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ABSTRACT OF THE DISSERTATION 

 

The Central Region of the Drosophila Co-repressor Groucho as a Regulatory Hub 

 

by 

 

Pak Ning Kwong 

 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, CA 2009 

Professor Albert J. Courey, Chair 

 

 Groucho (Gro) is a transcriptional corepressor that plays a critical role in 

Drosophila embryonic development. It contains ordered C- and N-terminal domains 

required, respectively, for repressor binding and tetramerization in addition to a 

disordered, but essential, central region. While many mechanisms of Gro mediated 

repression have been proposed, none fully account for the functional importance of the 
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disordered central domains. In this thesis, I attempt to elucidate the function of this 

region.  

The unstructured Gro central domains may mediate a wide range of protein-

protein interactions. To identify Gro interacting proteins, I performed affinity 

purification followed by mass spectrometry analysis. I recovered over 160 potential 

interacting proteins that function in chromatin organization, developmental processes, 

and mRNA splicing. In addition, a co-IP experiment was performed to confirm that one 

of the interacting complexes, the U1 snRNP complex, physically interacts with Gro. I also 

employed a high throughput RNAi screen involving Gal4-Gro-responsive luciferase 

reporter to systematically test the functional relevance of the 160 potential interacting 

proteins. Two of the U1 specific proteins were shown to be positive regulators of Gro 

function. As the affinity purification and reporter assay results imply regulation of Gro 

activity by the U1 snRNP complex, I analyzed the expression profile of cells subjected to 

knockdown of Gro or snRNP U1C. The two data sets revealed a significant overlap 

between genes regulated by these two factors. Furthermore, comparison of our RNA-

seq data with Gro and RNA polymerase II ChIP data led to number of insights, including 

the finding that Gro-repressed genes are enriched for promoter-proximal RNA 

polymerase II. In conclusion, these findings suggest roles for spliceosomal components 

and paused Pol II in Gro mediated repression. 
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Introduction 

Proper development relies on correct temporal and spatial control of gene 

expression, which is tightly regulated by both activators and repressors. Co-repressors are 

regulatory factors that are essential for repression, but that lack DNA binding domains. 

Rather than binding to DNA directly, they are recruited to genes via protein-protein 

interactions with DNA-bound repressors. Groucho (Gro) is a co-repressor conserved in 

metazoans. Although mounting evidence illustrates the global roles of Gro in many 

different developmental contexts, we still do not fully understand the mechanisms 

underlying Gro repressive activity. Characterization of proteins that directly or indirectly 

associate with Gro is crucial for insight into the mechanisms of Gro-mediated repression. 

The central focus of this thesis will be on discovering proteins that regulate the activity of 

Gro.  

Gro and its homologs 

Gro is encoded by a Drosophila gene first discovered through a viable hypomorphic 

allele that results in extra bristles above the eyes, a phenotype resembling the bushy 

eyebrows of the American movie star Groucho Marx [1]. The gro gene is located in the 

Enhancer of split (E(spl)) gene complex, which includes genes encoding seven basic helix-

loop-helix (bHLH) transcription factors of the Hairy-Enhancer of Split (HES) subfamily, 

although Gro itself does not contains a bHLH domain [2]. Instead, it contains a WD-repeat 

domain, which is also present in the β subunit of trimeric G proteins including transducin 
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[3]. For these reasons, the human homologs of Gro were named transducin-like Enhancer 

of Split (TLE) proteins [4]. While there is only one Gro family protein in Drosophila, four 

non-redundant Gro homologs are encoded in both the human genome (TLE1-4) [5] and 

the mouse genome [Groucho-like genes (Grg) 1-4] [6]. Gro homologs are also found C. 

elegans (UNC-37) [7] and Xenopus [Enhancer of Split Groucho 1 (ESG1)] [8]. In addition, 

functionally analogous proteins containing WD-repeat domains are found in yeast (Tup1) 

[9] and in plants (TPL/TPR/WSIP and LUG/LUH) [10], although it is not clear if the yeast 

and plant proteins should be considered true Gro orthologs.  

Structure and function of Gro 

Gro has a five domains structure based on sequence homology: the Q, GP, CcN, SP, 

and WD-repeat domains (Figure 1-1) [11]. Crystal structures of the Q and WD-repeat 

domains are available, and their functions are well characterized [12, 13]. In contrast to 

the Q and WD-repeat domains, the central GP, CcN, and SP domains are predicted to be 

disordered by their hydrophobicity and charge density to databases of ordered and 

disordered proteins [14], and they were thought to be functionally dispensable as none of 

the known gro point mutations was mapped to these regions [15]. However, recent study 

has demonstrated their functional importance in Gro-mediated repression [14]. This 

section will provide an overview of each domain. 

1. Q domain 
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The Q domain includes the first 133 amino acids of Gro and is so-named for its high 

glutamine content. It forms a 70 amino acids long helix followed by two short helices. The 

Q domain can self-associate, forming an extensive parallel coiled-coil dimer. The dimer 

can further self-associate, resulting in an antiparallel tetramer [12]. 

Tetramerization of the Q domain is essential to Gro function. Point mutations in 

the Q domain that disrupt the tetramerization structure abolish Gro repression in tissue 

culture cell luciferase reporter assay [16], while deletion of the first 38 residues of the long 

helix results in the up-regulation of a vgQ-LacZ reporter that is normally repressed by Gro 

acting through the repressor Brinker in the wing imaginal disk [15]. Furthermore, reporter 

assays in HEK293T cell have shown that only the TLE tetramer, but not the dimer exhibits 

repression activity [12].  

Besides promoting tetramerization, the Q domain can also bind to Tcf/Lef and 

negatively regulate Wnt-signaling [17, 18]. Binding of Tcf is down regulated by 

ubiquitylation of the Q domain and is independent of tetramerization, since ubiquitylation 

did not disrupt tetramerization [19], and both the TLE tetramer and dimer have the same 

affinity for Tcf [12]. 

2. GP domain 

The GP domain includes amino acid residues 134-194 of Gro and is so-named for 

its glycine/proline-rich composition. It is necessary for binding of Gro to histone 
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deacetylase Rpd3/HDAC1 [20], which may allow Gro to repress gene expression by 

promoting the deacetylation of histone tails and increasing nucleosome density [21]. A 

recent study has also showed an unexpected role of the GP domain in nuclear localization, 

in which deletion of the GP domain resulted in relocalization of Gro to the cytoplasm [14].  

3. CcN domain 

The CcN domain includes amino acid residues 195-257 of Gro and is so-named for 

its putative nuclear localization signal and several putative phosphorylation sites for 

casein kinase 2 (CK2) and cdc2. S239 and S253 of TLE1 were shown to be phosphorylated 

by CK2, and mutation of S239A resulted in a reduction of TLE1 activity in a reporter assay 

(S239 is conserved in Drosophila Gro but not S253) [22]. Although the CcN domain was 

long believed to be responsible for nuclear localization, the majority of Gro remains in the 

nucleus when this domain is deleted [14]. 

4. SP domain 

The SP domain includes amino acid residues 258-390 of Gro and is so-named for its 

serine/proline-rich composition. Phosphorylation of this domain by MAPK resulted in 

reduction of Gro activity, suggesting negative regulation of Gro activity by the receptor 

tyrosine kinase (RTK)/Ras signaling pathway [23, 24]. In addition, the SP domain seems to 

be important for target gene specificity, as deletion of this domain resulted in repression 

of non-Gro target genes [14]. However, RNA-seq of overexpressed SP deleted Gro did not 
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lead to a major shift in the transcriptome compared to that resulting from overexpression 

of wild type Gro (unpublished data). 

5. WD-repeat domain 

The WD-repeat domain includes amino acid residues 391-719 of Gro and forms a 

seven bladed β-propeller [13]. It binds to the WRPW/Y or eh1 (FxIxxIL) motif, allowing Gro 

to be recruited to DNA by repressors [25]. Examples of WRPW/Y motif-containing 

repressors that recruit Gro include Hes1/Hairy, Ripply1, Bowline, Huckebein, Runt, and 

Brinker [26-31], while examples of eh1 motif-containing repressors that recruit Gro 

include Engrailed, Goosecoid, Dorsal, Knirps, and PRH/Hex [32-37]. As an artificially 

recruited Gro lacking the WD-repeat domain can repress reporter expression to the same 

degree as wild type Gro, and it thus appears that this domain is dispensable for repression 

activity [38]. 

The intrinsically disordered domains of Gro in protein-protein interactions 

The central domains of Gro were shown to be disordered and yet essential for 

repression function. To aid in an understanding of these domains, I will therefore provide 

a brief introduction to intrinsically disordered protein domains.  

Protein-protein interactions are essential to the function of proteins. Some 

interactions are needed for protein activity, while others regulate protein activity in 

respond to environmental clues. Protein interactions are generally believed to follow the 
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“lock and key” model, in which proteins assume a unique 3D shape before coming 

together [39]. Disordered regions were thought to serve as flexible linkers between 

structured domains and to lack their own specific functions. However, increasing evidence 

suggests some disordered regions, termed intrinsically disordered regions (IDR), exert 

critical roles in biological processes [40, 41]. 

IDR lack rigid 3D structures under native conditions, but undergo a disordered to 

ordered transition when they bind to interacting partners (Figure 1-2) [42]. These 

interactions can be highly specific but reversible, allowing proteins to serve as regulatory 

hubs and link multiple processes together. They can serve as hubs of large regulatory 

networks by mediating a wide array of highly specific protein interactions [40]. 

IDR can be identified by computational prediction and extensive work in 

crystallization or NMR spectrometry. Disordered regions failed to scatter X-rays 

coherently, resulting in missing electron density in crystal structures [42]. NMR 

spectrometry is useful for uncovering the existence of transient tertiary structure by 

measuring the shift in conformational states [43]. Disordered regions are usually deficient 

in bulky hydrophobic amino acids, which are frequently associated with the hydrophobic 

cores of globular domains [41, 44]. Early attempts to discover IDR looked for consecutive 

charged residues in the primary structure, and predicted that about 25-41% of eukaryotic 

proteins have disordered regions of over 50 amino acids [45]. Recently, more advanced 

software has been developed to predict disordered regions using a combination of 
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primary and tertiary structure alignment [42]. It is based on the assumption that the 

position of an ordered residue should be conserved within multiple tertiary structures, 

while disordered residues will demonstrate a variation in position when multiple tertiary 

structures are aligned [46].   

IDR are commonly found in eukaryotic transcription factors [47, 48]. They have 

been shown to play important roles in transcriptional regulation in several aspects. First, 

some DNA binding domains like the AT hook and basic motif are intrinsically disordered 

and go through a disorder to order transition when they interact with DNA [47, 49]. 

Second, they can modulate the affinity of DNA binding domain for different DNA 

sequences, which allow the same transcription factor to bind a variety of sequences with 

context dependent specificity [50]. Third, they can recruit co-regulators and co-factors 

that regulate the activity of transcription factors, such as the recruitment of the co-

activator CBP to HIF-α or the recruitment of the initiation complex to p53 to initiate 

transcription [51, 52]. Since Gro itself does not bind DNA, it is likely that the central 

domains regulate Gro activity by recruiting co-regulators and co-factors. 

Mechanisms of Gro-mediated repression 

One way to classify a repressor is by whether it mediates long-range or short-range 

repression (Figure 1-3). By definition, long-range repression refers to a repressor that 

makes a promoter resistant to the influence of all enhancers, even if the repressor binding 

sites are thousands of base pairs away from the enhancers. On the other hand, short-
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range repression refers to a repressor that blocks the function of nearby enhancers 

without interfering more distant enhancers, thus maintaining enhancer autonomy [53, 

54]. Gro was initially classified as long-range repressor as it can repress gene expression 

indiscriminately over long distances [9, 55]. However, recent studies suggested that it can 

also mediate short-range repression [32, 36]. 

Three non-exclusive models have been proposed for Gro-mediated repression 

(Figure 1-4) [56]. The first model is suggested by the ability of the Q domain to mediate 

Gro oligomerization, the interaction of HDAC1 with the GP domain, and the affinity of Gro 

for deacetylated histone tails. In this model, repressors recruit Gro through its WD-repeat 

domain, and Gro then recruits HDAC1, which induces local histone deacetylation. 

Oligomerization via the Q domain and binding of Gro to deacetylated histone tails recruit 

additional Gro to the region, and this results in a higher order chromatin structure that is 

inaccessible to transcription machinery. The second model is suggested by the interaction 

of Tup1 (a yeast analog of Gro) with several components of the Mediator complex [57-59]. 

Tup1 may prevent the Mediator complex from interacting with other transcription factors 

to assemble the pre-initiation complex. Additional evidence supporting interaction 

between Gro and Mediator came from a genetic study in C. elegens, in which combined 

mutation of UNC-37 (a homolog of Gro) and Mediator components resulted in a 

synergistic effect on the development of adult male tail [60]. The third model is suggested 

by interactions of Grg4 with transcription factor Pax2 [61]. Binding of Grg4 is thought to 
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mask the Pax2 activation domain, preventing the phosphorylation of the activation 

domain that is necessary for transcription activation. 

Given the various results presented in literature, Gro probably silences by multiple 

mechanisms, including both histone deacetylase dependent and independent 

mechanisms. In particular, it appears that the mechanism of repression may vary 

depending upon the repressor and the target gene. In addition to utilizing different 

mechanism of repression, Gro activity can be regulated in several ways, which are 

discussed in the next section. 

Functional roles of Gro 

 Cell signaling 

Gro participates in a number of signaling pathways (Figure 1-5) [62]. The 

repression activity of Gro in these pathways are regulated through various means. In this 

section, I will briefly discuss Gro involvement in these signaling pathways with an 

emphasis on its regulation. 

During neurogenesis, Gro interacts with Hairless and Suppressor of Hairless to 

repress the expression of E(Spl) repressors in the absence of the Notch signal [63, 64]. 

Upon activation, the intracellular domain of the Notch receptor displaces Gro and allows 

expression of E(Spl) repressors, which then recruit Gro to repress expression of proneural 

genes [65]. Thus, the Notch signaling pathway provides an example of Gro recruitment to 
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different target genes through the availability of repressors. In addition, phosphorylation 

of the SP domain by MAPK attenuates Gro repression in the Notch pathway [23]. This 

provides another means of regulation through post-translational modification. Moreover, 

it demonstrates an example of crosstalk between the EGFR and Notch pathways through 

the regulation of Gro activity. 

Gro also negatively regulates the Wnt signaling pathway. In the absence of the 

Wnt signal, Gro binds to Tcf/Lef to repress target gene expression. Activation of signaling 

results in β-catenin displacing Gro and activating target gene expression [18]. It should be 

noted that while β-catenin and Gro are mutually exclusive in ChIP [66], β-catenin does not 

reduce the affinity of Gro to Tcf/Lef [12]. These data argue against a simple model of 

direct competition between Gro and β-catenin, and affinity of Gro for its repressors is 

likely to play a role in deciding whether target genes will be expressed. 

Finally, Gro is recruited by Brinker to repress wing patterning genes when Dpp 

signaling is inactive [27]. Brinker also has a separate motif to recruit another co-repressor 

CtBP. While some target genes require both co-repressors to be present for full 

repression, others can be repressed by Gro alone [27]. Thus, this demonstrates a way to 

regulate repression activity by cooperation between different co-repressors.   

Given the involvement of Gro in various pathways, it is not surprised that Gro plays 

important roles in both normal development and in disease. In Drosophila, Gro is essential 

in sex determination and neurogenesis [56, 67]. The vertebrate homolog also acts in 
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myogenesis and haematopoiesis. [11]. In addition, increased Gro function correlates with 

the appearance of certain forms of cancer including lung cancer [5, 68]. 

Embryonic patterning 

During embryonic patterning, cells rely on morphogen gradients, which provide 

positional information. The concentration of a morphogen determines recruitment of 

transcription factors, which alters gene expression pattern and cell fate (Figure 1-6). For 

example, in anterior-posterior patterning of the Drosophila blastoderm, the morphogen 

Bicoid is produced at the anterior end and diffuses posteriorly, forming a gradient with the 

highest concentration at the anterior end. Bicoid activates the transcription of a number 

of target genes, including the repressors sloppy-paired 1, giant, and hunchback, which will 

eventually determine the development of cephalic, thoracic, and abdominal segments [69, 

70]. 

Gro has been known to play important roles in patterning of the embryo and 

imaginal discs. In dorsoventral patterning, Gro interacts with the morphogen Dorsal to 

restrict expression of dpp and zen to the dorsal region [71]. In patterning of the 

unsegmented termini, Gro interacts with Capicua to restrict the expression of hkb and tll 

to embryonic termini [72, 73]. In anteroposterior patterning of Drosophila wing, Gro 

represses expression of hedgehog and engrailed in the anterior compartment, hence 

restricting expression of the morphogen Dpp to the posterior compartment [74]. 
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Splicing machinery in transcription 

An updated version of the central dogma of molecular biology states that genes 

are transcribed into pre-mRNA, which is then spliced into mRNA and translated into 

proteins. While each step in the process has been studied separately in great details, it has 

been known that they are not independent events [75-77]. Splicing often occurs co-

transcriptionally [78], and transcription factors frequently associate with splicing factors 

[79-82]. In this context, the finding to be presented in chapter 2 that Gro interacts with 

certain splicing factors is not completely surprising. In this section, I will therefore provide 

a brief introduction to the current evidence for interactions between transcription and 

splicing factors. 

It is widely accepted that splicing events, such as recognition of splice sites by 

spliceosome components, occurs co-transcriptionally when RNA Polymerase II (Pol II) is 

synthesizing nascent pre-mRNA [83, 84]. The central focus of this process is the COOH-

terminal repeat domain (CTD) of the Pol II large subunit, which is a disordered region 

located at the RNA exit channel [85, 86]. CTD has been shown to interact with various 

factors that are important for capping, splicing, and polyadenylation of mRNA [87-89]. By 

positioning splicing factors near the nascent RNA, the spliceosome can assemble more 

efficiently to recognize splice sites [89]. In addition, splicing decision can be affected by 

Pol II elongation rate, allowing alternative splicing for weak splice sites to occur when Pol 

II slows down [90]. 
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Nucleosome density, DNA methylation, and histone modification have been known 

to play important roles in transcriptional regulation. Recent studies suggest that they may 

also affect splicing. Gcn5, a well-known histone acetyltransferase that activates gene 

expression, is shown to affect the recruitment of specific splicing factors to pre-mRNA 

[91]. Moreover, exons are enriched in nucleosomes and are methylated more frequently 

than introns [92, 93]. In addition, different promoters can yield transcripts that are subject 

to differential alternative splicing [94, 95]. 

While most research has focused on the effect of transcription factors in splicing, 

there is also increasing evidence that promoter proximal splicing elements can influence 

transcription. It is well established that promoter proximal introns stimulate transcription 

[96, 97]. The length of first exon is inversely proportional to the expression level, and 

removal of introns leads to reduction of H3K4me3, which is usually associated with gene 

activation [98]. In addition, splicing factors have been shown to associate with 

transcription factors and stimulate transcriptional initiation [99]. 

Concluding remarks: 

Gro is a conserved corepressor involved in multiple developmental processes. 

While there are several proposed mechanisms of Gro-mediated repression, they do not 

fully account for the functional importance of the disordered central domains. Thus, I have 

attempted to elucidate the mechanism by identifying potential Gro interacting proteins 

and validating the interactions (Chapter 2). Our results indicate that the central domains 
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of Gro mediate multiple interactions required for repression and reveal a possible 

mechanism of Gro-mediated repression through an interaction with the spliceosome 

complex. In addition, a chimeric Gro was constructed to study the role of histone 

deacetylase interactions in Gro activity (Chapter 3). Our results corroborate and extend 

previous findings that Gro interacts with histone deacetylase through its GP domain.    
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Figure 1-1. Schematic representation of Gro. Gro has a five domains structure based on 

sequence homolog. Refer to main text for detail explanation of each domain. 
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Figure 1-2. Models of protein-protein interactions. Protein-protein interactions can be 

mediated by the matching of rigid tertiary structures (“lock and key” model) or 

conformational change of the disorder region (intrinsic disorder model). 
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Figure 1-3. Classification of repression. Repressor can be classified as long range or short 

range. In long range repression, such as chromatin modification, the recruitment of 

repressor will result in repression of all enhancers. In short range repression, the 

recruitment of repressor will only repress nearby enhancers without affecting more 

distant enhancers. 
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Figure 1-4. Three proposed models of Gro mediated repression. (a) Gro self-

oligomerization and recruitment of histone deacetylate induced higher order chromatin 

formation that is inaccessible to transcription machinery. (b) Gro interacts with Mediator 

to prevent formation of pre-initiation complex. (c) Gro blocks the phosphorylation of Pax2 

by JNK that activates expression. 
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Figure 1-5. Involvement of Gro in various developmental pathways. In Notch signaling, 

Gro represses the expression of E(spl) repressors to promote expression of proneural 

genes. Upon activation, the intracellular domain of Notch receptor (NICD) displaces Gro 

and Hairless, allowing expression of E(spl) repressors, which then recruit Gro to repress 

expression of proneural genes. In Wnt signaling, Tcf/Lef interact with Gro through the Q 

domain to repress target gene expression. Upon activation, β-catenin enters into nucleus 

and displaces Gro to activate target gene expression. In dpp signaling, brinker recruits Gro 

and/or the short range repressor CtBP to repress target gene expression. Upon activation, 

phosphorylated Mad and Medea form a complex to repress expression of brinker [100]. 
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Figure 1-6. Morphogen gradient determines gene expression. Genes that require high 

concentration of morphogen (high threshold) will only be expressed near the origin of 

morphogen, while genes that require low concentration of morphogen (low threshold) 

can be expressed in more distant position. 
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The Central Region of the Drosophila Co-Repressor Groucho as a Regulatory Hub 
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In this chapter I present data from a publication that identified Gro interacting 

proteins. The functional relevance of these proteins on Gro-mediated repression was 

investigated through a reporter assay and transcriptome analyses of RNAi treated cells. I 

carried out the purification of Gro interacting proteins presented in figure 1, the co-IP 

experiment presented in figure 2, the development and execution of the reporter assay 

presented in figure 3, and the sample preparation of RNAi treated cells presented in figure 

4. This research was originally published in the Journal of biological chemistry 

2015;290(50):30119-30130.  
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Chapter 3 

 

Interaction between Groucho and histone deacetylase 
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Abstract  

The Drosophila co-repressor Gro interacts with class I histone deacetylase Rpd3 

through its central disordered domain. Previous studies demonstrated the functional 

significance of this interaction through the use of histone deacetylase inhibitors, but the 

conclusions were not definitive as they did not rule out the possibility that the role of 

Rpd3 was indirect. Using a Gro mutant that lacks the Rpd3 interacting domain, I 

attempted to demonstrate further the connection between Rpd3 and Gro-mediated 

repression. Transgenic flies expressing this mutant was used to measure repression 

activity by phenotypic analysis of wing developmental defect and by a vgQ-LacZ reporter 

assay. We were unable to draw a definitive conclusion about the role of Rpd3 in Gro-

mediated repression due to technical difficulties. Nevertheless, our results corroborate 

and extend previous findings that Gro interacts with histone deacetylase through its 

central disordered domain. 
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Introduction 

Histone deacetylase has been associated with various biological processes, from 

development to tumorigenesis and aging [1, 2]. There are 4 classes of histone 

deacetylases conserved from yeast to human, classified by sequence homology to their 

yeast orthologues: Class I is homologous to yeast Rpd3; Class II to yeast HdaI; and Class III 

to yeast Sirtuin; Class IV is structurally related to Class I and II, but phylogenetic analysis 

suggests that it belongs to a separate class [3, 4].  

Gro is known to interact with the Drosophila class I histone deacetylase Rpd3 

through its GP domain [5]. A previous study demonstrated the functional importance of 

Rpd3 in Gro mediated repression using a histone deacetylase inhibitor, as well as 

overexpression experiments in tissue culture cells [6]. While these approaches are 

informative, they are not definitive, as the inhibitor may act indirectly and overexpression 

could lead to artifacts due to superphysiological concentrations of the histone 

deacetylase. Thus, to demonstrate further the connection between Rpd3 and Gro-

mediated repression, we created a Gro variant that does not interact with Rpd3 and 

measured its repression activity. Loss in repression activity of this mutant would 

demonstrate a direct role of Rpd3 to Gro mediated repression. Using transgenic flies 

expressing this Gro mutant, we attempted to determine its activity by in development 

with various phenotypic assays. As a result of unexpected technical difficulties, we were 

unable to draw a definitive conclusion about Rpd3 in Gro-mediated repression. 
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Nevertheless, our results corroborate previous findings that the GP domain is necessary 

for both interaction with Rpd3 and nuclear localization. 
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Materials and methods 

Plasmid: 

The GP deletions were generated by PCR: which GP2 lacks amino acids 134-148, 

GP3 lacks amino acids 149-163, GP4 lacks amino acids 164-179, GP5 lacks amino acids 

180-194, GP6 lacks amino acids 134-163, and GP7 lacks amino acids 164-194. PCR 

reactions was setup to amplify the whole plasmid except the indicated regions using wild 

type Gro in pET17b as template. All primers contained an Asc I restriction site, so that the 

amplified products could be circularized after restriction digestion. These plasmids are 

referred to as pET17b-GP variants. 

Plasmids used for subcellular localization immunofluorescence in S2 cells were 

generated by PCR of the Gro gene with pET17b-GP variants as the template. PCR products 

were cloned into S2 cell expression vector pMK33-BD. The primers also encode for a N-

terminal flag tag (DYKDDDDK) for immunostaining. These plasmids will be referred to as 

pMK33-GP variants. 

To generate chimeric Gro, PCR reactions was setup to amplify the whole plasmid 

except the GP domain using wild type Gro in pET17b. The primers also contain a coding 

sequence for the T-antigen NLS sequence (PKKKRKVEDP) [7]. The PCR product was 

digested with Asc I and re-ligated as previously mentioned. This plasmid will be referred to 

as pET17b-NLS Gro. The coding region of pET17b-NLS Gro was amplified and cloned into 
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the pUASP expression vector using NotI and BamHI, and the resulting plasmid is named 

pUASP-NLS Gro. pUASP- NLS Gro was used to transform the Drosophila germ line by 

standard procedures (Rainbow Transgenic Flies, Inc). 

The plasmid used for the pulldown assay was generated by PCR of the gene 

encoding Rpd3 pGEM3Zf(+)-Rpd3 as template [5]. The PCR product was inserted into 

pET16b using NdeI and XhoI. This plasmid will be referred to as pET16b-Rpd3. pET16b-

Rpd3 was generated by Wiam Turki-Judeh. 

Fly strains: 

The pUASP expression vector contains the white gene (w) that generates red eyes 

in transgenic w- flies. To transgenes inserted into the 2nd chromosome, transgenic flies 

were crossed with CyO/tft. The F1 progeny containing CyO were crossed with CyO/tft 

again. If the transgene is on the 2nd chromosome, all red eye F2 progeny will either have 

curly wings (CyO) or ectopic bristles in the dorsal mesothorax (tft) but not both. A similar 

approach was used to map transgene to the 3rd chromosome using a TM3/TM6B tester 

strain. 

To generate flies homozygous transgenes on both the 2nd and 3rd chromosomes, 

2nd or 3rd chromosome were introduced into a background with chromosome balancers. 

These flies were then crossed with each other, and F2 progeny were screened for the 

desired doubly homozygous flies. 
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Cell culture: 

To establish the stable S2 cell lines used for the subcellular localization 

immunofluorescence experiments, the pMK33-GP variants were transfected into S2 cells 

using QIAGEN Effectene according to the manufacturer’s protocol. Transfected cells were 

then selected with hygromycin B until stable cell lines were established. After the 

selection process, GP variant expression was induced by addition of 0.5 mM CuSO4 to the 

cell culture medium. 

Subcellular localization immunofluorescence: 

Induced S2 cells were stained with 1:250 diluted mouse anti-Flag antibodies 

(Sigma). Secondary antibodies were goat-anti-mouse conjugated with Alexa Fluor 568 

(Molecular Probes). DNA was stained with 1 ug/ml DAPI. Confocal images of S2 cells were 

obtained on a TCS SPE confocal laser scanning microscope (Leica Microsystem, 

Heidelberg) using a 100X objective. These experiments were carried out with assistance 

from Wiam Turki-Judeh. 

Pulldown assays with His-tagged Rpd3: 

GP variants and His-Rpd3 were translated in vitro in the presence of [35S]-

methionine with the TNT T7 coupled reticulocyte lysate system (Promega) using the 

pET17b-GP variants and pET16b-Rpd3. 2% of the translated product was reserved for 

analysis as input, while the remaining 98% was diluted into 200 ul of binding buffer (25 
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mM HEPES pH 7.6, 450 mM NaCl, 10 mM imidazole, 0.1% Tween 20, 1 mM dithiothreitol) 

and incubated with Ni-NTA beads (QIAGEN) overnight at 4°C. Beads were then washed six 

times for 15 mins with binding buffer. Proteins bound to the beads were eluted with 

Laemmli sample buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-

mercaptoethanol, 0.01% bromophenol blue). Samples and reserved input were analyzed 

by 10% SDS-PAGE and autoradiography. This experiment was carried out with assistance 

from Wiam Turki-Judeh.  

Overexpression of chimeric Gro 

Transgenic male flies were crossed with virgin Serrate-Gal4 (ser-Gal4) females. 40 

third instar wing imaginal discs from the progeny were placed into 30 ul of Laemmli 

sample buffer and boiled for 5 mins. Samples were run for 2 hours in 8% SDS-PAGE and 

transferred to Immobilon-FL PVDF Membranes (Millipore). Proteins were detected with a 

mixture of mouse anti-Gro (Developmental Studies Hybridoma Bank, 1:200 dilution) and 

rabbit anti-EPRS (1:10000 dilution) antibodies. Immunoblots were subsequently probed 

with goat anti-mouse 680 and goat anti-rabbit 800 IR-dye coupled secondary antibodies 

(Li-Cor) and imaged with a Li-Cor Odyssey imager. 

Generation of Flp-FRT clones of flies overexpressing chimeric Gro 

Clonal overexpression of chimeric Gro was achieved as described previously [8, 9]. 

Briefly, hs-flippase; vgQ-LacZ; Actin>CD2>Gal4 virgin females were crossed with 
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homozygous pUASP-NLS Gro. After 2-3 days of mating, progeny were heat-shocked at 

35°C for 40 mins as second instar larvae. Third instar wing imaginal discs were probed with 

mouse anti-CD2 (Serotec, 1:500 dilution) and rabbit anti-β-galactosidase (ICN/Cappel, 

1:10000 dilution) antibodies. Samples were subsequently probed with goat anti-mouse 

Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 568 secondary antibodies (Molecular 

Probes). DNA was stained with 1 ug/ml DAPI. Confocal images of wing imaginal discs were 

obtained on a TCS SPE confocal laser scanning microscope (Leica Microsystem, 

Heidelberg) using a 20X objective. 
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Results 

Since the GP domain is necessary both for the interaction with Rpd3 and nuclear 

localization, deletion of the entire GP domain results in cytoplasmic Gro [10]. Therefore, 

we first mapped the regions within GP domain that interacts with Rpd3 and that are 

required for nuclear localization. A series of deletion constructs were created that covered 

the entire GP domain (Figure 3-1A). The constructs were transfected into S2 cell to 

determine their cellular localization. We found that the last 14 residues of the GP domain 

is necessary for correct nuclear localization (Figure 3-1B). We then performed a pulldown 

assay and found that the last 30 residues of GP domain is necessary for the Rpd3 

interaction (Figure 3-1C). 

Since it is not possible to create a nuclear Gro that does not interact with Rpd3 by 

simply deleting the GP domain, we created a chimeric Gro with its GP domain replaced by 

a T-antigen NLS sequence. In addition, the construct contains a UAS binding site upstream 

of the promoter, which allows expression of protein in the presence of Gal4. Transgenic 

flies were then generated with the construct. We identified 5 lines containing 2nd 

chromosome insertions and 5 line containing 3rd chromosome insertions. 

A previous study showed that overexpression of Gro led to abnormal wing 

development in a dosage dependent manner, with two-fold overexpression yielding mild 

to moderate wing veination defects and four-fold overexpression showing yielding severe 

wing deformation (unpublished data). Thus, we attempted to determine the adult wing 
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phenotype resulting from overexpression of the chimeric Gro with the wing specific ser-

Gal4. No obvious wing developmental defect was observed in these overexpression, likely 

explained by low levels of transgene expression (Figure 3-2). To increase the expression 

level, flies were generated that were homozygous for both 2nd and 3rd chromosome 

transgenes. While the positive controls expressed the transgene at previously 

characterized level, the chimeric Gro yielded was not overexpressed, but was only 

expressed at levels comparable to that of wild-type Gro (Figure 3-3), precluding any 

conclusion from the phenotypic analysis. 

Since the low level of overexpression precluded any conclusion about the 

repression activity of the chimeric Gro, we attempted to investigate the function of 

chimeric Gro with the vestigial quadrant LacZ reporter system (vgQ-LacZ). In wing 

development, vg is repressed by Gro. By putting the vg enhancer upstream of the LacZ 

reporter, the Gro repression activity can be determined by examining LacZ expression in 

these flies. We used a heat induced Flp-FRT system to drive the expression of Gal4, which 

in turn activates the expression of chimeric Gro. When CD2 is flipped out, Gro is 

expressed, which represses the expression of LacZ (Figure 3-4). Thus, the expression of 

CD2 and LacZ are mutually exclusive if Gro is functional. However, our result was 

inconclusive because the immunostaining for CD2 gave unexpected uniform staining of 

the entire wing imaginal disc, while we expected unstained patches in regions where CD2 

was flipped out (data not shown).  
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Discussion 

We attempted to demonstrate a direct relationship of Rpd3 in Gro mediated 

repression through a Gro deletion that does not interact with Rpd3. We successfully 

generated a Gro chimera in which the GP domain was replaced with the T-antigen NLS 

sequence. However, we decided not to proceed further with the project due to technical 

difficulties. 

We tried to measure the repression activity of the chimeric Gro in two different 

ways unsuccessfully. In the first method, we attempted to overexpress the chimeric 

protein and observe the phenotypic change in wing development. This experiment is 

highly dependent on the level of overexpression, as it has been shown that a 4 fold 

overexpression of wild type Gro was required to observe a significant phenotype 

(unpublished data). Unfortunately, we only observed levels of expression equal to that of 

endogenous Gro even with flies containing four copies of the transgene. The location of 

transgene is an important factor that affects the level of overexpression, as the transgene 

may land in a region with strong enhancer or vice versa. Unfortunately, the method we 

used to generate our transgenic flies would result in random insertion of transgene. To 

improve the experiment, I propose we should generate our transgenic flies with the 

CRISPR-Cas9 system, in which transgene can be specifically inserted into a highly 

expressed region [11]. 
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In the second method, we attempted to employ the vgQ-LacZ reporter system to 

measure the activity of the chimeric Gro. We did not come to a conclusion because the 

CD2 immunostaining resulted in an unexpected uniform staining of the whole wing 

imaginal disc. It should be noted that the LacZ immunostaining gave an expected “lip” 

shape in the wing imaginal disc that represents the expression pattern of the vg enhancer 

(data not shown). Thus, it is unlikely that the uniform CD2 immunostaining was due to 

insufficient washing of antibodies. Possible improvements of the immunostaining include 

optimization of the CD2 antibodies concentration and search for an alternative CD2 

antibodies. Another possible source of error would be the flippase failed to flip out CD2, 

which should be easily confirmed by PCR using primers flanking the FRT sites. 

Based on our results, there is also a possibility that overexpression of chimeric Gro 

results in dominant negative lethality by disrupting histone deacetylation. First, any 

repressors recruiting the chimeric Gro will not be able to promote histone deacetylation. 

Second, the chimeric Gro can oligomerize with endogenous Gro that is already associated 

with the chromatin, reducing the level of histone deacetylation. Third, the chimeric Gro 

can also oligomerize with endogenous Gro that is not associated with the chromatin, 

preventing the functional from being recruited by repressors. Overexpression of the 

chimeric Gro will thus compete away functional Gro and drastically change the histone 

modification state, which may result in lethality. This could explain why we were not able 

to obtain the desired expression level in the phenotypic analysis or obtain clones in the 
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vgQ-LacZ reporter assay. It should be noted that neither cytoplasmic Gro nor nuclear Gro 

lacking other central domains caused lethality [10]. Therefore, if the negative dominant 

hypothesis is true, it requires Gro to be both nuclear and lack the histone deacetylase 

interacting domain. 

Although the primary objective of the experiment was not fulfilled, our result are 

consistent with previous finding that the GP domain is necessary both for interaction with 

Rpd3 and nuclear localization. 
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Figure 3-1. GP domain is necessary for nuclear localization and Rpd3 binding. (A) 

Schematic representation of GP deletion mutations. A series of GP deletion mutation was 

created to map the regions within GP domain that interacts with Rpd3 and nuclear 

localization. ΔGP1 has the whole GP domain removed, ΔGP2-5 each has a quarter of the 

GP domain removed, and ΔGP6-7 have the first and second half of the GP domain 

removed, respectively. (B) S2 cells overexpressing the deletion constructs. ΔGP5 results in 

mislocalization of Gro. (C) Pulldown assays with in vitro transcribed Rpd3 and GP deletion 

mutations. ΔGP1 and ΔGP7 are unable to bind Rpd3.   
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Figure 3-2. Overexpression of chimeric Gro. (A) Male transgenic flies containing chimeric 

Gro (or ser-GAL4 as negative control) were crossed with virgin ser-GAL4 females. Each line 

represents an independent insertion event. EPRS serves as loading control. (B) 

Quantitation of of the immunoblot. Ratio represents transgene expression over 

endogenous Gro expression. 
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Figure 3-3. Overexpression of chimeric Gro in flies containing two copies of the 

transgene. (A) Male transgenic flies containing homozygous transgene in both 2nd and 

3rd chromosome were crossed with virgin ser-GAL4. Each line represents a different cross 

of transgenic flies (eg. Line 1-10 is generated by crossing line 1 with line 10). WT37 and 

WT7 are two overexpression lines that were previous characterized to overexpress full 

length Gro by 4-fold and 2-fold, respectively. (B) Quantitation of overexpression from 

immunoblot. Ratio represents transgene expression over endogenous Gro expression. 

Ratio of WT37 and WT7 were determined by dividing their signals over that of ser-GAL4 

(negative control). 
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Figure 3-4. Assaying Gro repression activity through the vgQ-LacZ reporter. Schematic 

representation of the vgQ-LacZ reporter system. When CD2 is flipped out, Gro is 

expressed, which represses expression of LacZ. Thus, the expression of CD2 and LacZ are 

mutually exclusive if Gro is functional. 
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Introduction 

As mentioned in previous chapters, Gro is a corepressor that silences gene 

expression by multiple mechanisms. Numerous models have been proposed for the 

mechanism of Gro-mediated repression, including: changes higher order chromatin 

structure formation through histone deacetylation and Gro oligomerization, interaction 

with Mediator complex to prevent assembly of the pre-initiation complex, and masking of 

activation domain of other transcription factors [1]. However, these models do not fully 

explain the functional importance of the disordered central domains. Deletion of the 

central domains resulted in changes the ability of Gro to direct repression, suggesting that 

these domains are essential for properly regulated transcriptional repression [2]. 

Computational analysis of their structures led us to hypothesize that they are intrinsically 

disordered, allowing them to mediate multiple protein-protein interaction [2]. In chapter 

2, I have identified over 160 Gro interacting proteins through mass spectrometry and 

validated the interactions through both reporter assays and RNA-seq. Many of these 

proteins associate with one another in a variety of multi-protein complexes. Several of 

them (e.g., the core histones, CKII) were previously characterized as Gro interactors thus 

partially validating the screen. In addition, we reveal a possible mechanism of Gro 

mediated repression through an interaction with the spliceosome complex or 

subcomplexes. 

Gro interacts with chromatin remodeling factors 
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One of the proposed mechanisms of Gro-mediated repression suggest that 

recruitment and oligomerization of Gro will promote the formation of a higher order 

chromatin structure that is inaccessible to transcription machinery. Previous studies from 

our lab and other labs show that the GP domain interacts with the histone deacetylase 

Rpd3/HDAC1, which may promote local histone deacetylation and alter nucleosome 

density [3, 4]. Although we failed to identify Rpd3 in our GST-GP sample, the identification 

of the ACF chromatin remodeling complexes as a central region interacting protein 

complex provides further support for the idea that regulation of chromatin structure is a 

critical aspect of Gro mediated repression. However, modulation of chromatin structure is 

likely not the only mechanism of Gro mediated repression. Rpd3 knockdown did not fully 

restore reporter expression in our RNAi screen, consistent with published data that 

histone deacetylase inhibitors and Rpd3 knockdown reduce but do not abolish Gro-

mediated repression [3, 4]. 

Regulation of Gro activity by the CKII complex 

A previous study showed that the CKII complex phosphorylates Gro at multiple 

sites including serines 239 and 253, and that mutagenesis of Ser 239 to alanine attenuates 

repression presumably by preventing phosphorylation of this residue [5]. We have 

identified both the catalytic subunit (CKIIα) and regulatory subunit (CKIIβ) of the CKII 

complex as Gro interacting proteins. In addition, we have also identified Nopp140, a well-

known negative regulator of CKII [6]. However, our reporter assay data is inconsistent with 
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the view that CKII is a positive regulator of Gro and that Nopp140 acts by inhibiting CKII. 

This is because our reporter assays show that CKIIα, CKIIβ, and Nopp140 are all negative 

regulators of Gro. Thus, consistent with other findings showing that Gro phosphorylation 

can block repression, CKII may primarily be a negative regulator of Gro [1]. Furthermore, 

the effect we observe due to Nopp140 knockdown could be due to the role of this factor 

in processes other than CKII regulation [7]. 

A novel interaction between Gro and U1 snRNP complex 

The U1 snRNP complex consists of U1 snRNA, seven Sm proteins (B/B’, D1, D2, D3, 

E, F, G) and three U1 specific proteins (U1-C, U1-70K, and U1-A) [8]. We were able to 

identify almost all of these components as Gro interacting proteins. In addition, we 

independently confirmed the U1 snRNP interaction through Gro co-immunoprecipitation. 

Data from our reporter assay further suggests that the U1 snRNP complex is required for 

optimal Gro mediated repression, as U1-C and U1-70K knockdown attenuated repression. 

The N-terminal region of U1-70K is necessary and sufficient to recruit U1-C [9], which may 

explain our finding that loss in either of the proteins reduced Gro activity. Consistent with 

our finding, it has been shown that U1-C overexpression can repress expression activated 

by EWS/FLI [10]. It is worth noting that the U1 snRNA is known to associate with TFIIH and 

promote transcriptional initiation in vitro [11]. Thus, the effect of the U1 snRNP complex 

in transcription regulation may be context dependent. 

Interaction of Gro with CTD kinase may promote paused Pol II 
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Pol II pausing is one mechanism to repress gene expression [12, 13]. Genes that 

are up-regulated in Gro knockdown cells exhibit enrichment in Pol II pausing near the 

transcriptional start site. In addition, our proteomic screen revealed the CTD kinase Cdk12 

as a Gro-interacting protein. Cdk12 promotes paused Pol II to restart elongation by 

phosphorylating Ser2 of CTD [14]. Thus, it is possible that inhibition of Cdk12 by Gro leads 

to Pol II pausing.   

A revised model of Gro repression 

How might the spliceosome contribute to Gro mediated repression? A recent study 

has shown that nascent RNA transcripts are able to recruit transcription factors to their 

binding sites [15]. Thus, I propose that the interaction between Gro and U1 snRNP 

complex will recruit Gro to its binding sites. Nascent RNA containing promoter proximal 

introns recruits the U1 complex, which brings Gro in close proximity to its repressors. This 

is particularly important if the interaction between Gro and the transcription factor is 

weak. In addition, by bringing Gro near the CTD through interaction with the U1 complex, 

Gro may inhibit Cdk12, thus preventing CTD Ser2 phosphorylation and resulting in Pol II 

pausing (Figure 4-1). To test this hypothesis, I propose to knockdown the U1 snRNP 

complex and perform ChIP on Gro and Pol II. We would expect a decrease in promoter 

proximal Gro occupancy and Pol II pausing if our hypothesis is true. 

Phosphorylation of the SP domain by MAPK resulted in reduction of Gro activity, 

suggesting a negative regulation of Gro activity by the EGFR signaling pathway [16]. Based 
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on the finding that U1 snRNP complex interacts with Gro primarily through the SP domain, 

I proposed that phosphorylation of the SP domain, by increasing the negative charge of 

the domain, could impair the interaction with the negatively charged snRNA. Since 

interaction of Gro and the snRNP complex positively regulates Gro activity, 

phosphorylation of the SP domain might disrupt this interaction interfering with Gro-

mediated repression (Figure 4-2). To test this hypothesis, I propose to repeat the Gro co-IP 

experiment with mutations in the phosphorylation sites. Phosphomimetic substitutions 

(e.g., glutamate substitutions) should result in reduced snRNA pulldown, while 

phosphorylation-defective substitutions (e.g., alanine substitutions) should result in 

increased snRNA pulldown. 

Concluding remarks 

Our experiments corroborate and extend published findings showing that Gro 

promotes higher order chromatin structure formation through interactions with 

chromatin remodeling factors. In addition, we confirmed a previous proposed interaction 

of Gro and the CKII complex. We discovered a novel interaction between Gro and the 

spliceosome complex, and we propose a revised model that incorporates our finding with 

the current models of Gro repression mechanism.  
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Figure 4-1. Revised model of Gro mediated repression. Interaction of Gro with the snRNP 

U1 complex may recruit Gro to its binding site, which then promotes the formation of 

higher order chromatin structure. In addition, the U1 complex may allow Gro to be in 

close contact with CTD, which then inhibits phosphorylation of Ser2 by Cdk12 and results 

in paused Pol II.  
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Figure 4-2. Proposed model of phosphorylation in Gro mediated repression. 

Phosphorylation of Gro by EGFR pathway may disrupt the interaction between Gro and 

the snRNP-U1 complex, leading to attenuation of repression. 
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