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Abstract 

MYC has wide-ranging functions, with potential to amplify transcriptional output to activate 

cell growth, metabolism and cell cycle progression, thus driving oncogenic programs. As even 

small increases in MYC abundance are sufficient to drive the proliferative cell growth 

fundamental to tumour progression, understanding the molecular mechanisms controlling MYC 

expression will provide insight into mechanisms of MYC dysregulation in cancer. In 

mammalian in vitro and ex vivo systems, the KH domain single stranded DNA/RNA binding 

protein FUBP1 binds the Far Upstream Sequence Element (FUSE) in the activated MYC 

promoter to modulate transcription. Using genetic models, this thesis demonstrates that the sole 

FUBP family member in Drosophila, Psi, is essential for Myc transcription, cell and tissue 

growth in the wing epithelium, in vivo. Psi is not only required to maintain endogenous levels 

of Myc mRNA abundance, but depletion results in a significant increase in RNA Pol II activity 

on the Myc gene. Consistent with Psi regulating Myc at the level of transcription, we 

demonstrate Psi interacts physically and genetically with the transcriptional Mediator complex 

(MED), thus providing a mechanism for integration of developmental signals for patterning 

Myc transcription, cell and tissue growth in the wing imaginal disc epithelium.  

We further report physical and genetic interaction between Psi and AGO1, the RNA binding 

protein component of the RNA-induced silencing complex (RISC). AGO1 loss-of-function 

mutations restored growth in the Psi knockdown wing, suggesting negative roles for AGO1 in 

Psi-dependent cell and tissue growth. AGO1 depletion was not only sufficient to increase Myc 

mRNA and protein abundance in the wing, but also increased Myc function i.e. transcriptional 

activity as measured by increased abundance of Myc targets required for ribosome biogenesis 

and cell growth (e.g. Ribosomal Proteins, rRNA and RNA Pol I subunits). Myc knockdown 

returned AGO1-depleted nucleolar compartments to the normal range, demonstrating 

dependency of increased growth on Myc i.e. rather than direct effects of AGO1 on ribosomal 

components. Interestingly, the following observations suggest AGO1 represses Myc at the level 

of transcription: 1) significant AGO1 enrichment on Myc promoter by ChIP, 2) physical 

interaction between AGO1 and MED, and 3) that AGO1 depletion activates the Myc promoter 

and the increased Myc mRNA requires RNA Pol II transcriptional activity. Together, these 

observations suggest a novel role for AGO1 as a transcriptional repressor of Myc, which 

underlies the tumour suppressor behaviour observed for AGO1 in the Drosophila wing.  
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Chapter 1. Introduction 

The transcription factor c-MYC (MYC hereon) is a potent oncoprotein, frequently amplified 

and/or overexpressed via genomic translocation in many human cancers (Figure 1.1). In 

contrast to other oncogenes, which normally require activation by mutations in the coding 

sequence (for example, Ras is activated by the V12 point mutation (Smit et al., 1988; Wu et 

al., 2010)), increased abundance of MYC protein is oncogenic (Pelicci et al., 1986; Dang, 

2012). Thus, tight regulation of MYC expression is crucial to prevent cancer onset and 

progression. FUBP1 is a single stranded nucleic acid binding protein, first identified due to 

affinity for the Far Upstream Sequence Element (FUSE) in the MYC promoter (Duncan et al., 

1994). FUBP1 is required for tight control of MYC expression and, thus, proliferation in ex 

vivo cultured cells (He et al., 2000; Liu et al., 2000; 2006), but despite the generation of 

knockout mice (Rabenhorst et al., 2015; Zhou et al., 2016; Wesely et al., 2017), the precise 

function of FUBP1 during development has remained unclear as a consequence of redundancy 

with other family members, particularly the highly related FUBP2 protein. We, therefore, 

aimed to decipher mechanisms of FUBP1-dependent MYC transcription using in vivo 

Drosophila melanogaster genetic models, where the FUBP family is represented by one 

protein, Psi.  
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Figure 1.1 MYC amplification is associated with a broad range of tumors. MYC-related 

cancers summarized from cancer genomics tool cBioPortal (http://www.cbioportal.org/). The 

X axis shows the MYC-related cancers and the Y axis alteration frequency. The nature of 

lesions identified is denoted by the colour shown in the legend below the graph. Grouped based 

on cancer type, with threshold set for at least 10 patients in each sample and >10% of patients 

per cancer. 
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1.1 MYC: a potent oncogene 

1.1.1 MYC dysregulation drives cancer progression 

Tightly coordinated regulation of cell and tissue growth is essential for animal development; 

decreased growth leads to small organs and small body size, while overproliferation and tissue 

overgrowth is associated with genomic instability and cancer. The MYC oncogene has been 

extensively studied since 1981, when its up-regulation was first implicated in tumour initiation 

and progression (Hayward et al., 1981). In adult tissues, MYC expression is generally 

relatively low and mainly restricted to cells with regenerative and proliferative potential 

(Marcu et al., 1992). MYC overexpression as a result of chromosomal translocation was first 

found to directly contribute to malignant transformation in Burkitt’s Lymphoma (Taub et al., 

1982; Dalla-Favera et al., 1982a), but increased MYC is also associated with a broad range of 

other tumours including breast, cervical, blood, colon, lung, prostate and brain (Liao and 

Dickson, 2000; Zajac-Kaye, 2001; Meyer and Penn, 2008; Dang, 2012; Roussel and Robinson, 

2013; Schmitz et al., 2014) (Figure 1.1). Tight control of MYC expression is, therefore, 

essential to prevent the cell and tissue overproliferation associated with tumour initiation and 

progression (reviewed in (Dang, 2010; Levens, 2010; Zaytseva and Quinn, 2017)).  

In normal cells, MYC is regulated by signalling inputs from a diverse array of developmental 

and growth signalling pathways (reviewed (Zaytseva and Quinn, 2017)), and in the context of 

cancer MYC can be increased via numerous mechanisms including 1) retroviral 

promoter/enhancer insertion, 2) chromosomal translocation, 3) gene amplification, 4) 

activation via the aberrant activity of growth signalling pathways, and 5) alterations at the 

level of mRNA, or protein stability (Eilers and Eisenman, 2008; Meyer and Penn, 2008; 

Pomerantz et al., 2009; Wright et al., 2010). The focus of this thesis is to investigate 

transcriptional regulation of MYC in the context of a normal developmental signalling 

environment, in vivo. Specifically, we aim to determine whether Psi, the sole FUBP family 

KH-domain single stranded DNA/RNA binding protein in Drosophila, regulates Myc 

transcription in the developing wing epithelium. 
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1.1.2 MYC protein family members and their ortholog in Drosophila 

The mammalian MYC protein family contains three members, MYC, MYCN and MYCL, 

which enables functional redundancy (reviewed in (Eilers and Eisenman, 2008)). Mice 

haploinsufficient for MYC are viable, but small compared to wild type animals due to impaired 

cell proliferation (Davis et al., 1993). However, homozygous null MYC mutant mice display 

severe developmental defects and die before 10.5 days of gestation (Davis et al., 1993). The 

lethality induced by the absence of MYC is due to placental insufficiently, as deletion of MYC 

specifically in the epiblast (such that trophoectoderm and primitive endoderm structures remain 

wild type) generates embryonic organs without gross developmental abnormalities (Dubois et 

al., 2008). Nonetheless, epiblast-restricted MYC-null pups are severely anaemic due to loss of 

hematopoietic stem cells (HSCs), which indicates that the hematopoietic cells are particularly 

dependent on MYC function (Dubois et al., 2008).  

MYCL is frequently amplified in human small cell lung cancer, where it promotes tumour 

progression by driving pre-rRNA synthesis and transcriptional programs associated with 

ribosomal biogenesis (Kim et al., 2016). In contrast to MYC and MYCN, which are required for 

embryonic development, genetic inactivation of MYCL in the germline results in viable mice 

without notable phenotypes (Hatton et al., 1996). Although a more recent study discovered 

specific roles for MYCL in dendritic cells of the immune system, as loss of MYCL in dendritic 

cells significantly decreases T-cell priming during infection by Listeria monocytogenes and 

vesicular stomatitis virus (Wumesh et al., 2014). 

MYCN is normally expressed during embryonic development and orchestrates cell proliferation 

and differentiation in the developing neural crest stem cells (Zimmerman et al., 1986; Newman 

et al., 2017) and dysregulation of MYCN contributes to neuronal transformation and 

tumorigenesis (Grimmer and Weiss, 2006). Amplification of MYCN in neuroblastoma tumour 

samples provided the first evidence for tumour-promoting roles (Brodeur et al., 2005), with 

subsequent analysis revealing MYCN amplification as a powerful prognostic marker (Schwab, 

1991; Molenaar et al., 2012; Pugh et al., 2013; Kushner et al., 2017). Strikingly, gene 

replacement of MYC with MYCN results in viable mice that can survive into adulthood and 

reproduce, demonstrating that MYCN can provide functional compensation when MYC is 

absent (Malynn et al., 2000). Thus, MYC and MYCN proteins demonstrate considerable 

redundancy in gene regulation of factors critical for proper developmental growth and cell 

cycle regulation. 
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In contrast to mammalian genomes, which encode 3 MYC family proteins, Drosophila contains 

just one MYC ortholog, Myc (Gallant et al., 1996) enabling gene function to be determined in 

vivo without the issue of functional redundancy. Thus, Drosophila genetic studies were the 

first to clearly demonstrate that Myc is essential for cell growth. Myc mutants are small due to 

reduced cell growth (Johnston et al., 1999), whereas overexpressed Myc increases cell size and 

growth rates (Johnston et al., 1999; Pierce et al., 2004). Production of ribosomes is essential to 

increase the translational capacity of cells, a prerequisite to cell growth and cell cycle 

progression. Subsequent studies revealed that Myc regulates cell growth via its ability to 

upregulate ribosome biogenesis (Grewal et al., 2005; Mitchell et al., 2015), a function 

fundamental to human MYC’s oncogenic capacity (Barna et al., 2008; Bywater et al., 2012; 

Pourdehnad et al., 2013; Poortinga et al., 2014).  

MYC drives cell growth by upregulating production of the factors (protein and RNA) required 

to build ribosomes, by stimulating transcription via all three RNA Polymerases: RNA 

Polymerase I (RNA Pol I), RNA Polymerase II (RNA Pol II), and RNA Polymerase III (RNA 

Pol III) (reviewed in (Poortinga et al., 2014)). Mammalian studies have demonstrated that 

MYC directly stimulates the initiation of RNA Pol I-mediated transcription, producing the 47S 

pre-rRNA, which is processed to produce the rRNA essential to building ribosomes (Arabi et 

al., 2005; Grandori et al., 2005; Shiue et al., 2009) (Figure 1.2 A). Further to this, MYC 

activates transcription of RNA Pol II-transcribed genes encoding the ribosomal proteins (RPs), 

rRNA processing factors, and components of the nucleolus (Grandori et al., 2005; Grewal et 

al., 2005; Poortinga et al., 2011) (Figure 1.2 B). Moreover, MYC directly activates RNA Pol 

III transcription to increase 5S rRNA expression, for assembly of the large 60S ribosomal 

subunit, and tRNA for translation of mRNA codes into protein (Fernandez et al., 2003; 

Oskarsson and Trumpp, 2005; Gomez-Roman et al., 2006) (Figure 1.2 C).  

Functional conservation between Drosophila Myc and human MYC has been demonstrated by 

classic functional rescue experiments e.g. transformation of primary mammalian cells with 

Myc rescues proliferation defects in MYC null fibroblasts (Schreiber-Agus et al., 1997), while 

human MYC can rescue lethal Myc mutations in flies (Benassayag et al., 2005). What’s more, 

the targets and pathways impacted by MYC are conserved between flies and humans, 

particularly regarding the ability to drive ribosome biogenesis, cell growth and proliferation 

(reviewed in (Poortinga et al., 2014)). 
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Figure 1.2 MYC stimulates cell growth by driving ribosome biogenesis. (A) In the 

nucleolus, MYC directly activates transcription of rRNA via RNA Pol I. MYC binding to the 

E-box and the SL-1 complex promotes rDNA transcription initiation. (B) Significant groups of 

RNA Pol II dependent MYC targets are required for ribosome biogenesis. Direct targets 

include upstream growth signaling factors (for example, S6 kinase (S6K) that modifies 

ribosome activity), core components of the ribosome (for example, the ribosomal proteins 

(RPs)), proteins required for the processing and assembly of ribosomes (for example, nucleolin 

(Ncl) and nucleophosmin 1/B23 (Npm1)), nucleolar function (for example, fibrillarin (Fbl)) 

and other components of the biosynthetic apparatus. (C) MYC is recruited by TFIIB and 

activates RNA Pol III-dependent expression of 5S rRNA, thus increasing abundance of the 5S 

rRNA required for assembly of the large 60S ribosomal subunit. 
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1.1.3 MYC - a global transcriptional amplifier 

MYC is a basic-helix-loop-helix leucine-zipper (bHLH-LZ) transcription factor, that 

heterodimerizes with its partner bHLH protein MAX, to form a DNA-binding domain (DBD), 

which recognizes the major groove of DNA (Blackwood and Eisenman, 1991; Amati and 

Land, 1994; Grandori et al., 2000; Lüscher, 2001; Gomez-Roman et al., 2003; Raffeiner et al., 

2014). MYC-MAX heterodimers preferentially bind the E box motif (CACGTG), found in 

promoters and enhancers of many MYC-regulated genes, although MYC-MAX can also bind 

E box variants and sequences that lack this motif entirely (Tansey, 2014). MYC-driven 

transcriptional regulation can be modulated by another bHLH protein, MAD which 

heterodimerizes with MAX to inhibit activation of transcription by MAX-MYC (Grandori et 

al., 2000). MYC can also repress transcription in certain contexts e.g. binding to the Zinc 

Finger/BTB Domain protein MIZ-1 leads to transcriptional down-regulation of MYC targets 

(Herkert and Eilers, 2010; Si et al., 2010; Vo et al., 2016).  

Early genome-wide ChIP-DNA microarray studies conducted in Burkitt’s lymphoma cells 

suggested MYC occupies more than 15% of all gene promoters (Li et al., 2003). The 

MYC/MAX heterodimer was also found to co-localize with the general transcription factor 

TFIID complex in Burkitt’s lymphoma cells, suggesting a general role for overexpressed 

MYC as a global regulator of gene expression (Li et al., 2003). Consistent with this finding, 

genome-wide Dam-ID binding studies, conducted in Drosophila, also implicated Myc in 

direct transcriptional regulation of 10%-15% of all genes (Orian et al., 2003; 2005). These 

studies suggested MYC binds a defined set of targets to generate a specific gene expression 

signature (Fernandez et al., 2003; Eilers and Eisenman, 2008). However, more recent genome-

wide chromatin immunoprecipitation (ChIP) and Next Generation sequencing (NGS) studies 

revealed that in response to increased MYC expression, MYC is detected on all active 

promoters and enhancers, that is, those with bound RNA Pol II with an open chromatin 

structure (Lin et al., 2012; Nie et al., 2012). This work led to the general amplifier model for 

MYC function i.e. that MYC binds to active promoters to globally enhance transcriptional 

activity; challenging MYC’s role as gene-specific transcriptional regulator (reviewed in (Wolf 

et al., 2015)). Specifically, stimulation of naïve mouse lymphocytes to induce expression of 

endogenous GFP-tagged MYC, revealed a positive correlation between gene expression, 

active chromatin marks and MYC binding across the entire genome (Nie et al., 2012). This 
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observation was supported by studies in human Burkitt’s lymphoma tumour cell models (Lin 

et al., 2012). Furthermore, the capacity of elevated MYC to load active promoters was 

independently confirmed by subsequent studies (Lee et al., 2012; Sabò et al., 2014; Walz et 

al., 2014). Thus, elevated MYC can result in global amplification to increase output from 

previously established transcriptional programs in developing organs, proliferating cell 

culture systems or tumours. This model provides an explanation for the variety, large number 

and context specificity of MYC targets observed in earlier studies. 

Recent studies revealed that the capacity of MYC to amplify gene expression is modulated by 

interaction with certain transcriptional regulators, which alter MYC’s affinity for specific 

promoters (Lorenzin et al., 2016). Mathematical models suggest the DNA binding affinity of 

MYC will determine promoter occupancy to generate a MYC-expression signature. Under 

this prediction, only high-affinity promoters will be fully occupied by physiological levels of 

MYC. However, increased MYC abundance does not affect MYC binding to these high-

affinity target genes, rather, MYC binding only increases at genes weakly bound under 

physiological conditions. As a result, increasing the concentration of MYC protein will only 

enhance transcription of weakly expressed cancer-promoting targets, and thus accelerate 

tumorigenesis.  

A mechanism for stratification of low- and high-affinity promoters by MYC is predicted to 

involve direct interaction with the core promoter-bound factor WDR5 (Thomas et al., 2015). 

This WD40-repeat-containing protein is part of the MLL/SET methyltransferase complex that 

methylates Histone H3-K4, and the histone acetyltransferase complex MOF/NSL that 

acetylates Histone H4 (Hess, 2004; Dou et al., 2005; Ali et al., 2017). WDR5 increases E-box 

occupancy for MYC by 95% and occupancy of non-E-box sites by 50%. In contrast, in the 

absence of WDR5 binding, E-boxes or non-specific DNA site binding by MYC remains below 

10% and 1%, respectively (Thomas et al., 2015). Thus, interaction with WDR5 bound 

promoters can stratify MYC binding affinity, providing a rationale for induction of specific 

gene expression programs in response to increased MYC and production of a MYC-signature 

in tumour cells. 

In summary, physiological MYC increases expression of genes with high-affinity promoters, 

such as genes involved in ribosome biogenesis and cell growth, while elevated MYC increases 

occupancy on promoters with low-affinity binding. Thus, the combination of global binding 
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capacity and high affinity for promoters driving cell and tissue growth provides MYC with 

potent oncogenic potential. Therefore, to maintain normal cell growth during development 

and prevent tumour initiation and progression, MYC expression must be tightly controlled. 

 

 

1.2 Transcriptional control of MYC in response to cellular signalling 

1.2.1 FUSE: MYC transcriptional control via modulation of DNA structure  

Reciprocal chromosomal translocation between the MYC coding region and the 

immunoglobulin promoter results in elevated MYC in B-cells, which drives Burkitt’s 

Lymphoma (Taub et al., 1982; Dalla-Favera et al., 1982a; 1982b). The observation that 

translocated MYC alleles lack the endogenous MYC promoter fueled great interest in MYC 

promoter architecture as a means of gaining insight into pathways to MYC-driven 

oncogenesis. The Burkitt’s Lymphoma translocation also truncates the 5’UTR encoded by 

exon 1, which prevents the pause of RNA Pol II normally observed immediately downstream 

of the start site following transcriptional activation, leading to constitutive RNA Pol II read-

through and elevated MYC expression (Spencer et al., 1990). In line with this, analysis of the 

endogenous MYC promoter in human promyelocytic leukemia cell lines revealed that 

induction of differentiation, and transcriptional down-regulation of MYC, was associated with 

decreased RNA Pol II elongation (Siebenlist et al., 1984b). Thus, RNA Pol II pause-release 

was proposed to provide the post-initiation transcriptional control required to induce rapid 

activation of MYC expression in response to cellular signalling (Rahl et al., 2010; Levine, 

2011). 

The complexity of the MYC promoter reflects the many cellular signalling inputs converging 

on MYC transcription (reviewed in (Zaytseva and Quinn, 2017)). Early studies revealed a 

correlation between nuclease cleavage sensitivity in the MYC promoter and expression levels 

(Siebenlist et al., 1984a; Grosso and Pitot, 1985b; Bentley and Groudine, 1986). Thus, 

nuclease-sensitive elements were analyzed as a means of understanding promoter structure 

enabling transcriptional control of MYC, particularly as a means of integrating multiple 

signalling inputs (reviewed (Zaytseva and Quinn, 2017; 2018)). Analysis of the many DNAase 

I hypersensitive sites in the MYC promoter revealed that only the site 1.5kb upstream of the 
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P1 promoter lost binding activity following induced differentiation and down-regulation of 

MYC expression, and the authors coined the name Far Upstream Sequence Element (FUSE) 

for this region (Avigan et al., 1990). Interestingly, although FUSE is required for activation 

of MYC transcription, and FUSE deletion significantly reduces MYC-reporter activity, 

insertion of multiple copies of FUSE upstream of a heterologous promoter was not sufficient 

for stimulation of MYC expression using in vitro transcription assays (Avigan et al., 1990). It 

was therefore concluded that FUSE does not behave as a traditional enhancer, but constitutes 

a non-canonical mechanism for MYC transcriptional control (reviewed in (Quinn, 2017)). 

 

1.2.2 FUBP1: Remodeling the MYC promoter to fine tune transcription  

The major factor isolated from undifferentiated HL60 cell extracts by affinity chromatography 

using the double stranded FUSE was the FUSE Binding Protein, FBP (originally FBP, now 

renamed FUBP1) (Duncan et al., 1994). Following induction of MYC differentiation and MYC 

down-regulation in leukemia cell lines, FUBP1 binding to FUSE significantly decreases 

(Duncan et al., 1994). Despite this DNA-binding function, significant homology to known 

DNA-binding motifs was not evident in the primary FUBP1 sequence. However, the FUBP1 

central domain contained a 30-residue sheet-turn-helix, and the authors noted homology 

between the conserved α-helices and the hydrophobic core comprising KH domains (Duncan 

et al., 1994). Although these domains were first identified in the RNA binding protein hnRNP 

K (human heterogeneous nuclear ribonucleoprotein K) (Matunis et al., 1992), they also bind 

single-stranded DNA (ssDNA) with an affinity equal to RNA in vitro (Cukier et al., 2010). 

Electrophoretic mobility-sift assays (EMSA) subsequently conducted with single stranded 

FUSE probes demonstrated that FUBP1 preferentially binds to the non-coding strand (Duncan 

et al., 1994). FUBP1 has four KH domains (KH1, KH2, KH3, KH4, Figure 1.3 A), and the 

structure characterised for complexes comprising KH3 and KH4 of FUBP1 binding to a 29-

base single-stranded DNA from FUSE (Braddock et al., 2002).  

The early analysis of the MYC promoter leading to identification of the FUSE only provided 

low resolution information on regions of S1 nuclease-specific sensitivity (i.e. regions of 

single-stranded DNA) (Grosso and Pitot, 1985a). Subsequently, potassium permanganate 

(KMnO4) mapping enabled single-base resolution, to demonstrate nuclease sensitivity in the 

coding strand of the FUSE in the active MYC gene, but hyporeactivity in the noncoding strand 

(Michelotti et al., 1996), consistent with protection of nucleotides due to FUBP1 binding (i.e. 
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as shown in vitro (Duncan et al., 1994)). These studies further demonstrated that FUBP1 was 

able to alter DNA conformation in vitro, driving separation of the double stranded FUSE in 

supercoiled plasmid DNA, and further opening dsDNA at a distance of 2.8 kilobases from the 

FUSE (Michelotti et al., 1996). 

 

Figure 1.3 Schematic structure of human FUBP family proteins and FIR. (A) The N-

terminus of FUBP1 is essential for the interaction with FIR. Four KH motifs are conserved in 

the central domain of all three FUBP proteins. The C-terminus contains three YM motifs on 

FUBP1 and FUBP3, but four YM motifs on FUBP2. (B) Schematic structure of human FIR. 
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FIR is a 559-amino-acid protein containing three RNA recognition motifs (RM1, RM2 and 

RM3), RM1 and RM2 localise to at the central domain; and RM3 localises to C terminus.  The 

N-terminus of FIR is essential for the interaction with TFIIH. 

As FUBP1 preferentially binds single-stranded FUSE, prior to FUBP1 loading and formation 

of the FUBP1-DNA complex, the double-stranded DNA helix must be unwound (Bazar et al., 

1995). Consistent with this, the FUSE lies in an A-T rich region, predicted to unwind in 

negatively supercoiled DNA (Bazar et al., 1995). The energy required for dsDNA melting, 

FUSE opening and FUBP1 binding is generated by forward movement of RNA Pol II through 

the active MYC promoter (Kouzine et al., 2008). DNA strand separation and melting of the 

FUSE is predicted to be stabilised by interaction with FUBP1, which would enhance 

supercoiling by transferring torsional energy to flanking dsDNA (Levens, 2008). Consistent 

with this prediction, double strand opening is only observed in vitro when FUSE is surrounded 

by supercoiled (i.e. not relaxed) double stranded plasmid DNA (Bazar et al., 1995). Analysis 

of the interaction between FUBP1 and supercoiled DNA, but not linear duplexes, revealed 

FUBP1 directly links this altered DNA conformation with transcriptional activity (Michelotti 

et al., 1996). Therefore, by recognising topological strain, FUBP1 can thus act as a sensor of 

promoter activity.  

In response to growth factors and mitogens, the torsional strain associated with increased RNA 

Pol II activity in the MYC promoter activity melts the double stranded FUSE, enabling FUBP1 

to interact with non-coding strand of the single stranded FUSE (Bazar et al., 1995; Michelotti 

et al., 1996; Kouzine et al., 2008). FUBP1 binding to the MYC promoter increases torsional 

strain on supercoiled DNA flanking the FUSE to further promote DNA strand separation and 

maximise MYC transcription (reviewed in (Quinn, 2017)). The interaction between FUBP1 

and FUSE would therefore be predicted to be essential for integration of the mitogenic signals 

that activate MYC transcription, via their many downstream MYC enhancers and transcription 

factors. Thus, the maximal activation of MYC transcription, essential to orchestrate major 

programs of cell growth and proliferation, will require FUBP1 function, which can alter DNA 

conformation to modulate MYC transcription. 
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1.2.3 FUBP-Interacting Repressor (FIR) represses MYC  

The FUBP Interacting Repressor (FIR) was identified from a yeast two-hybrid screen for 

FUBP1 interacting proteins i.e. using FUBP1 as bait (Liu et al., 2000). FIR was found to 

behave as an FUBP1 antagonist, reducing activator-dependent MYC transcription by 

decreasing activity of the general transcription factor TFIIH helicase subunit XPB (Liu et al., 

2000). FUBP1 is associated with maximal MYC transcriptional activity, while repression of 

TFIIH by FIR late in the transcription cycle would provide one mechanism to bring MYC 

expression back to endogenous levels. FIR contains RNA recognition motifs, RRMs, 

including RM1, RM2 in the central domain and a 3rd RRM, RM3 in the C terminus (Chung 

et al., 2006) (Figure 1.3 B). Domain deletion experiments revealed that FIR interacts with the 

XPB subunit of TFIIH via the N-terminal 55 amino acids (Liu et al., 2000), with FUBP1 and 

with single stranded DNA in FUSE via the two central RRM domains (Liu et al., 2006). 

Moreover, although full-length FIR represses MYC transcription, N-terminal deleted FIR 

cannot repress MYC (Matsushita et al., 2006). Size exclusion chromatography coupled with 

light scattering demonstrated the FIR/FUBP1 dimer binds one molecule of ssDNA and X-ray 

crystallography revealed FIR binds FUSE as a dimer, where only the N-terminal RRM domain 

participates in nucleic acid recognition (Crichlow et al., 2008). Consistent with the structural 

studies, site-directed mutagenesis of conserved residues in the first RRM domain reduces 

FIR’s affinity for FUSE, while analogous mutations in the second RRM destabilise the protein 

(Crichlow et al., 2008). Conversely, MYC promoters lacking FUSE are resistant to FIR 

repression in CAT reporter assays for MYC activation (Liu et al., 2000). FIR is also essential 

for MYC repression in ex vivo cell culture systems, as depletion of FIR via RNAi results in 

sustained MYC expression, compared with control where MYC mRNA decreases following 

serum-stimulated activation (Liu et al., 2006). Moreover, FIR splicing variants lacking exon 

2 are unable to repress MYC, and heterodimers with wildtype FIR abrogate MYC repression 

in Hela and colon cancer cell lines by inactivating endogenous FIR (Matsushita et al., 2006). 

FIR is also essential for embryogenesis, as FIR homozygous knockout results in embryonic 

lethality before 13.5 days (Matsushita et al., 2015). Heterozygous knockout mice exhibit 

significantly increased MYC mRNA expression, particularly in the peripheral blood, but do 

not show obvious pathogenic phenotypes (Matsushita et al., 2015). 
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1.2.4 FUBP1, FIR, TFIIH interact to fine tune MYC transcription 

Rapid activation of the endogenous MYC promoter and a pulse (i.e. up- followed by down-

regulation) of MYC transcription occurs following serum-stimulation of mammalian tissue 

culture cells (Kelly et al., 1983). ChIP time-course experiments conducted in cultured human 

fibroblasts revealed the key binding events on the MYC promoter following serum stimulation 

of previously starved human fibroblasts (Liu et al., 2006). In response to growth factors in 

serum, the promoter is firstly bound by chromatin remodeling machinery, next by MYC 

transcriptional enhancers/activators and then by general transcription factors (GTFs), 

including TFIIH, which induces phosphorylation of the C terminal domain (CTD) of the 

largest RNA Pol II subunit and transcriptional initiation (Søgaard and Svejstrup, 2007; 

Plaschka et al., 2015). The maximal enrichment of FUBP1 coincides with a lack of RNA Pol 

II enrichment on the MYC transcriptional start site (TSS), which suggests release of the paused 

RNA Pol II. This occurs prior to the peak in MYC mRNA levels, consistent with FUBP1 

promoting RNA Pol II release to activate MYC transcription. Following the peak in MYC 

mRNA levels, co-enrichment for FIR and FUBP1 is observed prior to detection of FIR alone, 

which coincides with return of MYC to basal levels (Liu et al., 2006) (Figure 1.4).  

As outlined above, the increased XPB helicase and RNA Pol II activity results in torsional 

strain and structural changes in the MYC promoter, including the generation of the single-

stranded FUSE, to enable FUBP1 binding. The three tyrosine-rich motifs (YM) in the C-

terminus of FUBP1 (Figure 1.3 A) are crucial for physical interaction with the XPB helicase 

of TFIIH (Liu et al., 2001) and activation of transcription, as measured using in vitro assays 

(Chung et al., 2006). Binding of FUBP1 stimulates 3’-5’ XPB/p89 helicase activity, which 

likely enables RNA Pol II release and maximal MYC transcriptional activation (2001c). By 

interacting with XPB/TFIIH at the MYC transcription start site (TSS) and the FUSE, FUBP1 

enables promoter looping (Liu et al., 2000; 2006). Moreover, interaction between the C-

terminal domain of XPB and FIR is essential for promoter looping and repression of MYC 

(Liu et al., 2006). The single stranded conformation of FUSE leading to FUBP1/FIR 

recruitment can therefore function to integrate growth and developmental signals to achieve 

tight control over MYC expression (Figure 1.4).  
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Figure 1.4 FUBP1 and FIR interact with the TFIIH complex to regulate MYC 

transcription. (A) In the presence of mitogenic signals, FUBP1 is recruited to the single-

stranded FUSE and associates with TFIIH to form a promoter loop to harness torsional strain 

and maximise MYC transcription. (B) Further promoter unwinding, associated with maximal 

MYC transcription, enables FIR binding to FUSE and MYC repression. 
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1.2.5 The Drosophila FIR ortholog Hfp is essential for Myc repression 

Although MYC regulation by TFIIH/FUBP1/FIR has been studied in comprehensive detail in 

vitro and ex vivo, only recent studies have provided evidence that these mechanisms operate 

in vivo to control transcriptional patterning of MYC essential for animal development. 

Specifically, Drosophila studies provided insight into MYC repression by the FIR ortholog 

Halfpint (Hfp). Like FIR, Hfp contains RNA recognition motifs (RRM). Hfp mutations were 

first reported to result in defective pre-mRNA splicing of the ovarian tumour gene (otu) and 

smaller ovaries (Van Buskirk and Schüpbach, 2002). However, in larval stages Hfp behaves 

as a tumour suppressor, as loss of Hfp results in animal overgrowth and imaginal disc 

overproliferation (Quinn et al., 2004). Hfp’s tumour suppressor capacity depends on 

interaction with Haywire (Hay), the Drosophila XPB homolog, which enables negative 

regulation of Myc (Quinn et al., 2004; Mitchell et al., 2010; Lee et al., 2015). In support of 

Hay/XPB controlling Myc transcription via Hfp/FIR, Hay forms a complex with Hfp in vivo 

and ablation of Hay in Hfp loss-of-function cells decreases Myc promoter activity, mRNA 

abundance and cell growth (Mitchell et al., 2010; Lee et al., 2015). Together, these data 

suggest the interaction between FIR-XPB and Hfp-Hay has been conserved between 

Drosophila and mammals, and is required for MYC repression and growth control in flies.  

TFIIH is essential not only for gene transcription, but also for DNA nucleotide excision repair 

(NER) (Compe and Egly, 2012). The three NER disorders, Xeroderma Pigmentosum (XP), 

Cockayne syndrome (CS) and Trichothiodystrophy (TTD) are caused by mutations in NER 

genes including the XPB helicase (encoded by ERCC3) (Coin et al., 1999; Compe and Egly, 

2012). XP and CS are characterized by skin pigment changes, premature ageing and in some 

patients malignant tumour development (Oh et al., 2006). Interestingly, cancer progression 

occurs in some patients, but not others, with the same C terminal XPB mutations (Oh et al., 

2006). The mutation at the 3’ end of XPB in XP patients results in defective FUBP1 activation 

and FIR repression of MYC (Liu et al., 2001; 2006). In cell lines derived from XP patients 

with C-terminally truncated XPB, FUBP1 and FIR enrichment is no longer observed at the 

MYC TSS, suggesting a failure to form the FUBP1-FIR-XPB/TFIIH loop, which is likely a 

consequence of the defective interaction between XPB and FIR. Although compound 

heterozygosity and issues with non-isogenic backgrounds have made resolving mechanisms 

of cancer predisposition in the small number of XPB patients difficult, Drosophila studies 

using Hay/XPB single alleles revealed clear connections between genotype and phenotype 

(Lee et al., 2015). Specifically, C-terminally truncated XPB/Hay alleles analogous to those 
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found in patients enhanced tissue overgrowth in FIR/Hfp hypomorphs to further impair Myc 

transcriptional repression and enhance tissue overgrowth. Defective transcriptional repression 

of MYC by FIR might, therefore, provide a mechanism for spontaneous cancer progression in 

XP patients. Given the conserved function in Myc repression, the findings from this study 

suggested that loss-of-function FIR mutations might dictate whether certain XP patients are 

more likely to develop MYC-driven malignancies (Lee et al., 2015).  

 

1.2.6 FUBP1 dysfunction in development and disease  

FUBP1 is essential for mammalian development, as Fubp1 gene trap mice display embryonic 

lethality at around E15.5 (Rabenhorst et al., 2015). Fubp1 depleted adult hematopoietic stem 

cells (HSCs) have significantly increased abundance of p21 and pro-apoptotic Noxa, 

consistent with FUBP1 depletion leading to cell cycle arrest and apoptosis. Indeed, reduced 

blood cell reconstitution was observed using secondary transplantation assays for long-term 

repopulating hematopoietic stem cells (LT-HSCs) from Fubp1 gene trap mice (Rabenhorst et 

al., 2015). Although Fubp1 knockout was similarly found to result in embryonic lethality, 

beginning at day E15.5, survival to birth was occasionally observed (Zhou et al., 2016). The 

knockout mice also displayed hematopoietic deficiency and a broad range of phenotypes 

characteristic of anemia, including smaller body size, cerebral hyperplasia, pulmonary 

hypoplasia, pale livers, hypoplastic spleen and thymus, cardiac hypertrophy, and placental 

distress. Although Fubp1 knockout mice have normal proportions of HSCs, these HSCs are 

insufficient for blood cell reconstitution (Zhou et al., 2016). As the haematopoietic lineage is 

sensitive to MYC levels (Dubois et al., 2008), the Fubp1 knockout phenotype suggests MYC 

could be a key downstream target. Further studies are required to determine whether FUBP1 

is required for MYC activation and cell growth in vivo in model organisms, such as Zebrafish 

and Drosophila.  

Analysis of patient samples and cell lines from liver (Rabenhorst et al., 2009), kidney, bladder 

(Weber et al., 2008) and non-small cell lung cancer (Singer et al., 2009), suggested FUBP1 

behaves as an oncogene. Early cell culture studies revealed FUBP1 reduction leads to 

decreased MYC expression and cell cycle arrest in osteosarcoma cell lines (He et al., 2000), 

consistent with essential roles for  FUBP1 in maximal MYC activation in this cell type. FUBP1 

overexpression is observed in human hepatocellular carcinoma (HCC), and FUBP1 

knockdown in HCC cell lines decreases proliferation and increases apoptosis (Rabenhorst et 
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al., 2009). FUBP1 knockdown also impairs tumour formation in mouse HCC xenograft 

models (Rabenhorst et al., 2009). Interestingly, in the same study, MYC mRNA levels were 

not dramatically changed, suggesting regulation of MYC might not be a major FUBP1 target 

in HCC tumour cells. Expression of the pro-apoptotic genes, TNF-α, Noxa, Bik and TRAIL, 

were reduced in the absence of FUBP1, while the cell cycle inhibitors p21 and p15 were 

increased. Moreover, FUBP1 enrichment was detected on a FUSE-like element, located 2.7 

kb upstream of the p21 transcription start site (Benjamin et al., 2008; Rabenhorst et al., 2009). 

A more recent study revealed increased FUBP1 mRNA and increased protein abundance in 

clear cell renal carcinoma (ccRCC) patient samples. Both MYC and p21 mRNA levels 

increased significantly in ccRCC tumour tissue, and correlated with elevated FUBP1 (Duan 

et al., 2017).  

According to The Cancer Genome Atlas (TCGA) resource from cBioPortal, FUBP1 can be 

genetically altered via either amplification, point mutation, or deletion/loss-of-function 

mutations (Figure 1.5). In contrast with the predicted oncogenic role of FUBP1 mentioned 

above, several studies have reported genetic alterations consistent with loss of FUBP1 

function in oligodendroglial and/or astrocytic gliomas such as oligodendroglioma, 

oligoastrocytoma and astrocytoma, suggesting FUBP1 might behave as a tumour suppressor 

in these low grade brain tumours (Bettegowda et al., 2011; Sahm et al., 2012). In low grade 

glioma, FUBP1 mutations are mostly truncating or missense and predicted to be loss-of-

function, potentially resulting in inactivation of the transcriptional regulatory function. In vivo 

support for FUBP1 behaving as a context-dependent tumour suppressor in the brain comes 

from analysis of Fubp1 knockout mice; although hypoproliferation is observed in 

haematopoietic stem cell lineage, preliminary immunohistological analysis suggests 

hyperproliferation occurs in the brain (Zhou et al., 2016). Similarly, a recent study reported 

that loss of FUBP1 in embryonic stem cells delayed differentiation into the mesoderm germ 

layer, and diminished differentiation into the erythroid lineage, further corroborating context-

dependent functions for FUBP1 in cell-fate regulation (Wesely et al., 2017). Although further 

analysis using cell proliferation and differentiation markers is required, these observations are 

consistent with context-dependent functions of FUBP1 as an anti-proliferative factor and the 

tumour suppressive function predicted for FUBP1 in low grade glioma (Komotar et al., 2012; 

Sahm et al., 2012). However, we currently do not know the mechanisms underlying the Fubp1 

loss-of-function brain phenotype in the mouse embryonic brain, let alone how FUBP1 loss-

of-function might drive glioma initiation and/or progression.  
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Figure 1.5 Genetic alterations of FUBP1 in human cancers (Data from cBioPortal). X axis 

shows the FUBP1-related cancers. Y axis shows the alteration frequency.  

 

1.2.7 Mammalian FUBP protein family  

In addition to FUBP1, the mammalian FUBP family comprises 2 more members, FUBP2 and 

FUBP3 (reviewed (Zhang and Chen, 2012)). FUBP1, 2, and 3 are located on different 

chromosomes in humans, but their primary sequences are highly related (Davis-Smyth et al., 

1996). Like FUBP1, all mammalian FUBP1 proteins contain three conserved, functionally 

distinct domains, the N-terminal, central and C-terminal domains (Figure 1.3 A), with the 

central domain invariably containing four single stranded nucleic acid binding KH motifs (KH 

1-4). Like FUBP1, FUBP2 and FUBP3 can also specifically bind the non-coding strand of the 

MYC FUSE sequence, through the association of KH motifs with FUSE ssDNA (Chung et al., 

2006). All FUBP proteins contain tyrosine-rich motifs (YM) in the carboxyl terminus, which 

are sufficient to activate transcription from a minimal promoter in vitro (Liu et al., 2001; Chung 

et al., 2006; Zhang and Chen, 2012). Molecular studies revealed direct interaction between the 

α-helix N (N box) of FUBP1/2 and RNA recognition motif (RRM) 2 of FIR, however the N-

terminal domain is absent from FUBP3 so it cannot interact with FIR (Chung et al., 2006).  

Interestingly, MYC mRNA levels vary greatly between individual ex vivo cultures of Fubp1 

knockout mouse embryo fibroblasts (MEFs) from different Fubp1-null embryos (Zhou et al., 

2016). The reason for this variability is currently unknown, but it is possible that reduced 

FUBP1 might impair recruitment of FIR to FUSE and, thus, prevent MYC repression. Further 
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to this, as FUBP2 and FUBP3 also have transcriptional activation domains and bind FUSE, 

their activity might compensate for FUBP1 loss. Moreover, as FUBP1 and 2 regulate common 

target genes including MYC (Chung et al., 2006), phenotypic outcomes of double knockouts, 

and whether FUBP1 loss-of-function leads to heightened FUBP2 activity, will be critical for 

clarifying the function of FUBP proteins in mammalian development.  

 

1.2.8 Psi: the only FUBP family member in Drosophila  

In Drosophila, the three FUBP proteins (FUBP1-3) are represented by one ortholog, P-

element somatic inhibitor (Psi) (Figure 1.6). In accordance with Psi behaving in a functionally 

analogous manner to FUBP proteins, Psi also contains four K homology (KH) RNA/DNA-

binding domains (Chmiel et al., 2006). Single Ile-to-Asn mutations of individual KH domains 

results in subtle effects on Psi protein secondary structure, reducing RNA binding affinity 

(Siebel et al., 1994; 1995), however mutation in the second and third KH domains of Psi has 

the greatest impact on overall protein stability and binding affinity (Chmiel et al., 2006). Psi 

was originally ascribed functions in alternative splicing of transposable P-elements in 

Drosophila (Siebel et al., 1994). For example, low abundance of Psi protein activates P-

element third intron (IVS3) splicing in vitro (Siebel et al., 1994; 1995) and in vivo (Adams et 

al., 1997). Pre-mRNA splicing is carried out by the spliceosome, which consists of five small 

nuclear ribonucleoprotein (snRNP) complexes (termed U1 to U6). Psi can directly interact 

with the U1 snRNP and assist U1 snRNP binding to the IVS3 5’ splice site (Labourier et al., 

2001). Mass spectrometry using epitope-tagged full-length Psi, identified Psi-interacting 

proteins in S2 cells; with many ascribed functions in pre-mRNA splicing (Taliaferro et al., 

2013b). Subsequent studies demonstrated Psi, hrp48 and PABPC1 have high-affinity RNA-

binding sites on the P-element IVS3 5’ exon, which further implicates Psi in control of 

alternative splicing at cis-acting regulatory sites (Horan et al., 2015). RNA-sequencing 

revealed significant changes in the alternative splicing patterns of around 1,200 genes in the 

Drosophila brain between Psi mutant (lacking the U1 snRNP-interacting domain) and wild 

type. This included many genes required for male courtship behaviour, suggesting the Psi-U1 

snRNP interaction coordinates an alternative pre-mRNA splicing network in the brain to 

control courtship behaviour, with the key regulator of courtship, fruitless, among the direct 

Psi targets (Wang et al., 2016). Interestingly, Psi is also a key factor for silkworm (Bombyx 

mori) male sex determination (Xu et al., 2017). Psi loss-of-function disrupts splicing of Bmdsx 
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transcripts (the conserved downstream factor in the sex determination pathway) resulting in 

male external genitalia formation in the female reproductive apparatus (Xu et al., 2017).  

Thus, previous studies implicate Psi in RNA binding to modulate alternative splicing (Siebel 

et al., 1994; 1995; Horan et al., 2015). However, given 1) Psi is the KH motif protein with 

greatest sequence similarity to ssDNA-binding MYC transcriptional regulator FUBP1 (Figure 

1.6), 2) Psi also contains conserved tyrosine-rich motifs (YM) in the C-terminus and 3) the 

FIR ortholog Hfp interacts with TFIIH to repress Myc and cell growth. This thesis will test 

the hypothesis that Psi will also regulate Myc transcription in Drosophila to control cell and 

tissue growth. 

 

 

Figure 1.6 Conservation between FUBP1 and Psi. Schematic structure of FUBP1 and Psi. 

The four KH and three YM motifs are conserved in the central domain of Psi and FUBP1.  

1.3 Hypothesis and aims 

This thesis will use Drosophila models to investigate potential roles for Psi in the 

transcriptional regulation of Myc. We hypothesise that Psi will be required for Myc 

transcription in vivo. As Myc is required for cell growth, we hypothesise that Psi loss-of-

function will impair tissue growth. We will address these hypotheses via the following Aims. 

Specifically, the aims are: 
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1: To determine whether Psi is essential for cell and tissue growth. 

2: To determine whether Psi is required for Myc transcriptional regulation.  

3: To investigate mechanisms of Psi function. 

 

 

 

 

 

 

 

 

 

 

Chapter 2. Materials and Methods 

2.1 Drosophila genetics 

2.1.1 Drosophila strains and husbandry 

Fly strains used for this thesis are listed in Table 2.1. 

Table 2.1 Fly strains 

Genotype Annotation  Chromosome Collection Source 

UAS-Myc 9675 3rd Bloomington Stock Centre 

UAS-Myc RNAi 2947 2nd Bloomington Stock Centre 
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UAS-Psi RNAi 1 105135 2nd VDRC 

UAS-Psi RNAi 2 28990 3rd VDRC 

UAS-CDK8 RNAi 1 31264 3rd VDRC 

UAS-CDK8 RNAi 2 45370 2nd VDRC 

UAS-CDK8 RNAi 3 107187 3rd VDRC 

UAS-CycC RNAi 1 27937 3rd VDRC 

UAS-CycC RNAi 2 48835 3rd VDRC 

UAS-MED4 767 3rd DPiM transgenic resource 

UAS-MED7 2735 3rd DPiM transgenic resource 

UAS-MED17 302 3rd DPiM transgenic resource 

UAS-MED18 2188 3rd DPiM transgenic resource 

UAS-MED19 1396 3rd DPiM transgenic resource 

UAS-MED20 2076 3rd DPiM transgenic resource 

UAS MED30 1060 3rd DPiM transgenic resource 

UAS-MED31 988 3rd DPiM transgenic resource 

UAS-MED17 RNAi 34664 3rd Bloomington Stock Centre 

UAS-MED18 RNAi 42634 2nd Bloomington Stock Centre 

UAS-AGO1 RNAi 1 53293 2nd Bloomington Stock Centre 

UAS-AGO1 RNAi 2 33727 3rd Bloomington Stock Centre 

AGO1 k00208 10470 2nd Bloomington Stock Centre 

AGO1 04845 11388 2nd Bloomington Stock Centre 

AGO-GFP 50805 2nd Bloomington Stock Centre 

Ser Gal4, UAS RFP 6791, 27391 2nd Bloomington Stock Centre 

hsflp 1929 1st Bloomington Stock Centre 

UAS miR-308 41809 2nd  Bloomington Stock Centre 

UAS miR-996 60653 3rd Bloomington Stock Centre 

Myc-lacZ/FM7C 12247 X Bloomington Stock Centre 
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Actin<CD2<Gal4, 
UAS-RFP 

NA 3rd Laura Johnston, Columbia 
University, NYC 

VDRC: Vienna Drosophila Resource Centre. 

Fly stocks were raised at 25°C except when used for qPCR experiments. For qPCR experiments 

that involve AGO1 knockdown, crosses were placed at 18°C to prevent the expression of 

AGO1 siRNA hairpins until the larvae developed into 1st instar, then crosses were shifted to 

29 °C to induce the expression of AGO1 siRNAs for 2 days. For Heat Shock FLP/FRT 

immunofluorescence experiments, 1st instar fly larvae were subjected to heatshock at 37°C in 

a water bath for 15-20 min, raised a further 3 days at 25°C and then collected for staining.  

 

2.1.2 Drosophila culture medium 

Fly stocks were maintained on a standard molasses and semolina Drosophila medium; the 

protocol is listed in Table 2.2. 1400g molasses, 60g agar and 160g glucose were mixed in 4.5L 

of hot water. 900g of yeast was mixed in 4.5L of hot water. Both mixes where then poured into 

a 30L pot and heated until the mixture came to the boil, it was then stirred occasionally. 1260g 

of semolina was then mixed with 6L of cold water and added to the pot. The mixture was then 

stirred for 1 min and then the stove was switched off. The mixture was left to cool to 80°C 

before the Acid mix and Tegosept were added. 800mL of the mixture was then dispensed into 

trays of Drosophila culture vials. 

Table 2.2 Drosophila culture medium 

 

 

 

 

 

 

Reagent Amount 

Molasses 1400g 

Agar 60g 

Glucose 160g 

Yeast 900g 

Semolina 1260g 

Acid mix 138mL 

Tegosept 262mL 
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Acid mix: 546mL water, 412mL Propionic acid, 42mL Phosphoric acid. Tegosept: 100g 

methyl p-Hydroxybenzoate dissolved and made up to 1L in ethanol. 

 

2.1.3 Drosophila genetic model system 

2.1.3.1 The UAS-GAL4 system 

The UAS-GAL4 system is an essential genetic tool for tissue-specific manipulation of gene 

expression during development (Brand and Perrimon, 1993). In this system, the gene of interest 

is placed downstream of an Upstream Activating Sequence (UAS) and will be expressed only 

in the presence of the GAL4 driver. A GAL4 coding sequence is inserted into the genome 

downstream of tissue-specific genomic enhancers, therefore enabling transgene activation to 

be spatially and temporally restricted (Figure 2.1). 

 

2.1.3.2 Temperature sensitive GAL80 (GAL80ts) 

The GAL4-UAS system is sensitive to temperature, limited expression occurs at 16°C and 

maximal expression can be achieved at 29°C without temperature effects on fertility and 

viability (Duffy, 2002). GAL80 binds the carboxy-terminus of GAL4 to inhibit GAL4 activity 

(Ma and Ptashne, 1987). Temporal regulation of UAS transgenes can be achieved by using the 

temperature-sensitive form of GAL80 (Zeidler et al., 2004). For example, raising flies at the 

permissive temperature of 18°C (i.e. when GAL80 is active) will result in inhibition of GAL4, 

and switching to the permissive temperature of 29°C, will inactivate GAL80 to enable GAL4 

activation of UAS transgenes (Zeidler et al., 2004).  

 



	  

26	  

Figure 2.1 A schematic diagram of the UAS-GAL4 system. 

 

2.1.3.3 The “Heat Shock FLP/FRT” system 

The FLP/FRT system derived from yeast enables site-specific recombination between two Flip 

Recognition Target (FRT) sequences, and is activated by Flipase Recombination Enzyme (FLP) 

(Urban and Rossier, 2012). Integration of FLP/FRT and UAS-GAL4 constructs enabled 

generation of the Actin<CD2<GAL4 “flip out” system, which allows production of patches of 

cell clones expressing UAS-transgenes surrounded by control cells. The Actin<CD2<GAL4 

construct comprises the promoter from the ubiquitously expressed Actin gene, separated from 

the GAL4 coding sequence by two FRT sites (denoted as <), which prevents transcription of 

GAL4 in the absence of FLP (Neufeld et al., 1998). In this thesis, expression of FLP was 

controlled by the heat shock (hs) inducible promoter, whereby 37°C heat shock drives 

expression of FLP to enable “flip out” of the intervening STOP codon and generation of clones 

expressing the UAS-transgene of interest and labelled by co-expression of UAS-RFP (Duffy, 

2002)  (Figure 2.2). 

 

2.1.3.4 RNAi interference (RNAi) 

Transgenic UAS-hairpin RNAs (hpRNAs) lines enable GAL4-driven knockdown of target 

mRNAs (Dietzl et al., 2007). The hairpin is comprised of an inverted repeat encoding the target 

double stranded RNA (dsRNA) divided by a spacer DNA sequence to allow RNA loop 

formation. dsRNA processing by Dicer generates small interfering RNAs (siRNAs), which 

specifically bind to homologous sequences and degrade target mRNA via the RNA-induced 

silencing complex (RISC) (Matzke and Birchler, 2005) (Figure 2.3).  

 

2.1.3.5 Myc-lacZ enhancer trap line 

The Myc-lacZ enhancer trap line P{lacW}MycG0359 encodes β-galactosidase (β-gal) that is 

carried by a P-element insertion into the Myc promoter 16bp upstream of the endogenous Myc 

transcription start site. 

 

2.1.3.6 AGO1-GFP protein trap line 

AGO1-GFP protein trap line P{PTT-GA}AGO1CA06914, encodes a GFP fusion with the 

endogenous AGO1 protein. Insertion of a GFP protein trap with splice donor and acceptor sites 

enables incorporation into the first intron within the coding region of AGO1 isoforms RA, RC 
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and RD following splicing (Buszczak et al., 2006) 

	  

Figure 2.2 A schematic diagram of the hsflp, Actin<CD2<GAL4 system. 
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Figure 2.3 A schematic diagram of GAL4 driven UAS-RNAi hairpin expression. 
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2.2 Drosophila wing model 

2.2.1 Drosophila larval wing imaginal discs to model growth control 

Drosophila larval imaginal discs are comprised of epithelial sheets that develop from 

embryonic epithelial invagination, which initially generates a cluster of approximately 10-50 

undifferentiated cells in the 1st larval instar. At the beginning of the 2nd instar these 50 cells 

undergo massive cell proliferation and growth, generating 100,000 cells by the end of the third 

larval instar stage (Garcia-Bellido and de Celis, 2009). During the 2nd larval instar, the 

epithelial cells of the wing imaginal disc differentiate to form three domains, the notum, hinge 

and pouch, which determines their ultimate fate in the adult (Figure 2.4). The wing pouch, 

which gives rise to the wing blade in the adult, can be further divided into dorsal/ventral (D/V) 

compartments. The dorsal compartment of the larval wing disc will develop into the top sheet 

and the ventral compartment underneath forms the bottom sheet of the adult wing (Figure 2.5). 

 

 

 

Figure 2.4 Schematic picture of Drosophila 3rd instar larval wing disc and adult wing. 
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Figure 2.5 Drosophila larval wing development. 

 

2.2.2 Adult wing size analysis 

Adult wing size was determined for male wings imaged with an Olympus SZ51 binocular 

microscope, at 4.5x magnification using the Olympus DP20 camera. Wing size was measured 

by pixel count for the area posterior to wing vein L5, using Photoshop software CS5. For wing 

hair counts, adult male wings were imaged with Olympus BX 61 microscope at 20x 

magnification using the Olympus DP70 camera. Wing cell size was determined using wing 

hair counts in a defined area (200 × 100 pixels) at the central region posterior of wing vein L5. 

Then the hair number was converted to relative single hair/cell size via dividing the area of the 

fixed region by hair numbers. 

 

2.2.3 Immunofluorescence, microscopy and image analysis  

Table 2.3 provides a detailed list of reagents used for immunofluorescence; primary and 

secondary antibodies used for immunofluorescence are listed in Table 2.4. Wandering 3rd instar 

larvae were collected in a glass cavity block in Phosphate Buffered Saline (PBS). Larval head 

tissues attached to the mouth hooks were dissected in cold PBS and fixed for 20 min in 4% 

paraformaldehyde (PFA), washed several times in PBS with 0.1% Tween (PBT) and blocked 

in 5mg/ml Bovine Serum Albumin (BSA) in PBT at room temperature for 1 h, followed by 

incubation overnight at 4°C with primary antibody (Table 2.4). Larval heads were then 

incubated with appropriate fluorophore-tagged secondary antibody for 2 hours at room 

temperature, briefly washed in PBTx3 and incubated in DAPI solution at room temperature for 

10 min. After placing in 80% glycerol/PBS solution, wing imaginal discs were dissected onto 
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a glass microscope slide and imaged with the Zeiss LSM800 confocal microscope using Zen 

Blue software. Overlapping 1 um Z-sections were collected at 40x magnification. Fluorophores 

were imaged using band-pass filters to remove cross-detection between channels. Images were 

processed and prepared using Image J and Adobe Photoshop CS5.  

Table 2.3 Reagents used for immunofluorescence 

Name Preparation Company 
1x Phosphate  
Buffered Saline (PBS) 

20x PBS pH 7.4  
1/20 dilution in distilled water 

Thermo Fisher Scientific 

1x Phosphate  
Buffered Saline with 0.1% 
Triton-X 100 (PBT) 

100uL of Triton X-100  
in 100 mL 1x PBS 

Triton-X-100 from Sigma 

4% paraformaldehyde 
(PFA) 

1:4 dilution of 16% PFA 
 in PBS  

Electron Microscopy 
Sciences 

Bovine Serum Albumin 
(BSA) 

5mg/mL BSA in PBT (0.25g 
BSA in 50mL PBT) 

Roche 

80% Glycerol 80% Glycerol in PBS Sigma 

DAPI 1'4'6-Diamidino-2- 
Phenylindole 1:5000 in PBT 

Sigma 

 

 

Table 2.4 List of antibodies used for immunofluorescence 

Primary antibodies 
Name Dilution Animal Company Catalog  
Myc N 1 in 500  Rabbit  Santa Cruz d46-507 

Fibrillarin 1 in 500  Rabbit  Abcam ab5821 

AGO1 1 in 500  Rabbit  Abcam ab5070 

Psi 1 in 500  Rabbit  Biomatik custom-made 

Lamin 1 in 20 Mouse DSHB ADL 101 

β-galactosidase 1 in 1000 Chicken Abcam ab9361 
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Secondary antibodies 

Name Dilution Animal Company Catalog  

anti-Rabbit 488 1 in 1000 Donkey Jackson  ImmunoResearch 
Laboratories, INC. 

711-545-152 

anti-Rabbit 488 1 in 1000 Goat Jackson ImmunoResearch 
Laboratories, INC. 

111-545-144 

anti-Chicken 
488 

1 in 1000 Donkey Jackson ImmunoResearch 
Laboratories, INC. 

703-485-155 

anti-Mouse 649 1 in 1000 Donkey Jackson ImmunoResearch 
Laboratories, INC. 

711-495-151 

anti-rabbit 647                 1 in 1000 Donkey Jackson ImmunoResearch 
Laboratories, INC. 

711-605-152 

DSHB: Developmental Studies Hybridoma Bank. 

 

2.2.4 FIJI analysis of Fibrillarin size 

Fibrillarin quantification analysis was performed in FIJI on confocal z-sections of wing 

columnar epithelial cells, merged to display maximum projections (2-3 sections). Thresholded 

images were used to measure average Fibrillarin area in the dorsal compartment marked by 

serrate-GAL4>UAS-RFP expression. 50-100 nucleoli were selected using freeform selection 

tool, and analysed with the “Analyse Particles” tool, with minimum particle size of 0.5 µm2 

applied in order to exclude noise and out of focus nucleoli. The output used image metadata to 

calculate average nucleolar area in µm2 for each wing disc analysed. 

 

2.3 Molecular Biology 

2.3.1 qPCR 

2.3.1.1 RNA extraction and cDNA synthesis 

RNA was isolated from equivalent numbers of wing imaginal discs (10 pairs for each genotype) 

using the Promega ReliaPrep RNA Cell miniprep system and eluted in 20 uL nuclease-free 

water, following the manufacturer’s protocol. RNA purity and integrity were assessed using an 

automated electrophoresis system (2200 TapeStation, Agilent Technologies). A total of 6 uL 
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of the eluted RNA was used for each cDNA synthesis. A GoScriptTM Reverse Transcription 

System kit from Promega was used for cDNA synthesis, following the manufacturer’s protocol. 

 

2.3.1.2 Quantitative Polymerase Chain Reaction (qPCR) 

qPCR was performed using KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems). Each 

qPCR reaction contained 0.1 uL of cDNA, 5 uL KAPA SYBR Master Mix and 0.2 uM of each 

gene specific primer in a final volume of 10 uL. qPCR reactions (95°C for 2 min, followed by 

40 cycles of: 90°C /5 s and 60°C /15 s) were run using the Viia7 Real-Time PCR System and 

Sequence Detection Systems in 96-well plates (Applied Biosystems). Amplicon specificity was 

verified by melt curve analysis. Average Ct values for three technical replicates were calculated 

for each sample. Multiple internal control genes were analyzed for stability and target gene 

expression was normalized to the geometric mean of cyp1 and tubulin or cyp1 itself, selected 

for having high expression and little sample-to-sample variability as determined by GeNorm 

method. Fold change was determined using the 2-∆∆CT method. Primers used were listed in 

Table 2.5. 

 

Table 2.5 List of Primers for qPCR 

Primer name Sequence Company 

Myc 5' GTGGACGATGGTCCCAATTT 3' 
5' GGGATTTGTGGGTAGCTTCTT 3' 

Integrated DNA  
Technologies 

Psi 5' CGATGGCATCCCATTTGTTTGT 3'  
5' GGTGGTCAAGACTACTCGGC 3' 

Integrated DNA  
Technologies 

CDK8 5' GGACATGGACAATCCGGTGC 3' 
5' GCTTGTCTCCTTCCATTTCGC 3'   

Integrated DNA  
Technologies 

CYCC 4 5' CTCGCAGCAGTGGATTTTGG 3' 
5' GCACCTGGATCACATTTGCG 3' 

Integrated DNA  
Technologies 

MED 18 5' ATTCCTCACGGAAATGGGCTT 3' 
5' CCTTGCGGAACATATAGCCCT 3' 

Integrated DNA  
Technologies 

AGO1 5' ACTCTACGGTCTGTCCGTTC 3' 
5' CCCGCTCAGATGCAATCATTC 3' 

Integrated DNA  
Technologies 
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5'ETS 5' GGCAGTGGTTGCCGACCTCG 3' 
5' GCGGAGCCAAGTCCCGTGTT 3' 

GeneWorks 

Tubulin 5' TGGGCCCGTCTGGACCACAA 3' 
5' TCGCCGTCACCGGAGTCCAT 3' 

Integrated DNA  
Technologies 

CYP1 5' TCGGCAGCGGCATTTCAGAT 3' 
5' TGCACGCTGACGAAGCTAGG 3' 

Integrated DNA  
Technologies 

TBP 5' CAGGGGCAAAGAGTGAGGAC 3' 
5' AGGAACTTTGCAGGGAAACC 3' 

GeneWorks 

Pol r1c 5' TGTATCCCGCCATTGCAA 3' 
5' GGGCACATCGCTGAGCAF 3' 

GeneWorks 

Cad 5' CATTGGCAGTTTCAAGCACAA 3' 
5' TCTTGGCCAGATCCCGTATG 3' 

GeneWorks 

 
2.3.2 Co-Immunoprecipitation and Western Blotting 

2.3.2.1 Co-Immunoprecipitation 

Co-Immunoprecipitation (Co-IP) was performed using 25 wild type 3rd instar larval heads 

dissociated in cold lysis buffer ((Guruharsha et al., 2011), Table 2.6). Following 

homogenization, protein was collected by centrifugation at 12 000 rpm for 10 min at 4°C. The 

extract was pre-cleared by incubation with nProtein A Sepharose TM beads (GE Healthcare Life 

Science) for 1 hour at 4°C with rotation and the supernatant was collected by centrifugation at 

12 000 rpm. Equal amounts of pre-cleared protein lysate were incubated with either guinea pig 

anti-MED17 (Gift from Michael Marr), mouse anti-Cdk8 (Abcam, ab52779), anti-AGO1 

(Abcam, ab5070) or anti-Psi (custom generated rabbit polyclonal antibody, Biomatik) 

antibodies overnight at 4°C (Table 2.7). Beads were washed with lysis buffer 5 times, and the 

eluent resolved using 10% SDS PAGE/Western with appropriate primary antibody prior to 

detection with Li-Cor Odyssey IR detection.  

 
 
 

Table 2.6 Co-IP Lysis Buffer  

Reagent Concentration 

Tris, pH 7.5 50mM 
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MgCl2 1.5mM 
NaCl 125mM 

NP40 0.2% 

Glycerol 5% 
Protease inhibitor  
cocktail (Roche) 1 X 

 

2.3.2.2 Western blotting 

Sample lysate was boiled with Laemmli sample buffer at 95°C for 5 minutes. The BioRad Mini 

ProteanTM gel electrophoresis apparatus was used to run denaturing SDS-PAGE with a 10% 

resolving gel and a 5% stacking gel. Samples and a visible protein molecular weight marker 

(Blue Plus 2 Protein Marker Prestained, BioRad) were loaded and the gel first run at 100V for 

15 minutes to enable samples to pass the stacking gel, followed by 120V for 90 minutes. 

Polyvinylidene fluoride (PVDF) membranes were incubated with methanol for 15 seconds and 

equilibrated in cool transfer buffer for 5 minutes. The western sandwich apparatus was placed 

in the transfer tank filled with cool transfer buffer and an ice block to prevent overheating. 

Transfer was carried out at 90V for 60 minutes. The success of transfer was visually confirmed 

by transfer of the molecular weight markers to the PVDF membrane.  

The membrane was then blocked with 5% skim milk in TBST (Table 2.8) at room temperature 

for 1.5 hours prior to incubation with the appropriate primary antibody at 4°C on a rolling rod 

overnight. The membrane was washed with TBST for 10 minutes, 3 times and incubated with 

appropriate Li-Cor 800 secondary antibody for 2 hours at room temperature in the dark. After 

final washing with TBST (10 minutes, 3 times) bands were detected using the Li-Cor Odyssey 

IR detection system.  

 

 

 

Table 2.7 Antibodies used for Immunoprecipitation (IP) 

Name Animal Company Catalog  
anti-MED17 Guinea pig Gift Michael Marr  
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anti-Cdk8  Mouse Abcam ab52779 

anti-Psi  Rabbit Biomatik custom rabbit  
polyclonal antibody 

Anti-AGO1 Rabbit Abcam ab5070 

 

Table 2.8 Western blot solutions 

TBS 10x (1 L): pH7.6 

Reagent name Volume 
Tris Base 24g 
NaCl 88g 

TBST (1L) 

Reagent name Volume 
TBS 10x 100 mL 
Distilled water 900mL 
Tween 20 1 mL 

 

2.3.3 Chromatin Immunoprecipitation 

Chromatin immunoprecipitation (ChIP) assays were carried out as described previously (Lee 

et al., 2015). Briefly, for each ChIP sample 30 larval heads were collected from mid 3rd instar 

larvae and fixed in 4% PFA for 20 minutes. Larval heads were rinsed 3 times with PBT/0.5mM 

EGTA/125mM glycine and washed for 10 minutes at 4°C. After washing 3 times in 

PBT/0.5mM EGTA (pH 8.0) at 4°C excess buffer was removed, and samples were snap frozen 

in 50 uL of 0.4% sodium dodecyl sulphate (SDS) lysis buffer plus Protease inhibitors (PIs).  

 
 
 
 
                    Table 2.9 ChIP Buffers 
SDS Lysis Buffer 
Reagent name Concentration 
SDS 0.40% 
EDTA 10 mM 
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Tris-HCL, pH 8.8 50 mM 
IP Buffer 
Reagent name Concentration 
NaCl 150 mM 
Tris-HCL, pH 7.5 50 mM 
EDTA 5 mM 
NP40 0.5% (v/v) 
Triton X 100 1% (v/v) 

Before IP, larval heads were thawed on ice and mashed using a stick homogenizer. Samples 

were pooled as required and made up to 1 mL with 0.4% SDS lysis buffer plus Protease 

Inhibitor (PIs) in 1.5 mL tubes. Chromatin was sheared in 0.4% SDS using the Covaris S2 

sonicator (10 min duration, 10% DUTY, 200 cycles per burst, Intensity 4, achieving average 

DNA fragment sizes 200–600 bp). After sonication, lysate was cleared by centrifugation at 

12,000g for 10 min at 4°C. Supernatant was retained and an aliquot of sheared chromatin (5% 

of IP) was transferred to a new micro-centrifuge tube, for isolation of total DNA and as an 

input control. 1 ul of Glycogen carrier, 2.5 X ethanol and 1/10 volume of NaAc (pH5.2) was 

added to input, prior to mixing using the vortex and storing at -20°C overnight. The input was 

ethanol precipitated overnight at -20°C, centrifuged at high speed for 30 mins at 4°C, washed 

with 70% (v/v) ethanol and the pellet dried. The remaining supernatant was pre-cleared with 

equilibrated nProtein A Sepharose TM beads (GE Healthcare Life Science) for 1 hour to reduce 

non-specific background. After centrifugation at 1000g for 5min, the lysate (i.e. the 

supernatant) was transferred to fresh tubes. nProtein A Sepharose TM beads for the IP were 

blocked with 0.5 mg/mL BSA. Lysate was split and diluted for IPs as required. IP buffer 

containing the antibody of interest and 0.1% SDS (Table 2.10) was incubated with the lysate 

overnight at 4°C with rotation. 30uL of protein A beads were then added to each IP sample for 

1 hour on the rotating platform at 4°C. Following centrifugation at 1000g for 1 min at 4°C the 

supernatant was removed and beads were washed 5 times with ice cold IP buffer (Table 2.9) 

without proteases inhibitors. Each wash consisted of resuspending the beads, centrifugation at 

1000g and aspirating the supernatant.  

Table 2.10 Antibodies used for ChIP 

Name Amount Animal Company Catalog  
anti-RNA Pol II phospho S5  3 ug Rabbit polyclonal Abcam ab5131 
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anti-RNA Pol II phospho S2  3 ug Rabbit polyclonal Abcam ab5095 

anti-AGO1 3 ug Rabbit polyclonal Abcam ab5070 

To isolate DNA from the beads 100ul of 10% (w/v) Chelex 100 slurry was added directly to 

the washed beads and the dried input pellets, which were vortexed and boiled (95°C for 10 

minutes). Samples were then incubated with 1uL of 20 mg/mL proteinase K at 55°C for 30 

minutes, boiled for 10 minutes to inactivate the proteinase K and centrifuged at 12 000g for 1 

minute at 4°C. The supernatant (80uL) was removed and transferred to a new tube. 120 uL of 

water (Nano pure) was added to the protein A bead/Chelex 100 resin mixture, which was 

vortexed for 10 seconds, centrifuged at 12 000g for 1 minute at 4°C, the supernatant (120 uL) 

retained and pooled with the previous supernatant. qPCR analysis was performed in triplicate 

using KAPA SYBR FAST Master Mix on a Viia7 Real-Time PCR System and Sequence 

Detection Systems in 384-well plates (Applied Biosystems). Each qPCR reaction contained 

1µL of ChIP sample, 5µL KAPA SYBR and 0.2µM of each gene specific primer in a final 

volume of 10µL (Primers used for ChIP-qPCR are listed in Table 2.11). To calculate the 

percentage of total DNA bound, non-immuno precipitated input samples for each condition 

were used as the qPCR reference. 

Table 2.11 Primers for ChIP qPCR 
Primer name Sequence 
MYC 1 5'  GGCGATCGTTTCTGGCCTACGG 3'  

5' GCAGGCGCATTTGACTCGGC 3'  

MYC 2 5' ACTACTACTAACAACTGTCACAAGCCAAGT 3' 
5' TTTATGTATTTGCGCGGTTTTAAG 3' 

MYC 3 5' TTCAAAATAGAATTTCTGGGAAAGGT 3' 
5' GCGGCCATGATCACTGATT 3' 

MYC 4 5' GGTTTTCCTTTTATGCCCTTG 3' 
5' CTATTAACCATTTGAACCCGAAATC 3' 

MYC 3' UTR 5' AGGGGTTAGAGTTTACGAGTGA 3' 
5' CCAAATCAAATCGCGCGGAA 3' 

2.3.4 α-Amanitin treatment of larval heads 

α-Amanitin inhibits RNA Pol II-dependent transcription, therefore interfering with mRNA 

production (Lindell et al., 1970). α-Amanitin (sigma #A2263) was diluted in 1 mL of Nano 

pure water to make a 1mg/mL stock solution, which was stored at -20°C in the dark. Third 

instar larval heads were dissected and incubated with freshly made 20 ug/mL α-Amanitin in 
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Schneider’s Medium at 25°C for 0 min, 20 min, 40 min respectively. After α-Amanitin 

treatment, samples were washed for 5 minutes using fresh Schneider’s Medium and snap frozen 

in 250 uL LBA+TG lysis buffer from the Promega ReliaPrep RNA Cell miniprep kit. 

Following RNA extraction and cDNA synthesis, qPCR was performed and analysed (as above 

2.3.1) with Myc cDNA primers (Table 2.5) and Myc pre-mRNA primers (Table 2.12). 

 

Table 2.12 Primers for Myc pre-mRNA qPCR  

Primer name Sequence 
Myc 3 5' TTCAAAATAGAATTTCTGGGAAAGGT 3' 

5' GCGGCCATGATCACTGATT 3' 

Myc 4 5' GGTTTTCCTTTTATGCCCTTG 3' 
5' CTATTAACCATTTGAACCCGAAATC 3' 

 

2.4 Statistical analysis 
All statistical tests were performed with Graphpad Prism 6 using unpaired 2-tailed t-test with 

95% confidence interval. In all figures error bars represent SD and according to the Graphpad 

classification of significance points * (P = 0.01–0.05), ** (P = 0.001–0.01), *** (P = 0.0001–

0.001) and **** (P< 0.0001).  
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Chapter 3. Psi/FUBP1 interacts with the Mediator complex to 

modulate Myc transcription and tissue growth 

3.1 Background 

As outlined in the introduction, FUBP1 protein has been implicated in modulating activated 

transcription via single stranded DNA binding and interaction with the general transcription 

factor complexes, particularly upstream of the promoter for the MYC oncogene (He et al., 2000; 

Chung and Levens, 2005; Chung et al., 2006; Liu et al., 2006; Zhang and Chen, 2012). The 

mammalian FUBP family proteins comprises 3 members (FUBP1-3) (Zhang and Chen, 2012). 

All the three FUBP proteins can bind sequence specifically to the non-coding strand of FUSE, 

and possess potent transcriptional activation domains in vitro (Davis-Smyth et al., 1996), which 

enables a degree of functional redundancy. In Drosophila, the three FUBP proteins are 

represented by one ortholog, Psi, which has been ascribed functions in RNA processing (Siebel 

et al., 1994; 1995), but not previously investigated in the context of transcription. In support of 

a transcriptional function, previously published Co-IP mass spectrometry data (DPiM 

(Guruharsha et al., 2011)) predominantly detected Psi in association with both core and gene-

specific RNA Pol II transcriptional machinery, including most subunits of the transcriptional 

Mediator (MED) complex.  

This chapter investigate potential roles for Psi in the transcriptional regulation of Myc 

via the following Aims. 

1: To determine whether Psi is essential for cell and tissue growth. 

2: To determine whether Psi is required for Myc transcriptional regulation.  

3: To investigate whether Psi interacts with Mediator to control cell growth. 

Note: The data comprising this chapter was published as a co-first author manuscript: Guo 

et al 2016 “Defining the essential function of FBP/KSRP proteins: Drosophila Psi interacts 

with the mediator complex to modulate Myc transcription and tissue growth”. Nucleic Acids 

Research, 44 (16) :7646-7658 (see appendix). 
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3.2 Results 

3.2.1 Psi is required for cell and tissue growth 

Knockdown of Psi in the dorsal compartment of the larval wing imaginal disc with the serrate-

GAL4 (ser-GAL4) driver results in a curled adult wing phenotype (Figure 3.1 A). Similar 

“wings up” phenotypes have been reported previously following manipulation of growth 

regulators in the dorsal wing compartment of the larval wing disc, which develops into the top 

layer of the adult wing (Barcelo and Stewart, 2002). Impaired growth of the top sheet of the 

wing bilayer causes wing cupping and bending due to torsional strain associated with a 

comparatively smaller top sheet juxtaposing a larger bottom sheet. We observed this phenotype 

using 2 alternate and non-overlapping UAS-Psi RNAi lines (Figure 3.1 A), and confirmed 

depletion of Psi protein in the dorsal compartment using our Psi antibody (Figure 3.1 B).  

 

 

Figure 3.1 Psi is essential for cell and tissue growth. Ser-GAL4 driven Psi RNAi in the larval 

wing using two alternate and non-overlapping RNAi lines reduces dorsal compartment size 

due to impaired cell growth. (A) Psi RNAi knockdown results in a ‘wings up’ phenotype in the 

adult. (B) Psi antibody staining in the larval wing imaginal discs following Psi knockdown. 

(C) Quantification of the posterior compartment defined by L5 vein in the adult wing 

compartment. (D) Cell size via wing hair number within a fixed area in the central region 

posterior of wing vein LV. 

 

Quantification of a defined area of the adult wing revealed a significant reduction in wing size 

(Figure 3.1 C p<0.0001 for Psi RNAi 1 and Psi RNAi 2 compared with control respectively). 
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As each wing-blade cell protrudes a single hair, counting hair numbers within a fixed area 

provides a measure of cell size i.e. increased wing hairs indicate reduced cell size. In line with 

Psi being essential for cell growth we observed a significant increase in wing hairs (Figure 

3.1D, p<0.0001 for Psi RNAi 1 and Psi RNAi 2 compared with control within the central 

region posterior of wing vein L5). Psi depletion therefore resulted in impaired wing size, 

primarily as a consequence of reduced cell growth. 

 

3.2.2 Psi interacts with RNA Pol II machinery including the Transcriptional Mediator 

The large scale Drosophila Protein Interaction Map (DPiM) Co-IP mass spectrometry study 

generated a significant metazoan protein map and included rigorous statistical analysis and 

follow up validation of interaction networks (Guruharsha et al., 2011). The top 65 Psi 

interactors identified following in silico mining of these data are listed in Figure 3.2 A and the 

percentage of hits comprising major functional classes summarized in Figure 3.2 B. Strikingly, 

41 (or 63%) of these Psi-interactors fell into ontology classes associated with RNA Pol II-

dependent transcription. In accordance with previously reported RNA-binding roles for Psi in 

alternative splicing of transposable P-elements (Siebel et al., 1994), the majority of the 

remaining Psi interactors were implicated in RNA processing (18%) and/or mRNA translation 

(6%) (Figure 3.2 A, B). These data suggest that in addition to previously reported roles in 

mRNA processing, Psi might interact with the RNA Pol II machinery to regulate transcription. 

To further interrogate potential transcriptional roles, the 41 interactors with designated 

functions in RNA Pol II transcription were divided into sub-classes; 23 of the 41 (56%) 

comprised subunits of the Mediator (MED) complex (Figure 3.2 C, D). The remaining 18 

interactors were either part of the chromatin-remodeling machinery (32%) or gene specific 

transcriptional regulators (12%) (Figure 3.2 C, D).  

As the DPiM studies (Guruharsha et al., 2011) that detected Psi in complex with most MED 

subunits were performed in vitro using overexpressed tagged protein in Drosophila S2 culture 

cells, we first confirmed that key MED subunits could be detected in complex with Psi in vivo, 

by conducting Co-immunoprecipitation (Co-IP) from wild type 3rd instar larval imaginal disc 

lysates (Figure 3.2 E, F). In general, the MED complex can behave as either an activator or 

inhibitor of RNA Pol II-dependent transcription. The “small” or core MED complex is required 

for activation of RNA Pol II transcription. The “large” complex has been predominantly 
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characterized as a transcriptional repressor and is comprised of an additional kinase module 

(containing 4 proteins); the kinase module comprising the Cyclin dependent kinase complex 

(CDK8/CycC) and 2 additional MED subunits (MED12, and MED13) (Allen and Taatjes, 

2015).  

As the DPiM detected Psi in complex with both core subunits of the MED complex and the 

CDK8/CycC module, we conducted Co-IP with either anti-CDK8 or anti-MED17 (a gift from 

Michael Marr) and Western blot with an anti-Psi antibody. The 97kDa band for Psi was 

detected in association with the kinase module subunit of the MED complex i.e. the CDK8 

subunit (Figure 3.2 E) and using the MED17 antibody we were able to IP endogenous Psi from 

wild type larvae lysates (Figure 3.2 F). Thus, Psi could be detected in association with 

endogenous MED subunits from both the kinase module and the core MED complex in vivo, 

however, further studies are required to determine whether Psi directly interacts with these 

Mediator subunits. 
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Figure 3.2 Psi interacts with RNA Pol II transcriptional machinery. (A) Top 65 Psi 

interactors from DPiM (Drosophila protein interaction map). (B) Summary of functional 

classes for the top 65 Psi-interactors showing 63% are implicated in RNA Pol II-dependent 

transcription. (C and D) Subdivision of the RNA Pol II associated interactors 56% MED, 32% 

chromatin remodeling and 12% other. See also Supplementary Table S1. Psi physically 

interacts with MED in vivo. (E and F) Co-IP of MED subunits and Psi from wild type third 

instar larval tissue. (E) CDK8 IP and blot with Psi; (F) MED17 IP and blot with Psi. 
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3.2.3 Psi-dependent growth is sensitive to MED abundance 

To determine whether the Psi-MED interaction was required for wing development, we tested 

both transcriptional core or kinase MED subunits for ability to modify the Psi “wings up” 

phenotype. We predicted suppressors of Psi-dependent growth would increase the size of the 

dorsal sheet to bend wings down i.e. to become more like wild type (i.e. through loss of an 

inhibitor or increased abundance of an activator), while enhancers (i.e. loss of an activator or 

increased abundance of an inhibitor) of Psi-driven growth would result in further wing bending. 

Interestingly, genetic manipulation of core and kinase module subunits of MED differentially 

modified the Psi RNAi phenotype (Figure 3.3). Co-knockdown of CDK8 or CycC suppressed 

the bending of the Psi adult wings and significantly increased compartment size (Figure 3.3 A, 

B p<0.0001 for Psi RNAi + CDK8 RNAi and Psi RNAi + CycC RNAi compared with Psi 

RNAi alone), consistent with the large MED module normally inhibiting Psi-dependent 

growth.  

Although there was no obvious wing bending following MED18 knockdown alone we 

observed a significant reduction in compartment size (Figure 3.3 C, D p<0.0074). As the MED 

complex is required for modulating all RNA Pol II-dependent transcription, the reduced wing 

phenotype associated with depletion of the MED18 subunit alone will reflect this more general 

role. Co-knockdown of MED18 and Psi did not significantly further reduce compartment size, 

however, MED18 overexpression suppressed the Psi wings up phenotype (Figure 3.3 C, D for 

Psi RNAi + MED18 RNAi compared with Psi RNAi alone). Further analyses for additional 

components of the core MED complex revealed that the impaired growth associated with Psi 

knockdown in the wing was suppressed by overexpression of MED4, MED7, MED17, MED19, 

MED20, MED30 and MED31 (Figure 3.3 D). Together with the ability to Co-IP Psi with 

antibodies to the MED complex these data demonstrate both core and kinase module subunits 

of MED physically interact with Psi, and that Psi-dependent growth is sensitive to MED 

abundance.  
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Figure 3.3 Impaired growth in the Psi knockdown wing is sensitive to MED abundance. 

(A and B) Co-knockdown of CDK8 or CycC suppressed the Psi RNAi wings up phenotype. 

(C and D) MED18 RNAi alone reduced wing area (P = 0.0074) but co-knockdown did not 

significantly alter the Psi phenotype. Psi knockdown was suppressed by overexpression of 

certain core MED subunits. 
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3.2.4 Psi is required for maintaining endogenous levels of Myc mRNA and impaired 

growth in Psi knockdown depends on Myc reduction  

Given mammalian FUBP1 has been implicated in controlling activated MYC transcription (He 

et al., 2000; Chung and Levens, 2005; Chung et al., 2006; Liu et al., 2006; Zhang and Chen, 

2012) and the observation that MYC is a potent driver of cell and tissue growth (Johnston et 

al., 1999; Grewal et al., 2005; Poortinga et al., 2014), we tested whether the decreased cell and 

tissue growth associated with the Psi "wings up" phenotype might be sensitive to abundance 

of Drosophila MYC, Myc. Here we use ser-GAL4 driven Myc RNAi and UAS-Myc and 

confirmed the depletion and overexpression of MYC protein in the dorsal compartment using 

the Drosophila Myc polyclonal antibody (Figure 3.4 A). In accordance with the reduced 

compartment size following Psi knockdown in the wing being Myc-dependent, Myc 

overexpression suppressed the “wings up” phenotype. Furthermore, co-knockdown of Myc 

using RNAi enhanced the Psi RNAi phenotype (Figure 3.4 B, C). To test whether impaired 

wing growth was associated with decreased Myc abundance, we ubiquitously depleted Psi and 

measured Myc mRNA in wing imaginal discs by qPCR. Psi mRNA abundance was not 

decreased following Myc RNAi, however, following a significant reduction in Psi mRNA 

(Figure 3.4 D, p<0.0001 for Psi RNAi 1 and 2 compared with control), Myc mRNA was 

significantly decreased (Figure 3.4 E, p=0.0006 for Psi RNAi 1 and p=0.0066 for Psi RNAi 2 

compared with control). Taken together these data suggest that Psi is required for maintaining 

Myc mRNA at endogenous levels and, thus, for cell growth during Drosophila wing 

development. 
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Figure 3.4 Psi is required for maintaining endogenous Myc mRNA in larval wings and 

the impaired growth in Psi knockdown wings depends on down regulation of Myc. (A) 

ser-GAL4-driven Myc RNAi and Myc overexpression (marked by GFP in green) resulted in 

knockdown and overexpression of Myc in dorsal compartment in the larval wing discs based 

on Myc antibody staining (red). (B and C) ser-GAL4-driven Myc overexpression alone did not 

increase wing size, but suppressed the Psi RNAi wings up phenotype. Myc RNAi driven by ser-

GAL4 alone reduced compartment size to result in a “wings up” phenotype, and also enhanced 

the Psi RNAi phenotype. (D and E) qPCR for Psi (D) and Myc (E) following tubulin-GAL4 

driven knockdown of UAS-RNAi lines (as marked) in larval wing discs. 
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3.2.5 Myc-dependent wing growth is sensitive to MED abundance/activity 

As observed for Psi RNAi (Figure 3.1 A), depletion of Myc in the dorsal wing compartment 

(i.e. Ser-GAL4 driven UAS-Myc RNAi) resulted in a “wings up” phenotype (Figure 3.4 B). 

Given the observation that Psi-dependent growth was modulated by MED and Myc (Figure 3.3 

and 3.4, respectively), we hypothesised that Myc-dependent growth might be sensitive to MED 

activity/abundance. We therefore tested whether impaired wing growth associated with Myc 

RNAi was modified by the core or kinase module MED subunits. As observed for Psi 

knockdown (Figure 3.3), manipulation of core and kinase module subunits of MED 

differentially modified the Myc RNAi wings up phenotype (Figure 3.5).  

Figure 3.5 Impaired growth in the Myc knockdown wing is sensitive to MED. (A and B) 

The Myc RNAi wings up phenotype (see Figure 3.4 B) was suppressed by depletion of the 

kinase module MED subunits, CDK8 and CycC, and by overexpression of the core MED 

subunits MED 17 and 18, but was not modified by MED18 knockdown.  

 

Co-knockdown of CDK8 or CycC suppressed adult wing bending associated with Myc RNAi 

and significantly increased compartment size (Figure 3.5 A, B, p<0.0001 for Myc RNAi 

compared with Myc RNAi + CDK8 RNAi or Myc RNAi + CycC RNAi), consistent with the 

CDK8/CycC module normally acting as a negative regulator of Myc-dependent growth. 

Although MED18 co-knockdown did not significantly further reduce compartment size (as also 

observed for MED18 co-knockdown with Psi, Figure 3.5 C, D), MED18 or MED 17 

overexpression suppressed the Myc RNAi small wing phenotype (Figure 3.5 A, B). Thus Myc-

dependent tissue growth was sensitive to MED abundance; wing growth was restored following 
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depletion of kinase module CDK8/CycC subunits or via overexpression of core MED subunits.  

 

3.2.6 Psi regulates transcription in vitro 

To determine whether Psi might regulate Myc by behaving as a transcriptional activator we 

transfected HeLa cells with GAL4 DNA binding domain-Psi fusion constructs and a reporter 

plasmid (pLGB2) containing a single DNA binding site for the Gal4 transcriptional activator 

5′ of the minimal TATAA box sequence (13 bp from E1B, for loading of RNA Pol II and the 

basic transcriptional machinery) and upstream of a luciferase reporter (Figure 3.6 A). 

Strikingly, Psi activates more strongly from this minimal promoter than control transactivators 

(E1A and VP16) (Figure 3.6 C). Alignment of the mammalian FBP-KH domain protein FUBP1 

with Psi revealed regions of homology in addition to the KH domains, i.e. the N-terminus (N-

box) and C-terminus (tyrosinediad YM-motifs) (Figure 3.6 B). To determine whether particular 

regions of Psi might be important for transactivation we therefore conducted a deletion series 

spanning both C-terminal and N-terminal domains (Figure 3.6 B). Deletion of the C terminal 

YM2 domain, alone (1-610, orange bar in 6 B and D) or together with the YM1 domain (1- 

591, green bar in 6B and D), abolished the transactivation capacity of Psi (Figure 3.6 D). 

Interestingly, N-terminal constructs containing even a single C-terminal Y motif were capable 

of activating transcription (659-610, pink bar in 6B and D). The strongest luciferase activity 

was detected for N-terminal constructs containing both the YM1 or YM2 repeat domains (659–

676, indigo bar in Figure 3.6 B and D). Together these data suggest that full-length Psi has 

potent capacity as a transcriptional activator, which requires the C terminal YM1 and YM2 

repeat domains. However, the presence of the N-terminal-helix and KH-containing 

ssDNA/RNA binding domains diminished transactivation associated with the C-terminal 

domain (Figure 3.6 B and D, e.g. compare Psi full length with 659–676). 

The interaction between FUBP1 and the active MYC promoter is dynamic and encompasses 

both ssDNA and protein interfaces of the transcriptional machinery, including the multi-

subunit mediator and general transcription factor complex (TFIIH). The observation that C-

terminal constructs transactivate more strongly than full length Psi might suggest the N-

terminus normally represses Psi-dependent transcription, either directly by masking the 

activation module and/or via interaction with a second transcriptional repressor protein. In light 

of this possibility, FUBP1 has been shown to interact directly with the RNA recognition motif 
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(RRM) containing protein FUSE Interacting Repressor (FIR), which also binds ssDNA to 

repress transcription (Braddock et al., 2002; Chung et al., 2006; Benjamin et al., 2008; Cukier 

et al., 2010). In humans the N-terminal domain in FUBP1 is required for the interaction with 

FIR in vitro (Chung et al., 2006), which is supported by NMR studies demonstrating the second 

RNA recognition motif (RRM2) of FIR interacts with the N-terminal-helix (or N-box) of FUBP 

(Cukier et al., 2010). Cellular studies have demonstrated that this interaction between FIR and 

the FUBP1 N-box is essential for FIR recruitment to FUSE DNA and thus transcriptional 

repression (Chung et al., 2006). However, further studies are required to determine the likely 

cause(s) of the variation in transcriptional capacity associated with the different Psi deletion 

constructs.  

 

 

Figure 3.6 Psi activates transcription in vitro. (A) Design for GAL4-Psi fusion and the 

minimal promoter (GAL4-EB1 TATAA box) luciferase reporter fusion constructs. (B) 

Alignment of conserved domains for Psi and human FUBP1, deletion constructs for Psi, amino 

acid sequence of the conserved N- terminal N-box. (C) Luciferase transcription activator assays 

for control E1a or VP16 activators compared with full-length Psi. (D) Luciferase activity 

following Psi deletion.  

3.2.7 Psi depletion reduced Ser 5 and Ser 2 RNA Pol II abundance on the Myc promoter 

To investigate the capacity of Psi to alter Myc transcription in vivo we examined RNA Pol II 

activity on the Myc promoter. Ex vivo studies have shown that in response to serum stimulation 

of previously starved human fibroblasts, FUBP1 physically interacts with single-stranded DNA 
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upstream of the MYC transcriptional start site, which precedes release of paused RNA Pol II 

and activation of MYC expression (Liu et al., 2006). We therefore examined enrichment for 

Ser 5 RNA Pol II on the Myc promoter in larval imaginal tissues following depletion of Psi. 

Chromatin Immunoprecipitation (ChIP) for control tissue revealed a peak for Ser 5 Pol II 

proximal to the Myc TSS (Figure 3.7 A, B). In comparison, Psi knockdown resulted in a 

significant decrease in Ser 5 RNA Pol II enrichment proximal to the Myc TSS (MYC2 

amplicon, Figure 3.7 B). Thus, Psi was required to maintain the pool of Ser 5 phosphorylated 

RNA Pol II on the Myc promoter.  

The significant decrease in Myc mRNA in wing discs from these animals is consistent with the 

reduced Ser 5 RNA Pol II, and would suggest the decrease in RNA Pol II is not due to 

precocious Pol II escape and increased elongation. Indeed, we also observed a significant 

decrease in elongating (Ser 2 phosphorylated RNA Pol II) in Psi depleted larval tissues (Figure 

3.7 C). Together the reduction in Ser 5 and Ser 2 RNA Pol II, and decrease in Myc mRNA 

abundance are consistent with either diminished loading and/or phosphorylation of RNA Pol 

II, either at the initiation/promoter escape step alone (and thus leading to a follow-on reduction 

in elongation), or also at the elongation step. However, the observation that Psi activates from 

a single DNA binding site within the minimal promoter, compared with most G4-activators 

that require tandem sites, suggests that Psi is unlikely to act at the level of RNA Pol II 

recruitment, but downstream of pre-initiation complex (PIC) assembly. 
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Figure 3.7 Psi is required for Ser 5 RNA Pol II enrichment across the Myc promoter and 

Ser 2 across the body of the Myc gene. (A) Schematic of Myc showing the position of the 

amplicons used for qPCR. (B) Ser 5 RNA Pol II ChIP (control and Psi RNAi); (C) Ser 2 RNA 

Pol II ChIP (control and Psi RNAi).  
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3.3 Summary 

Developmental signals must normally ensure tight control of MYC expression as MYC is a 

potent driver of cell and tissue growth, and elevated MYC is linked to cancer initiation and 

progression (Zaytseva and Quinn, 2017). The capacity of the MYC promoter to integrate 

extracellular and developmental signals is fundamental to patterning of growth in multicellular 

animals. Connections between signalling and patterning of Myc transcription in Drosophila 

have been well delineated (Wu and Johnston, 2010; Er Amanda Lee et al., 2014). The work in 

this chapter demonstrated that Psi, the sole ortholog of the three mammalian FUBP proteins, 

interacts with the Mediator complex to integrate developmental signalling with Myc 

transcription. Based on published observations from mammalians systems (Liu et al., 2006) 

and our Drosophila data, we propose the following model for the action of Psi/FUBP1 in 

activated MYC transcription (Figure 3.8). MED will first integrate the activity of MYC 

enhancers, stimulated by growth or developmental signals, with the general transcription 

factors (GTFs) and RNA Pol II to form the pre-initiation complex (PIC). In a signalling 

environment conducive to MYC transcription, MED will recruit TFIIH and stabilize the PIC 

(Esnault et al., 2008; Plaschka et al., 2015). MED will also bring TFIIH kinase activity into 

close proximity with the CTD of RNA Pol II (Plaschka et al., 2015), consistent with MED 

stimulating TFIIH-dependent CTD phosphorylation and RNA Pol II promoter clearance 

(Søgaard and Svejstrup, 2007; Esnault et al., 2008; Ebmeier and Taatjes, 2010; Taatjes, 2010; 

Plaschka et al., 2015).  

The increased RNA Pol II activity will result in conformational changes in the MYC promoter, 

including supercoiling to cause torsional stress and generation of the single-stranded FUSE, 

which binds FUBP1/Psi. FUBP1 can also directly interact with the XPB helicase subunit of 

TFIIH, and this interaction is required for formation of the promoter loop between RNA Pol II 

and FUSE (Liu et al., 2006). Psi is found in complex with the kinase module subunits of MED, 

thus we predict Psi/FUBP1 will first interact with the pre-activated MYC promoter i.e. with the 

large MED complex still in residence. Structural changes in ssDNA following Psi/FUBP1 

loading will modulate promoter architecture further to facilitate exit of the CDK8 module, thus 

maximizing MED-driven RNA Pol II activity and MYC transcription. At this stage we cannot 

make conclusions on whether Psi/FUBP1 interacts directly with a given MED subunit, or 

indirectly via the TFIIH complex, however we predict the transition to a maximally activated 

MYC promoter will be dependent on Psi/FUBP1. 
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We further predict that FIR/Hfp will subsequently be recruited to the MYC promoter via 

binding to ssDNA, FUBP1 and TFIIH to facilitate FUBP1 exit, inactivation of RNA Pol II and 

return of MYC transcription to basal levels. Moreover, RNA interference studies suggest FIR 

is required for repression of MYC transcription (Liu et al., 2006) and is dysregulated in cancers 

with associated elevation of MYC (Matsushita et al., 2006). Previous Drosophila studies from 

our group suggested the RRM protein with most similarity to FIR, Half Pint (Hfp), is essential 

for developmentally driven downregulation of Myc transcription in vivo (Quinn et al., 2004; 

Mitchell et al., 2010; Lee et al., 2015). Moreover, as observed for FIR (Liu et al., 2000; 2006), 

Hfp interacts with the XPB helicase component of the general transcription factor TFIIH to 

maintain a pool of engaged RNA Pol II on the MYC promoter, consistent with poised RNA Pol 

II being required to attenuate MYC transcription (Lee et al., 2015).  
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Figure 3.8: Working Model. During the initial 

stages of the transcription cycle, the MED 

complex and hypophosphorylated RNA Pol II 

holoenzyme are recruited to form the pre-

initiation complex (PIC). Following receipt of the 

appropriate growth stimulating signals, Myc 

enhancers are activated and GTFs (particularly 

TFIIH) load to drive Ser-5 phosphorylation, 

activation of RNA Pol II and promoter escape. 

Increased Pol II activity results in conformational 

changes in the Myc promoter, including 

supercoiling and generation of the single-stranded 

FUSE. Structural changes following Psi binding 

modulate promoter architecture to facilitate exit 

of the CDK8 module and maximize RNA Pol II 

escape and Myc transcription. Recruitment of Hfp 

inactivates RNA Pol II and returns MYC to basal 

levels. 
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Chapter 4. Drosophila AGO1 directly represses Myc transcription 

to inhibit cell growth 

4.1 Background  

The data discussed in Chapter 3 revealed new mechanisms of Myc transcriptional regulation, 

requiring interaction between the MED complex and the KH domain ssDNA/RNA binding 

protein Psi (Guo et al., 2016). Analysis of DPiM Co-immunoprecipitation (Co-IP) mass 

spectrometry data also revealed interaction between Psi and the RNA binding protein, 

Argonaut 1 (AGO1) (Figure 3.2 A). The AGO protein family have been extensively studied 

for their central roles in post-transcriptional gene silencing (Hutvagner and Simard, 2008; Jee 

and Lai, 2014; Nakanishi, 2016). The RNA-Induced Silencing Complex (RISC) core is 

comprised of AGO proteins and Dicer (Roberts, 2015; Nakanishi, 2016), and uses noncoding 

RNA as a guide to target specific mRNAs (Fabian and Sonenberg, 2012; Xu et al., 2016) or 

foreign nucleic acids (Meister, 2013; Swarts et al., 2014).  

AGO1 is predominantly implicated in forming miRNA-induced silencing complexes 

(miRISCs), which target mRNAs to drive transcript destabilisation and/or translational 

inhibition (Okamura, 2004; Förstemann et al., 2007). AGO2 is best characterised for 

interaction with small interfering RNAs (siRNAs) and formation of siRNA-induced silencing 

complexes (siRISCs), which cleave target mRNA transcripts (Okamura, 2004). In addition to 

these established post-transcriptional roles in gene regulation, recent evidence suggests AGO 

proteins localise to the nucleus and interact with chromatin to regulate transcription in yeast 

(Volpe et al., 2002; Ameyar-Zazoua et al., 2012), Drosophila (Cernilogar et al., 2011; 

Taliaferro et al., 2013a), plants (Liu et al., 2018), and mammals (Carissimi et al., 2015). Given 

that Psi interacts with the transcriptional Mediator complex in the nucleus to regulate Myc 

transcription we hypothesized that, in addition to the established roles in miRNA silencing in 

the cytoplasm, AGO1 might interact with Psi to modulate transcription. In this Chapter we 

sought to determine: 

1: Whether AGO1 modifies cell and/or tissue growth, alone or in the context of Psi knockdown. 

2: Whether AGO1 controls Myc expression and, if so, whether this occurs at the level of 

transcription. 
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4.2 Results 

4.2.1 Drosophila AGO1 interacts with Psi and RNA Pol II transcriptional machinery 

Analysis of the DPiM mass spectrometry data revealed 106 proteins that co-precipitated with 

AGO1 in Drosophila S2 cells (with a score >10). Amongst the top 70 AGO1 interactors, 59% 

belong to the RNA Pol II transcriptional machinery ontology class, while 49% were classified 

as having RNA processing functions (Figure 4.1 A). Additionally, 10 proteins including Psi 

have been attributed dual functions i.e. in both RNA Pol II transcription and RNA processing 

(Figure 4.1 C). Among the top 106 interactors, like Psi, AGO1 was also found in association 

with most (25) subunits of the transcriptional Mediator complex (MED, Figure 4.1 B). These 

data suggest that, in addition to the established roles in miRNA-mediated mRNA silencing, 

AGO1 interacts with RNA Pol II machinery, including MED and Psi which are localised to the 

nucleus, and might regulate transcription.  

As the DPiM studies that detected Psi in complex with AGO1 were performed in vitro in 

Drosophila S2 culture cells with overexpressed tagged protein, we first validated the 

interaction between endogenous AGO1 and Psi in vivo using Co-IP from wild type 3rd instar 

larval imaginal tissue lysates. Firstly, IP using anti-Psi antibody and Western blot with an anti-

AGO1 antibody detected a 110 kDa band for AGO1 (Figure 4.1 E). Secondly the AGO1 

antibody immunoprecipitated the 97 kDa band for Psi (Figure 4.1 F). Thus, AGO1 was found 

in complex with endogenous Psi in vivo. As Psi modulates Myc expression in a Mediator-

dependent manner (Chapter 3 and Guo et al, 2016), and Psi is found in complex with AGO1, 

we next aimed to determine if the interaction between AGO1 and Psi was important for Myc 

transcriptional regulation.  
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Figure 4.1 AGO1 interacts with RNA Pol II transcriptional machinery and RNA 

processing factors. (A) List of top 70 AGO1 interactors from the Drosophila Protein 

Interaction Map (DPiM) data set. (B) Subgroup of RNA Pol II associated interactors showing 

25 MED complex proteins, with subunits from the kinase module highlighted in yellow. (C) 

Summary of ontology classes for the top 70 AGO1-interactors. (D) 10 interactors with dual 

functions in RNA Pol II transcription and RNA processing. (E, F) Co-IP of endogenous Psi 

and AGO1 from wild type third instar larvae head tissue. Mock IP uses beads without addition 

of antibody. (E) IP with anti-Psi and western blot with anti-AGO1. There are 2 isoforms for 

AGO1. The PA, PC and PD isoforms are 984 amino acids (109KDa) and the PB isoform is 950 

amino acids (106KDa). (F) IP with anti-AGO1 and western blot with anti-Psi (97 kDa). 



	  

60	  

4.2.2 Psi-dependent growth is sensitive to AGO1 abundance 

4.2.2.1 Validation of AGO1 knockdown  

First, using qPCR we demonstrated a significant reduction of AGO1 mRNA for two 

independent, non-overlapping AGO1 RNAi lines (AGO1 RNAi 1 and 2, BL53293 and 

BL33727, respectively) in larval wing imaginal discs (Figure 4.2 A, p<0.0001 for both lines). 

The relative knockdown differed between the lines, RNAi line 1 reduced AGO1 mRNA to 

~40% of endogenous levels and RNAi line 2 to ~60%. Importantly, ser-Gal4 driven UAS-

AGO1 RNAi knockdown for either line reduced AGO1 protein abundance in the dorsal 

compartment of larval wing discs (Figure 4.2 B). Note due to the high level of cell death and 

lethality associated with constitutive ser-Gal4 driven AGO1 depletion (Figure 4.3 and 

discussed below), the analysis with AGO1 antibody was conducted in the temperature sensitive 

tubulin-GAL80 (tub-gal80ts) background 24 hours after GAL4 induction. 

To further validate the specificity of the AGO1 antibody, we used an AGO1-GFP protein trap 

line (P{PTT-GA}AGO1CA06914), which generates a GFP fusion with the endogenous AGO1 

protein, via insertion of a GFP protein trap with splice donor and acceptor sites to enable 

incorporation into the first intron of the AGO1 coding region (Buszczak et al., 2006). Analysis 

of UAS-AGO1 RNAi “flip out” clones in wing imaginal discs (positively marked with RFP), 

revealed depletion of the AGO1-GFP fusion protein and decreased AGO1 antibody staining 

(Figure 4.2 C). Thus, the AGO1 antibody is specific to AGO1 protein and the GFP-tagged 

AGO1 protein trap localises with the endogenous protein. As expected, the AGO1-GFP fusion 

protein and AGO1 protein localised predominantly to the cytoplasm, consistent with AGO1’s 

cytoplasmic functions.  

High power imaging of AGO1 protein distribution revealed AGO1 staining in the cytoplasm 

in both wing disc epithelium and salivary gland (Figure 4.2 D, E, white arrow), consistent with 

previous reports that AGO localises to the cytoplasm and drives mRNA silencing. However, 

co-staining with lamin to mark the nuclear envelope also revealed AGO1 staining in the 

nucleus (Figure 4.2 D, E, white arrows), consistent with nuclear AGO1 function. 
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Figure 4.2 AGO1 RNAi lines decrease mRNA and protein. AGO1 protein localises to both 

cytoplasmic and nuclear compartments (A) qPCR for control (tub-Gal4; tub-gal80ts x 

w1118), AGO1 RNAi 1 (tub-Gal4; tub-gal80ts x UAS-AGO1 RNAi 1), AGO1 RNAi 2 (tub-

Gal4; tub-gal80ts x UAS-AGO2 RNAi 2) on 3rd instar larval wing discs. (B) Wing imaginal 

discs with ser-GAL4 driven AGO1 RNAi in UAS-RFP-marked cells stained with AGO1 

antibody (green) and DNA stain (blue). (C) RFP-marked control and AGO1 RNAi flip out 

clones in wing imaginal discs 3 days after heatshock in the AGO1-GFP protein trap background, 

stained with AGO1 antibody (purple). (D) wild type third instar wing imaginal discs and (E) 

wild type third instar salivary glands stained with AGO1 antibody (green), nuclear lamin (red) 

and DNA (blue). All scale bars represent 50um except where otherwise labelled on the image. 

Error bars in (A) represent SD. All scale bars represent 50um except where otherwise labelled 

on the image. 

 

4.2.2.2 AGO1 mutants suppress the Psi knockdown phenotype  

As described in Chapter 3, curled adult wings form following constitutive knockdown of Psi 

in the dorsal compartment of the larval wing with ser-GAL4, due to impaired cell and tissue 

growth (Chapter 3, Figure 3.1). As constitutive depletion of AGO1 using ser-GAL4 driven 

knockdown (even with the weaker RNAi 2 line) resulted in cell death in the larval wing and 

pupal lethality (Figure 4.3 A), we first tested whether the Psi knockdown phenotype was 

sensitive to AGO1 abundance using two independent AGO1 P-element insertion mutants, 

AGO1k00208 and AGO104845 (AGO1 mutant 1 and 2, respectively), which are both inserted into 

the AGO1 5’ UTR (Spradling et al., 1999; Kataoka et al., 2001; Pradhan et al., 2013). Although 

homozygous lethal, heterozygosity for either AGO1 mutant was sufficient to increase the 

compartment size compared with control (Figure 4.3 B, D, p<0.0001 for both lines). Moreover, 

the AGO1 mutants suppressed the Psi knockdown wings up phenotype and significantly 

increased wing size (Figure 4.3 B, D, p<0.0001 compared with Psi RNAi alone). Reduced 

AGO1 abundance also suppressed the impaired cell growth due to Psi depletion, with a 

significant decrease in wing hair number in a fixed area of the adult wing i.e. increased cell 

size (Figure 4.3 C, E, p<0.0001 compared with Psi RNAi alone). Thus, suppression of the Psi 

RNAi phenotype by the AGO1 mutants occurs, at least in part, as a result of increased cell size. 

Together these data suggest that AGO1 might normally behave as a negative regulator of cell 

and tissue growth in the wing. 
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Figure 4.3 Impaired growth in the Psi knockdown wing is sensitive to AGO1 levels. (A) 

serrate-GAL4 driven AGO1 RNAi resulted in pupal lethality (upper panel) and cell death in 

third instar wing discs (lower panel), marked with UAS-RFP and DNA (blue). DNA in blue 

and RFP in red. (B) Adult flies with genotypes as marked. (C) Adult wings with genotypes as 

marked, compartment below vein L5 outlined in red. (D) Quantification of compartment area 

below vein L5 in adult wings. For statistical significance blue stars represent comparison with 

control and red stars comparison with Psi RNAi. (E) Number of hairs within a fixed area in the 

adult wing posterior of vein L5. Relative cell size calculated by dividing wing area by hair 

number. All error bars represent SD. 
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4.2.3 AGO1 depletion drives ribosome biogenesis and wing cell growth  

The observation that AGO1 mutants increase cell growth in the Psi RNAi background led us 

to investigate whether AGO1 normally controls cell growth. As extensive cell death was 

associated with constitutive AGO1 knockdown in the dorsal wing compartment (Figure 4.3 A), 

to investigate potential changes to other cellular processes we co-expressed the baculoviral 

caspase inhibitor p35 to prevent apoptosis (Hay et al., 1994). The increased cytoplasmic 

cellular content essential for cell growth requires ribosome biogenesis (i.e. ribosomal RNA 

(rRNA) synthesis, processing and assembly with ribosomal proteins (RPs) into 40S and 60S 

ribosomal subunits), which all takes place in the nucleolus. As nucleolar size is generally 

proportional to levels of ribosome biogenesis, the nucleolar-specific fibrillarin antibody can be 

used as an indirect measure of cell growth (Mitchell et al., 2015). Indeed, AGO1 depletion was 

sufficient to increase nucleolar size (Figure 4.4 A, B p<0.0001, AGO1 RNAi compared with 

control), consistent with AGO1 normally behaving as a negative regulator of cell growth.  

In line with AGO1 depletion driving nucleolar expansion, at least in part due to increased 

rDNA transcription, AGO1 RNAi significantly increased abundance of Polr1c (RNA 

Polymerase 1 subunit) mRNA and rRNA (47S rRNA 5’ externally transcribed spacer, ETS) 

(Figure 4.4 C p<0.01 and p<0.0001, respectively). AGO1 depletion also significantly increased 

mRNA levels of the ribosomal protein subunits RpS19 and RpS24 (Figure 4.4 C, p=0.0004 for 

RpS19 and p=0.0006 for RpS24). Together these data suggest that AGO1 is normally required 

to negatively control ribosome biogenesis and cell growth in the wing imaginal disc.  

ChIP-seq studies identified AGO2 binding throughout the 47s region of the human rRNA gene 

in human cell lines (Atwood et al., 2016), suggesting direct roles for AGO proteins in rDNA 

transcription and/or rRNA processing. However, these observations would not explain the 

increase in expression of RNA Pol I subunits or RNA Pol II-transcribed ribosomal proteins. 

Given that AGO1 interacts with Psi, which we have shown to be required for expression of 

Myc, a major driver of all aspects of ribosome biogenesis (Poortinga et al., 2004; Grewal et al., 

2005; Poortinga et al., 2011; 2014), we predicted that cell overgrowth associated with AGO1-

depletion might occur indirectly via Psi and/or Myc. In line with this, co-depletion of Psi or 

Myc reduced nucleolar size (Figure 4.5, A, B P<0.0001 for Myc and p=0.0065 for Psi, 

compared with AGO1 knockdown alone). Thus, cell growth associated AGO1 depletion is 

dependent on Psi and Myc. The observation that Myc knockdown decreased nucleolar 

expansion to a greater extent than Psi is likely a consequence of the stronger reduction in Myc 
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mRNA levels associated with Myc RNAi compared with Psi RNAi (Figure 3.4 E). Together 

these data suggest the increased ribosome biogenesis associated with AGO1 depletion is a 

consequence of impaired Myc repression. 

 

Figure 4.4 AGO1 knockdown increases ribosome biogenesis. (A) Third instar wing discs 

with serrate-GAL4 driven AGO1 RNAi in the UAS-p35 background compared with the p35 

alone control, marked with UAS-RFP and stained with anti-fibrillarin (green) and DNA (blue). 

Zoom of region in the white square in the panel on the far right. (B) Quantification of average 

nucleolar area of approximately 50-100 nucleoli within the dorsal compartment, taken from a 

confocal z-section through the wing. (C) qPCR for 47S pre-RNA and ribosomal proteins 

(RpS19 and RpS24) and RNA Pol I subunit (Polr1c). All error bars represent SD. 
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Figure 4.5 Increased nucleolar size due to AGO1 knockdown was dependent on Psi and 

Myc. (A) Control and serrate-GAL4 driven RNAi in RFP-labelled cells for the genotypes 

marked in wing discs stained with anti-fibrillarin (green), DNA (blue). Zoom of region in the 

white square in the panel on the far right. (B) Quantification of average nucleolar area of 

approximately 50-100 nucleoli within the dorsal compartment for genotypes as marked, taken 

from a confocal z-section through the wing. All error bars represent SD. 

 

4.2.4 AGO1 depletion increases Myc abundance and function 

Consistent with increased growth in wing disc cells (Figure 4.4), qPCR on 3rd instar larval 

AGO1 knockdown wing discs revealed a significant increase in Myc mRNA (Figure 4.6 A 

p<0.0001 compared with control). Although co-knockdown of Psi and AGO1 significantly 

reduced Myc mRNA compared with AGO1 RNAi alone, Myc did not return to the control range 

(Figure 4.6 A, p=0.0134). In Drosophila AGO1 predominantly functions in miRNA-induced 

silencing, while AGO2 drives siRNA-mediated silencing (Okamura, 2004; Azzam et al., 2012), 

however overlap between these pathways has been reported (Förstemann et al., 2007; Okamura 

et al., 2009). To ensure that the relatively weak reduction in Myc and nucleolar size was not 
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due to inefficient Psi knockdown (Figure 4.5), we confirmed that AGO1 depletion did not 

impair the siRNA-induced mRNA degradation pathway by demonstrating depletion of AGO1 

did not alter efficiency of siRNA-induced Psi knockdown (Figure 4.6 B). Together these data 

suggest AGO1 is required for the repression of Myc mRNA expression in larval wing discs, 

consistent with the observation that heterozygous AGO1 mutants increased cell growth alone, 

and in the Psi knockdown background (Figure 4.3). We further demonstrated that AGO1 

depletion in the p35 background altered Myc protein levels using an anti-Myc antibody. In 

accordance with AGO1 being normally required for Myc repression, Myc protein levels were 

increased in the RFP-marked dorsal compartment, compared with the ventral compartment 

(Figure 4.6 C). Moreover, the ventral compartment was reduced in size, potentially as a 

consequence of overgrowth of the dorsal compartment. Additionally, we often observed 

abnormal patches of non-AGO1-RNAi cells with increased Myc protein staining, although the 

reason for the emergence of these non-autonomous outgrowths is unknown. 

Expanding upon the observation that AGO1 knockdown increased Myc mRNA and protein 

abundance, we investigated whether AGO1 modified Myc activity, using qPCR for the 

Drosophila orthologues of two established Myc target genes in mammalian systems, Polr1c 

(polymerase I polypeptide C) and Cad (carbamoyl-phosphate synthetase 2) (Poortinga et al., 

2011; 2014; Mitchell et al., 2015). We observed a significant increase in both Polr1c and Cad 

mRNA following AGO1 depletion. Interestingly, co-knockdown of Psi significantly reduced 

abundance of Myc target mRNAs compared with AGO1 RNAi alone (Figure 4.6 D, E, 

p=0.0005 for Polr1c, p=0.0043 for Cad); given the modest decrease in Myc mRNA abundance 

following Psi co-depletion, these data suggest that Psi is likely required for Myc function. 

Moreover, as these Myc targets are not altered by Psi RNAi alone in the presence of 

endogenous Myc, Psi is only required for the increase in Myc activity (i.e. the increase in the 

Polr1c and Cad targets) in the context of upregulated Myc. Together, these data suggest that 

AGO1 is required for maintaining Myc mRNA at endogenous levels and, thus, for cell growth 

during Drosophila wing development. 
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Figure 4.6 AGO1 knockdown increases Myc mRNA and protein, and increased Myc 

function depends on Psi. (A) Myc qPCR in AGO1 RNAi or Psi RNAi alone or in combination. 

(B) Psi qPCR in larval wing discs for AGO1 RNAi or Psi RNAi alone or in combination. (C) 

Anti-Myc antibody (purple) on serrate-GAL4 driven AGO1 RNAi compared with control. A 

region with elevated Myc protein in non-AGO1 knockdown cells marked with (*) (D, E) qPCR 

for Myc-targets Polr1c and CAD mRNA in wing discs following AGO1 RNAi or Psi RNAi 

alone or in combination. All error bars represent SD. 



	  

69	  

4.2.5 Neither miR-996 nor miR-308 drive Myc mRNA turnover in the wing 

As AGO1 induces miRNA-dependent mRNA degradation as part of the miRISC complex 

(Hutvagner and Simard, 2008) we screened miRBase (Griffiths-Jones, 2004), which contains 

all published mature miRNA sequences from 223 species (Kozomara and Griffiths-Jones, 2013) 

for miRNAs predicted to target the Myc 3’UTR by sequence similarity 

(http://www.mirbase.org). Many of the miRNAs from the early versions of miRBase have been 

experimentally validated by Northern blotting, but such evidence is lacking for most miRNAs 

detected by next generation sequencing (Ludwig et al., 2017). Only 2 miRNAs predicted to 

target Myc were also expressed in third instar larval tissues based on the modENCODE 

database (Contrino et al., 2012); miR-308 and miR-996 whose seed sequences target the Myc 

3’UTR at 676-691 and 576-594 sites, respectively (Figure 4.7 A). Previous work in Drosophila 

embryos demonstrated elevated miR-308 decreases Myc mRNA and protein (Daneshvar et al., 

2013). In contrast, we found that overexpression of miR-308 did not reduce Myc mRNA in the 

context of the larval wing imaginal disc (Figure 4.7 B). The observation that miR-308 does not 

drive Myc turnover in the wing suggests the capacity to target Myc is dependent on 

developmental context. Surprisingly, miR-996 overexpression significantly increased Myc 

mRNA levels (Figure 4.7 C), suggesting Myc is certainly not a target for miR-996 driven 

degradation in the wing. Moreover, the capacity of AGO1 knockdown to increase Myc mRNA 

was not altered by miR-308 or 996 overexpression in larval wing discs, suggesting AGO1 

repression of Myc is not dependent on the function of the miRNAs predicted to target Myc. 
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Figure 4.7 Neither miR-996 nor miR-308 drive Myc mRNA turnover in the wing. (A) Seed 

sequence for miR-308 and miR-996 and base pairing with Myc. (B, C) AGO1 and Myc qPCR 

in larval wing discs for AGO1 RNAi, miR-308, miR-996, and for AGO1 RNAi in combination 

with either miR-308 or 996. All error bars represent SD. 
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4.2.6 AGO1 knockdown increases Myc promoter activity and transcription  

The capacity of AGO1 to behave as a growth inhibitor via interaction with the Myc-regulator 

Psi, together with the observation that miRNAs predicted to target Myc were unable to decrease 

mRNA abundance, led us to investigate whether AGO1 regulates Myc at the level of 

transcription. In accordance with AGO1 normally being required for inhibition of the Myc 

promoter, Myc-lacZ enhancer trap (Peter et al., 2002; Mitchell et al., 2010) activity was 

significantly increased in the AGO1 knockdown wing disc compartment (Figure 4.8 A). To 

further investigate whether the increase in Myc mRNA associated with AGO1 loss of function 

was due to altered transcription, we designed primers to the first intron of Myc to measure pre-

mRNA levels. qPCR revealed an increase in Myc pre-mRNA following AGO1 knockdown in 

wing discs (Figure 4.8 B, p<0.0001 compared with control). In contrast to mature Myc mRNA 

(Figure 4.6 A), the increase in Myc pre-mRNA associated with AGO1 knockdown was not 

significantly reduced by co-knockdown of Psi, which might suggest Psi might also become 

limiting for Myc splicing in the context of AGO1 depletion.  

 

4.2.7 Increased Myc due to AGO1 depletion requires RNA Pol II transcription 

α-Amanitin, the principal toxin of several poisonous mushrooms (Vetter, 1998), achieves 

toxicity via potent inhibition of RNA Pol II-dependent transcription (Lindell et al., 1970). To 

determine if AGO1 regulates Myc expression at the transcriptional level, we used α-Amanitin 

to block RNA Pol II activity. Consistent with previous observations (Figure 4.6), Myc pre- and 

processed mRNA levels were significantly increased in untreated larval tissues following 

AGO1 depletion (Figure 4.8 C, D p<0.001 and p<0.0001 compared with control, respectively). 

Interestingly, although Myc pre-mRNA was significantly decreased after α-Amanitin treatment 

(Figure 4.8 C), mature mRNA was significantly increased in the control at the 20 minute time 

point (Figure 4.8 D), which might suggest an increase in Myc mRNA stability in response to 

transcriptional repression. In the AGO1 knockdown background Myc pre-mRNA levels were 

dramatically decreased following α-Amanitin treatment (Figure 4.8 C). Thus, the AGO1 

knockdown-induced Myc pre-mRNA increase is dependent on RNA Pol II transcriptional 

activity. No significant change in mature Myc transcript was observed in the AGO1 knockdown 

background following α-Amanitin treatment, again suggesting that potential feedback 

mechanisms might result in increased mRNA stability in response to RNA Pol II inhibition. 

Together with the observation that AGO1 knockdown increases Myc promoter activity in the 

wing discs, these data suggest AGO1 represses Myc at the level of transcription.   
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4.2.8 AGO1 is enriched on the Myc promoter  

Given AGO1 was also found in complex with MED in Drosophila S2 cells (Figure 4.1), we 

hypothesised that AGO1 might interact with RNA Pol II machinery to directly regulate Myc 

transcription. In order to investigate this, we performed ChIP using anti-AGO1 antibody 

followed by qPCR with amplicons flanking the Myc transcription start site (Figure 4.8 E). In 

wild type larval tissues, significant AGO1 enrichment was observed in Myc regulatory regions 

compared with the mock-IP control, with highest enrichment observed at the transcription start 

site (Figure 4.8 F, p=0.0003). Thus AGO1 interacts with the Myc promoter, in line with reports 

that nuclear AGO1 directly interacts with RNA Pol II and is preferentially associated with 

promoters of transcriptionally active genes throughout the genome in human prostate cancer 

cells (Huang et al., 2013).  

 

 

 

 

 

 

 

 



	  

73	  

 



	  

74	  

Figure 4.8 AGO1 represses Myc at the level of transcription. (A) Myc-lacZ enhancer trap 

activity, marked with anti-β-Gal antibody (green) for serrate-GAL4 driven AGO1 RNAi in the 

UAS-p35 background compared with UAS-p35 alone control, marked with RFP and stained for 

DNA (blue). (B) qPCR for Myc pre-mRNA following AGO1 or Psi RNAi knockdown alone 

or in combination in larval wing discs. (C) qPCR for Myc pre-mRNA following AGO1 

knockdown compared with control for larval head tissues treated with α-amanitin for 0 min, 

20 min and 40 min or untreated, as marked. (D) qPCR for mature Myc mRNA, genotypes and 

treatment with α-amanitin as marked. (E) Schematic of Myc showing the position of the 

amplicons used for qPCR. (F) AGO1 ChIP on wild type larval tissues compared to no-antibody 

control. All error bars represent SD. 

 

4.3 Summary 

Here we have demonstrated a novel role for AGO1 as a tumour suppressor in the Drosophila 

wing disc. The increased ribosome biogenesis and cell growth associated with AGO1 

knockdown was dependent on increased Myc abundance. Interestingly, neither of the 2 

miRNAs with seed sequences targeting the Myc 3’UTR (mir-308 and mir-996) resulted in 

depletion of Myc mRNA, consistent with AGO1 downregulating Myc independent of the well-

characterized roles in miRNA-mediated silencing. Rather, AGO1 depletion increased Myc 

promoter activity and RNA Pol II transcription was required for increased Myc mRNA 

abundance. Furthermore, we observed physical interaction between AGO1 and the 

transcriptional Mediator complex, nuclear localisation of AGO1 and enrichment of AGO1 on 

the Myc promoter, consistent with AGO1 directly regulating Myc at the level of transcription. 

Our results are consistent with previous evidence for nuclear AGO protein function in a range 

of eukaryotes, including interaction with active promoters and regulatory roles in transcription 

(Kim et al., 2006a; Huang et al., 2012; Zardo et al., 2012; Huang et al., 2013). 
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Chapter 5. Final discussion and future directions 

The capacity of the MYC promoter to integrate developmental signals is fundamental for 

controlling growth of organs and tissues in multicellular animals (Zaytseva and Quinn, 2017; 

2018). Moreover, as increased abundance of the MYC oncoprotein has been associated with 

the pathogenesis of most human tumours (Levens, 2010; Dang, 2012), deciphering elements 

modulating MYC expression is fundamental to understanding MYC-dependent cancer 

initiation and progression. Together the work comprising this thesis has increased our 

understanding of transcriptional regulation of Myc in the context of an in vivo signalling 

environment, the Drosophila wing epithelium.  

 

5.1 Psi interacts with Mediator to control Myc transcription, cell and tissue growth 

The first results chapter demonstrated that the KH domain, single stranded nucleic acid binding 

protein, Psi/FUBP1, physically interacts with the transcriptional Mediator (MED) complex. 

Although the core MED complex is very likely required for all RNA Pol II dependent 

transcription, the CDK8/CycC kinase module can sense developmental and environmental cues 

to activate specific programs of transcription (van de Peppel et al., 2005; Kim et al., 2006b; 

Carrera et al., 2008; Zhao et al., 2012; Allen and Taatjes, 2015). Thus, MED integrates multiple 

signalling networks to control cell fate, including proliferative growth, differentiation, and 

death during development and tissue homeostasis. Here we have shown that MED interacts 

with Psi to modulate Myc transcription, cell and tissue growth (Guo et al., 2016). Molecular 

and structural studies suggest MED forms a “bridge” between RNA Pol II machinery, general 

transcription factors and enhancers to promote pre-initiation complex formation and 

transcription (Malik and Roeder, 2005; Plaschka et al., 2015). In addition, the MED complex 

not only drives transcription initiation, but also regulates most other stages of RNA Pol II 

transcription, including elongation, termination, mRNA processing, noncoding RNA 

activation and super enhancer complex formation (Yin and Wang, 2014).  

The Cyclin/kinase component of MED, CDK8/CycC, phosphorylates Cyclin H (CycH/CDK7) 

to inactivate the CDK-activating kinase (CAK) module of general transcription factor TFIIH 

(Malik and Roeder, 2005). This results in transcriptional repression, as CycH/CDK7 is 

essential for phosphorylation of the RNA Pol II large subunit, which is required for 

transcription initiation (Komarnitsky et al., 2000). Moreover, incorporation of CDK8 into 
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MED is predicted to sterically block interaction with RNA Pol II and further impair 

transcriptional initiation (Belakavadi and Fondell, 2010). Consistent with this inhibitory role 

of the kinase module in Myc transcription, we observed suppression of the impaired growth 

phenotype associated with Psi or Myc depletion, following co-knockdown of either CDK8 or 

CycC. Although we found that depletion of the core MED subunits in the wing was generally 

associated with larval lethality, overexpression of individual subunits generally resulted in 

suppression of impaired growth caused by Psi depletion. The observation that Psi/Myc-

dependent tissue growth depends on MED abundance and activity (Guo et al., 2016) suggests 

that Psi and MED normally interact to integrate growth signals, thus ensuring the correct 

patterning Myc transcription required for controlling cell and tissue growth during Drosophila 

development.  

Given MED is a master transcriptional regulator, required to modulate intensity, patterning and 

timing of global gene expression, perturbations to subunit abundance are not surprisingly 

associated with developmental abnormalities, cancer and metabolic disorders (Yin and Wang, 

2014). In addition to regulating Myc abundance and cell growth, MED also controls expression 

of developmental patterning genes, including Notch and Wingless pathway transcriptional 

targets, to establish compartment boundaries in the Drosophila wing (Janody, 2003; Carrera et 

al., 2008; Janody and Treisman, 2011; Marr et al., 2014). In mice, individual knockout of MED 

subunits is invariably embryonic lethal, but death occurs at different developmental stages with 

a diverse array of phenotypes, suggesting specific roles for individual subunits in development 

(Yin and Wang, 2014).  

Interestingly, both loss- and gain- of function mutations have been detected for CDK8 and 

CycC in a variety of human cancers, suggesting both tumour suppressor and oncogenic 

capacity (Firestein et al., 2008; Belakavadi and Fondell, 2010; Li et al., 2014) (Figure 5.1). The 

observation that CDK8 can function as an oncoprotein in colorectal cancer, by activating β-

catenin-transcriptional networks to drive overproliferation (Firestein et al., 2008), has 

promoted the development of cancer therapeutics targeting CDK8 (Belakavadi and Fondell, 

2010). In contrast, CycC loss-of-function has been observed in T-cell acute lymphoblastic 

leukaemia (T-ALLs) and cooperates with other oncogenic lesions to accelerate leukaemia 

development (Li et al., 2014). CycC therefore has growth-suppressive roles in the T-cell 

lineage, while CDK8 functions as an oncogene in colon cancer. Although CDK8 might appear 

to be an attractive therapeutic target in colon cancer, we need to approach use of CDK8 
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inhibitors with caution as inhibition of the kinase module may elicit pro-tumorigenic effects in 

other tissues (Li et al., 2014).   

 

Figure 5.1 CDK8 and CycC lesions in human cancers. Source: cancer genomics tool 

cBioPortal (http://www.cbioportal.org/). (A) CDK8-related cancers. (B) CycC-related cancers. 

X axis shows the cancer type. Y axis shows the alteration frequency. 

 

In order to evaluate feasibility of targeting CDK8 for cancer therapy we need to gain additional 

insights into how dysregulation of MED subunits might contribute to tumorigenesis. If we are 

to understand aberrant function of MED in the context of disease however, the essential first 
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step is to elucidate normal in vivo function of CDK8 and CycC. As MED, including CDK8 and 

CycC, are highly conserved during eukaryotic evolution, studies using model organisms such 

as Drosophila will be critical for providing insights into the function and regulation of CDK8 

and CycC in different cellular and developmental contexts (Xu and Ji, 2011). For example, 

here we have shown that the CDK8/CycC kinase subunits of MED behave as tumour 

suppressors, normally being required to repress Psi-dependent Myc transcription, cell and 

tissue growth in the wing disc epithelium. Consistent with tumour suppressor behaviour of the 

kinase subunits across a wide range of cancers, large scale data from genomics studies 

(cBioPortal (Gao et al., 2013)), reveal that CDK8 and CycC are most frequently mutated or 

deleted, but less frequently amplified, in a range of cancers (Figure 5.1); further emphasising 

the importance of understanding cancer context. Future studies to determine whether CDK8 or 

CycC mutations identified in cancer alter FUBP1-dependent MYC transcription and tumour 

progression will be of great interest. 

 

5.2 AGO1 behaves as a tumour suppressor in the Drosophila wing  
As outlined in Chapter 4, the DPiM Co-IP mass spectrometry study (Guruharsha et al., 2011) 

also detected interaction between Psi and other RNA binding proteins e.g. AGO1, qkr54B, 

Gawky, qkr58E. AGO1 was the protein most frequently detected in complex with Psi, 

suggesting potential Psi-dependent functions. In support of this, we demonstrated that AGO1 

and Psi also genetically interact; AGO1 loss-of-function mutations suppressed the impaired 

wing growth phenotype associated with Psi knockdown, suggesting negative roles for AGO1 

in Psi-dependent cell and tissue growth. AGO1 knockdown in the dorsal wing compartment 

resulted in cell death and pupal lethality, presumably as a consequence of increased expression 

of AGO1’s apoptotic targets. However, temporally controlled knockdown combined with 

inhibition of caspase-dependent apoptosis in AGO1 depleted wing compartments revealed 

surviving cells with significant expansion of the nucleolar compartment and increased cell 

growth. These observations revealed that AGO1 is normally required for suppression of 

ribosome biogenesis and cell growth. Moreover, Myc co-knockdown returned AGO1 depleted 

nucleolar compartments to the normal range, demonstrating dependency of increased growth 

on Myc i.e. rather than direct effects of AGO1 on ribosomal components.   
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The capacity of AGO1 to behave as a tumour suppressor in the wing disc, and the interaction 

with the Myc-transcriptional regulator Psi, led us to investigate whether AGO1 also regulates 

Myc expression. Indeed, AGO1 depletion resulted in increased Myc mRNA and protein 

abundance in the wing, consistent with the overgrowth observed in AGO1 knockdown wing 

disc cells. Moreover, AGO1 knockdown significantly increased mRNA abundance of two 

established Myc target genes (Polr1c and Cad), indicating capacity to increase Myc 

transcriptional activity. Interestingly, although Psi knockdown only modestly decreased the 

capacity of AGO1 depletion to increase Myc mRNA levels, Psi co-depletion strongly reduced 

expression of Myc targets, bringing Polr1c and Cad mRNA to endogenous levels. This 

observation suggests that Psi may also be required for activation of certain Myc target genes. 

Thus, future studies are being designed to determine whether Psi and Myc bind common targets 

and if Psi is required for transcriptional activation of a subset of Myc target genes. 

As AGO1 proteins are best characterised as mediators of miRNA-mediated post transcriptional 

targeting in the cytoplasm, we first explored whether increased Myc was a consequence of 

these established roles in mRNA silencing (Kim, 2005; Meijer et al., 2014). However, neither 

of the two miRNAs predicted and/or demonstrated (Daneshvar et al., 2013; Kozomara and 

Griffiths-Jones, 2013) to specifically target the Myc 3’UTR (miR-308 and miR-996) altered 

Myc mRNA abundance. The observation that miR-308 doesn’t drive Myc turnover in the wing 

disc contrasts with previous studies in the embryo, reporting binding of miR-308 to the Myc 

3’UTR and mRNA depletion following miR-308 overexpression (Daneshvar et al., 2013), 

suggesting miR-308’s capacity to target Myc is dependent on developmental context. miR-996 

overexpression significantly increased Myc mRNA levels, suggesting Myc is not a target for 

miR-996 driven degradation in the wing.  

 

5.3 AGO1 represses Myc transcription to control cell and tissue growth 

The increased Myc promoter activity in AGO1 knockdown wing discs, together with the α-

Amanitin-dependent increase in Myc pre-mRNA abundance following AGO1 knockdown, 

suggested AGO1 likely represses Myc at the level of transcription. Recent studies have 

suggested AGO proteins, together with some components of the RISC complex, enter the 

nucleus and regulate gene expression at the level of transcription (Thomson et al., 2014; 

Woolnough et al., 2015; Catalanotto et al., 2016; Gosline et al., 2016; Kalantari et al., 2016; 

Shimada et al., 2016). In Drosophila, AGO1 protein localises to both the nucleus and 
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cytoplasm of early stage blastoderm embryos (Pushpavalli et al., 2012). Biochemical 

fractionation and confocal immunofluorescence has also detected AGO proteins in the nuclear 

compartment of mammalian cells (Ahlenstiel et al., 2011; Liu et al., 2011; Huang et al., 2012; 

2013). Further to this, other RISC complex components (e.g. Dicer, TRBP and Gw182/TNRC6) 

have been detected in mammalian nuclear fractions (Ohrt et al., 2008; Nishi et al., 2012; 

Gagnon et al., 2014). Consistent with these findings, our data confirmed that AGO1 localises 

to both cytoplasmic and nuclear compartments in wing disc epithelium and salivary gland, 

indicating roles in the nucleus.  

In accordance with nuclear entry being associated with transcriptional roles, AGO proteins can 

drive heterochromatin formation to establish repressive epigenetic marks to enact 

transcriptional silencing and ChIP-sequencing has demonstrated enrichment on chromatin in 

fission yeast (Volpe et al., 2002; Ameyar-Zazoua et al., 2012), Drosophila (Cernilogar et al., 

2011; Taliaferro et al., 2013a), plants (Liu et al., 2018) and mammalian cells (Carissimi et al., 

2015). In fission yeast, AGO proteins interact with antisense transcripts to assemble the RNA 

induced transcriptional silencing (RITS) complex and drive heterochromatin formation (Volpe 

et al., 2002; Ameyar-Zazoua et al., 2012). Early studies demonstrated that AGO4 induces 

histone and DNA methylation by interacting with ribonucleoprotein complexes in Arabidopsis 

(Zilberman et al., 2003), while recent genome wide ChIP-sequencing studies have shown direct 

chromatin binding for AGO1, which is required to activate transcription stimulated by 

hormones and stress (Liu et al., 2018). Mammalian AGO1 and AGO2 have been observed in 

nuclear fractions, and AGO1 enrichment detected on active (H3K4me3-bound) promoters in 

human cancer cell lines (Huang et al., 2013). In mammals, AGO proteins have been implicated 

in transcriptional activation (Li et al., 2006; Janowski et al., 2007; Huang et al., 2012; 2013), 

silencing (Morris et al., 2004; Ting et al., 2005; Kim et al., 2006a; Benhamed et al., 2012) and 

alternative splicing (Ameyar-Zazoua et al., 2012). Human AGO1 and AGO2 not only 

physically interact with chromatin modifiers, to increase repressive histone marks (H3K9 

methylation) on variant exons to modulate RNA Pol II elongation rates, but also facilitate 

spliceosome recruitment to couple transcription with alternative splicing (Ameyar-Zazoua et 

al., 2012). ChIP-seq analysis of K562 leukaemia cell lines detected AGO2 enrichment on tRNA 

and rRNA, and mRNA expression of genes in proximity of AGO1-transcribed tRNA was 

elevated after AGO1 depletion, independently of the Dicer complex (Woolnough et al., 2015). 
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The strong evidence implicating AGO proteins in RNA Pol II-dependent transcription, together 

with the physical interaction between AGO1 and MED in Drosophila S2 cells (Guruharsha et 

al., 2011), led us to hypothesise that AGO1 might directly regulate Myc transcription (Figure 

5.2). Further support for this was provided by the observation that AGO1 depletion increased 

Myc promoter activity, the localisation of AGO1 to both the cytoplasm and the nucleus, the 

inability of Myc-targeting miRNAs to drive mRNA turnover, and the increased Myc mRNA 

abundance in response to AGO1 depletion requiring RNA Pol II activity. Importantly, AGO1-

ChIP revealed significant enrichment on the Myc promoter, suggesting AGO1 likely interacts 

with MED/Psi and the RNA Pol II machinery to directly regulate Myc transcription. Given the 

high level of conservation between AGO proteins throughout evolution, it will be of great 

interest to determine whether AGO1 also interacts with FUBP1 to regulate transcription of the 

MYC oncogene. 
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Figure 5.2 Working model: AGO1 interacts with Psi to repress Myc transcription.  While 

Psi activates Myc transcription, recruitment of AGO1 and components of the RISC complex to 

the Myc promoter region represses Myc expression, likely through interaction with non-coding 

RNAs/miRNAs. By associating with Psi, AGO1 interrupts the interaction of Psi and TFIIH, 

thus decreasing RNA Pol II activity and reducing Myc transcription.     

In the context of this chromatin binding function the question remains regarding how AGO 

proteins achieve specificity? The consensus is that as sequence and structural analyses suggest 

AGO proteins “do not contain known DNA binding domains” (Elkayam et al., 2012; Schirle 

and MacRae, 2012), and that interactions with chromatin must be mediated by miRNAs. In 

Arabidopsis, AGO1 requires small RNAs and the SWI/SNF chromatin remodelling complex 

for site-specific gene targeting (Liu et al., 2018). In mammalian cells AGO1 and AGO2 

recruitment to actively transcribed genes requires the Dicer endonuclease and the chromobox 

protein HP1γ (Ameyar-Zazoua et al., 2012). miRNAs have also been shown to bind promoter 

sequences in an AGO-dependent manner to regulate transcription in a range of mammalian cell 

types (Kim et al., 2006a; Huang et al., 2012; Zardo et al., 2012). In human cancer cells, 

miRNAs are predicted to mediate interactions between AGO1, chromatin and RNA Pol II, as 

putative miRNA target sites more frequently overlap AGO1-bound sequences than expected 

by chance (Huang et al., 2013). Surprisingly, although DNase treatment abolished AGO1-RNA 

Pol II binding in this study, interactions between AGO1 and RNA Pol II were not disrupted by 

RNase treatment. This might suggest an intermediate RNA species is not required, however, 

RNA molecules can be protected from digestion when in complex with AGO1 (De et al., 2013). 

The rationale being that exogenous miRNA likely forms a duplex with complementary target 

sequences in promoters to enable AGO1 enrichment, and the AGO1-RNA Pol II association 

protecting the miRNA from RNase digestion (Kim et al., 2006a; Younger and Corey, 2011; 

Huang et al., 2012).  

Alternatively, the observation that DNase, but not RNase, treatment abolished AGO1-RNA 

Pol II binding raises the question of whether AGO1 can also interact with single stranded DNA? 

Indeed, prokaryotic AGOs bind ssDNA guides in vitro, which can function in RNA cleavage 

of targets (Hur et al., 2014). Eukaryotic AGO domains can also bind DNA in vitro (Till et al., 

2007; Smalheiser and Gomes, 2014), consistent with the absence of direct hydrogen bonds to 

the 2′ hydroxyl groups of the guide strand for RNA recognition apparent from human AGO2 

crystal structures (Schirle and MacRae, 2012). Furthermore, Drosophila AGO2 binds the same 
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21nt ssDNA and ssRNA sequences with similar affinity, via the PAZ domain (Lingel et al., 

2003; Yan et al., 2003; Lingel et al., 2004). Despite this, whether AGO binds genomic ssDNA 

directly has not been investigated and the only potential role seriously explored for DNA 

binding in AGO function has been as a guide strand (Smalheiser and Gomes, 2014). In human 

cell lines AGO1 is preferentially enriched on transcriptionally active promoters (Huang et al., 

2013), which are invariably comprised of single stranded, non-B DNA (Kouzine et al., 2017). 

Future investigation of potential interactions between AGO1 and the ssDNA sequences 

comprising active promoters, particularly the structures generated by torsional strain on the 

MYC promoter that have long been known to bind ssDNA/RNA binding proteins, such as 

FUBP1 and FIR (Chung et al., 2006; Benjamin et al., 2008; Crichlow et al., 2008; Zhou et al., 

2016), are certainly warranted.  

The AGO1 staining in the nucleus in salivary glands is punctate (Figure 4.2), and not banded 

on polytenes as would be predicted for a classic transcriptional regulator. We considered one 

possibility, given the interaction with Psi/MED and function as a transcriptional repressor, is 

that AGO1 localises to punctate regions of gene silencing. Interestingly, AGO1 was detected 

in a RNAi screen as a modifier of Polycomb foci, which comprises the Polycomb group (PcG) 

proteins that define cellular fate through epigenetic repression of key developmental genes 

(Gonzalez et al., 2014). As PcG target gene repression can be stabilized through aggregation 

in the nucleus into PcG foci, the authors conducted a genome-wide functional RNAi screen 

using high-resolution microscopy and identified AGO1 as one of 129 genes that regulate 

nuclear organization of Pc foci. AGO1 RNAi in S2 cells resulted in weaker intensity of Pc foci, 

suggesting AGO1 might normally be required as a negative regulator of PcG-mediated 

silencing. Thus, we hypothesise AGO1 might localise to punctate Polycomb bodies in the 

nucleus. To investigate this future experiments involving co-staining with AGO1 antibody and 

the PcG markers should be conducted. 

 

5.4 AGO1 in proliferation control and cancer 
miRNA pathways regulate cell cycle machinery (Xu et al., 2004; Karp and Ambros, 2005; 

Bueno and Malumbres, 2011) and are not surprisingly implicated in cancer initiation and 

progression (Esquela-Kerscher and Slack, 2006; Volinia et al., 2006). As impaired processing 

decreases miRNA abundance, dysregulation of miRNA processing enzymes (e.g. DROSHA, 

DICER, AGO) has also been implicated in tumorigenesis (Benkirane et al., 1997; Carmell et 
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al., 2002; Karube et al., 2005; Kumar et al., 2007). miRNAs are not expressed in S. pombe, but 

AGO1 directly associates with cell cycle regulatory factors to control the G1-S phase cell cycle 

transition, cytokinesis and the DNA damage response, and AGO1 mutants are defective in G1 

arrest (Carmichael et al., 2004; Stoica et al., 2006). Previous Drosophila studies suggest AGO1 

is essential for proper chromosome segregation, mitotic cell division, and spindle fibre 

assembly during early embryonic development. AGO1 potentially normally targets the mitotic 

Cyclin B (CycB) for turnover, via miR-981, to inhibit cell cycle progression (Pushpavalli et al., 

2014). Direct evidence for miR-981 targeting of CycB has not been reported, however, AGO1 

loss-of-function is associated increased CycB abundance and, as a consequence, 

hyperactivation of CyclinB-Cdk1 and down-regulation of check point proteins (e.g. p53, grapes, 

mei-41 and Wee1 kinase) (Pushpavalli et al., 2014), consistent with anti-proliferative i.e. 

tumour suppressor behaviour in this context. 

 

Figure 5.3 AGO1 lesions in a diverse variety of cancers. X axis shows the cancer type. Y 

axis shows the alteration frequency. 

 

Consistent with tumour suppressor behaviour across a wide range of cancers, large scale 

genomics data (cBioPortal (Gao et al., 2013)) identified AGO1 as frequently mutated or deleted 
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in a diverse variety of cancers (e.g. reproductive, breast, intestinal, bladder, and skin cancers, 

Figure 5.3). Region 1p34–35 of chromosome 1, which includes AGO1 is frequently deleted in 

Wilms’ tumours and neuro-ectodermal tumours (Koesters, 1999; Parisi et al., 2011). In 

neuroblastoma cell lines, AGO1 behaves as a tumour suppressor, with overexpression 

heightening checkpoint sensitivity and reducing cell cycle progression, supported by GEO 

Profile microarray data that inversely correlates AGO1 expression with proliferative index 

(Barrett et al., 2010; Parisi et al., 2011) i.e. AGO1 levels are significantly lower in tumorigenic 

cells compared with differentiated cells (Barrett et al., 2010).  

Frequent AGO1 amplification is, however, observed in ovarian cancer (Figure 5.2), suggesting 

potential oncogenic behaviour in this context (cBioPortal (Cerami et al., 2012; Gao et al., 2013). 

In prostate cancer cell lines, clustering of AGO1-targets (i.e. genes bound and regulated by 

AGO1) by their chromosomal location revealed several cytobands overrepresented in various 

human cancers. Interestingly, of the 49 miRNAs significantly more enriched on AGO1-bound 

target sites, compared to control sequences, one third were onco-miRs (Huang et al., 2013). In 

contrast to the GEO Profile microarray data, this study of several prostate cell lines found that 

higher levels of AGO1 protein were generally observed in cancerous lines compared with non-

tumorigenic lines, suggesting behaviour as an oncogene (Huang et al., 2013). Ontology 

analyses of genes significantly up- and down-regulated in prostate cancer cell lines following 

AGO1 knockdown, revealed oncogenic pathways e.g. regulators of proliferative cell growth 

(cell cycle, mitosis, DNA repair, chromosome organization) and survival. Gene ontology 

analysis of overlapping hits from microarray analysis and ChIP-seq, to identify genes bound 

by AGO1 and significantly altered following knockdown, identified DNA damage response, 

mitogenic signalling, cell cycle, angiogenesis, and apoptosis pathways (Huang et al., 2013); 

consistent with AGO1 normally repressing proliferative/oncogenic transcriptional programs in 

prostate cancer cells. However, AGO1 knockdown in the prostate cancer lines drives a G0/G1 

delay and is associated with reduced S and G2/M populations (Huang et al., 2013), which will 

naturally disrupt the balance of cell cycle gene expression, making us somewhat cautious in 

our interpretation of these data. 

Here we have shown that the AGO1 behaves as a tumour suppressor in Drosophila, normally 

being required to repress Myc transcription, ribosome biogenesis and cell growth in the wing 

disc epithelium. Human MYC is a potent oncogene, frequently amplified or overexpressed in 

most cancers (Figure 1.1, Chapter 1). MYC promotes oncogenesis by activating transcription 
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of all three RNA polymerases (Pol I, II and III) to drive proliferative cell growth i.e. ribosome 

biogenesis and cell cycle progression (Poortinga et al., 2014). The observation that AGO1 

interacts with RNA Pol II and enrichment tracks with highly expressed genes in human cancer 

cell lines (Huang et al., 2013) is interesting given MYC also engages transcriptionally active 

promoters to function as a transcriptional amplifier of the cancer cell state (Lin et al., 2012; 

Nie et al., 2012). In future, it will be of interest to not only determine whether AGO1 regulates 

mammalian MYC transcription, but also whether AGO1 interacts with transcriptionally 

engaged promoters to modulate MYC function. In the context of cancer, it will be important to 

determine whether AGO1 loss-of-function alters MYC-dependent cancer progression and vice 

versa.  

In the context of human cancer, oncogenic signalling networks lead to transcriptional up-

regulation of many growth and cell cycle genes promoting genes, including MYC (Wierstra 

and Alves, 2008; Zaytseva and Quinn, 2017; 2018), which undergoes rapid transcriptional 

activation in response to growth factor stimulation (Kelly et al., 1983). Moreover, maximal 

growth factor-stimulated MYC transcription correlates with FUBP1 binding and RNA Pol II 

depletion, consistent with FUBP1 promoting RNA Pol II release to hyperactivate MYC 

transcription (Liu et al., 2006). The mechanism by which FUBP1 interacts with general 

transcription factor machinery to control transcription has been well elucidated ex vivo (Liu et 

al., 2006). Our studies not only suggest that Psi, the Drosophila protein most similar to FUBP1, 

behaves in a homologous manner to regulate Myc, but we also provide the first evidence that 

Psi interacts with MED and AGO1 to control Myc transcription, cell and tissue growth. Further 

studies are required to test our prediction that human FUBP1 also interacts with MED and 

AGO1 to integrate oncogenic growth signals with MYC transcription. FUBP1, MED and 

AGO1 mutations have all been predicted as drivers of numerous cancers, however underlying 

molecular mechanisms are largely unknown. As even modest increases in MYC abundance 

(less than 2-fold) can promote the cell and tissue overgrowth fundamental to cancer initiation 

and progression (Levens, 2010; Poortinga et al., 2014), these observations will have 

implications for monitoring interaction between FUBP1, MED and AGO1 in the context of 

MYC-driven tumours.  
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