molecule EPI-001, which is known to inhibit AR-NTD, derivatives of which are currently 

under clinical investigation (Le Moigne et al., 2020). These reduce AR’s propensity to phase 

separate and we showed significant and specific decreases in interactions with AR’s transcriptional 

machinery, many of which are known to be highly expressed at SEs, following EPI-001 treatment 

(Hnisz et al., 2013). Work with our collaborators using a newly generated compound, 1ae, 

demonstrated enhanced potency in vitro and inhibited tumourigenesis in a murine CRPC model 

resistant to enzalutamide (Basu et al.,  2022). Understanding why enhanced AR phase separation 

from addition of small molecule inhibitors perturbs AR´s interactions and facilitates AR 

dysregulation remains elusive. It may be that exogenous enhancement of phase separation can alter 

the normal physiological balance that exists between AR and its interactors with respect to 

heterogeneity and assembly kinetics. This could lead to enhanced condensate formation, but 

condensates are now non-functional or even detrimental to the cell. We noted ubiquitin protein 

ligase proteins and PCGF proteins as interactors in the small molecule treated samples that may 

alter enhanced post-translational modifications and target ARs degradation. This is supported by 

previous studies showing AR partion into condendates with SPOP, an adaptor of the cullin3-

RING ubiquitin ligase (Bouchard et al., 2018). Whilst most recently, a dose-dependent decrease in 

the level of soluble AR was found with 1ae-treated LNCaP cells (Basu et al., 2022). 

Interestingly, another recent study showed that increasing phase separation does not necessarily 

correlate with TF transcriptional activation (Trojanowski et al., 2022). Although this was 

performed with many artificial components, it highlights the complex nature of this process.  

One group of proteins enriched from BioID experiments with small molecule treated samples of 

AR were RNA type binding, splicing and general processing proteins. Enhancers produce short 

and long RNAs radiating from the center that vary in stability, but these RNAs are known to play 

key structural roles in transcriptionally active condensates (Suzuki et al., 2017; Sharp et al., 2022). 

Altering the aromaticity of AR may lead to increased attraction of RNAs and their binding 

proteins, which results in an excess of negatively charged RNA molecules causing repulsion, which 

has been shown to cause condensate dissolution (Banerjee et al. 2017; Milin and Deniz 2018). 

Alternatively, the enriched RNA molecules found with small molecule treatment may be a direct 
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consequence of malfunctioning transcription increasing their local concentration around AR target 

sites. It would therefore be interesting to see Hi-C coupled with ChIP–seq (HiChIP–seq) 

experiments performed in this context to analyse the three dimensional changes in enhancer based 

genomic localisations of AR with these drugs.  

Treating SE as potential drug targets is an exciting future prospect in drug development. Our 

working models both implicate GEMC1, MCIDAS and AR in their respective systems, at the heart 

of SEs, that may form through phase separation. SE defects have been linked to multiple genetic 

diseases, including cancer (Thandapani 2019; Sabari et al., 2019; Loven et al., 2015) metabolic 

(Ounzain et al., 2015) and immune diseases (Herranz et al., 2014; Wang et al., 2019). Equally, SEs 

are responsible for activating cell identity genes. Consequently, they hold therapeutic potential, as 

SEs are more prone to external stimuli than any other genomic regions which makes them good 

targets, as inhibitory responses should be obtained with low drug concentrations (Bruter et al., 

2021). Therefore, they have the potential to enhance the potency and specificity of drugs, which 

persists as a major therapeutic challenge in disease. Inhibitors against the bromodomain protein 

BRD4, which is an important marker in SE activity, has shown reduced tumour growth and 

suppression of oncogenic Myc, and its downstream transcriptional program in preclinical models 

of acute myeloid leukemia and multiple myeloma (Delmore et al., 2011; Zuber et al., 201). 

Consequently, there are number or clinical trials targeting other bromodomains BRD2/3/4/T 

(Alqahtani et al., 2019). The knockdown of the BRD4, and two Mediator subunits reduced 

enhancer dependent gene activation and repressed proliferation of colorectal cancer cells 

(Kuuluvainen et al., 2018). More pertinently, elimination of the SMARCA2 and SMARCA4 

SWI/SNF’s ATPases with a proteolysis-targeting chimera (PROTAC) inhibited tumour growth in 

xenograft and drug resistant models of ‘enhancer-addicted’ PC (Xiao et al., 2022). 

Going forward, it will be important to fully define the pathological SEs seen in cancers from the 

physiological in the transcriptome (Shin et al., 2018). Armed with this better mechanistic 

knowledge, disentangling their formation, or rather aggregation, will be site specific and 

detrimental to their transcriptional output. Although, more in vivo evidence is still required to 

further support SEs as pathological intervention targets, further characterisation of their makeup, 

the co-activators, the assembly and disassembly in physiology and disease could lead to widespread 

and potent therapeutic strategies.    
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Conclusions 
 

 Proximity labelling with BioID identified the proximal protein-protein interaction network of 

GEMC1 and MCIDAS that are key activators of the Multiciliogenesis transcriptional program. 

 GEMC1 and MCIDAS share a similar proximal interaction network but activated a distinct set of 

genes. 

 MCIDAS has preferential binding specificity to the BRD9 subunit of the ncBAF SWI/SNF 

complex that is dependent on its unique TIRT domain. 

 Inhibition of BRD9 prevented MCCs formation in a Multiciliogenesis mouse model. 

 Depletion of BRD9 using PROTAC inhibited Multiciliogenesis in an inducible in vitro model. 

 CCNO regulates the interaction of GEMC1 to transcriptional regulators. 

 CCNO activates the G2/M program and interacts with a number of G2/M specific proteins that 

have been implicated in multiciliogenesis. 

 

 The AR proximity interaction network was mapped across several PC lines and in a hormone 

dependent manner. 

 Tyrosine residues are important for efficient translocation of the AR across the nuclear membrane. 

 Reducing phase separation of the AR inhibited interactions with the transcriptional machinery and 

gene activation of PC specific genes. 

 Small molecule inhibitors decreased protein-protein interactions and may be therapeutically useful 

for targeting the IDRs of oncogenic transcription factors and other disease-associated proteins. 
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