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Understanding the protein interaction and functional signalling networks that define a cells’ 

endogenous environment is key to understanding the internal mechanics of cellular homeostasis, 

development of disease, treatment, and drug resistance. The use of controlled experimental models 

allow the accurate analysis of the consequences of a single perturbation to a protein network, with 

the aim of characterizing the role of that protein within the wider cellular environment. 

Presented here are four different models for controlled perturbation of a cells’ signalling network, 

centred on proteins involved in the canonical Wnt signalling pathway in a colorectal cancer model.  

CRISPR Cas9 was utilized in tandem with lentiviral transduction of the F-box protein TIR-1, in an 

attempt to create a CRC-derived cell line with an inducible degration mechanism of Dnmt1, which 

would facilitate study of the cell signalling and functional consequences of Dnmt1. Although TIR-1 

was successfully inserted and expressed by the cells, issues with Cas9 guide specificity prevented 

the integration of an inducible degradation tag into Dnmt1.  

An alternative method of Dnmt1 knockdown is utilised to investigate the changes to the nuclear-

enriched proteome. 5-Azacitidine, a nucleoside analog able to trap and induce DNA-repair 

mediated degradation of Dnmt1, was utilized to degrade the protein over two time points. Nuclear-

enriched proteomics analysis indicated that Dnmt1 degradation by this method resulted in the 

reduction in protein abundance of its interaction partner Uhrf1. Further analysis suggested that loss 

of Dnmt1 protein abundance on its own is not sufficient to result in Uhrf1 protein abundance 

decrease, therefore 5-Azacitidine treatment or the endogenous cellular mechanism of Dnmt1 

degradation may result in Uhrf1 protein loss.  

Nuclear-enriched proteomics analysis was used to investigate the changes to the functional 

proteome of a well characterized and frequently researched hypomorphic cell line, HCT116-



 

 

Dnmt1∆3-5. Although this cell line is a well studied model of investigation for genomic methylation 

changes in the presence of minimal Dnmt1 protein levels, this is the first proteomic 

characterization of this model. Results indicate that key markers of the epithelial to mesenchymal 

transition process are dysregulated within this cell line, and these changes could not be rescued 

upon the reintroduction of the wild type Dnmt1 protein in these cells. In addition changes in the 

cellular localization of Dnmt1 and its interaction partner Beta-Catenin were evident, this suggests 

that the loss of exons 3 to 5 in this protein results in functional changes that impact the cellular 

proteome, and interaction partners of this crucial DNA methyltransferase. 

Finally, the functional proteome of GSK3β, a protein that plays a key role in the canonical Wnt 

signalling destruction complex and a promiscuous kinase, is investigated in a novel CRC knockout 

cell line. Findings show that in a constituatively Wnt activated cell model, loss of GSK3β does not 

impact levels of its interactors in the Wnt signalling cascade, however changes within the wider 

cellular proteome were present. A key finding is dysregulation of proteins involved in 

desmosomes, specialized cell-cell adhesion junctions, changes in protein abundance of these 

junctional proteins resulted in weaken cell-cell adhesion capability of the cells. Therefore, indicates 

a role for GSK3β in cell-cell junction strength and potentially in processes related to metastatic 

spread of cancerous cells. 
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Chapter 1 Introduction 

 

In a post-genomics era the focus has shifted from investigation of the genome sequence to the post-

translational products, proteins. Proteins are the functional units within the cell and typically come 

together to form functional protein complexes with their interaction partners. Due to their multiunit 

composition, their function can vary according to cellular status, mode of activation, and intra-

complex modifications, protein complexes are therefore innately dynamic and complex. The study 

of protein-protein interactions (PPIs) has led to a greater understanding of independent signalling 

pathways, as well as the inter-pathway signalling that occurs within the complex environment of 

the cell (Kestler and Kühl, 2008).  

Protein interaction networks have given us a unique insight into the dynamics of signalling 

pathways at the molecular level, such as the functional changes in response to extracellular 

signalling factors (Attisano and Wrana, 2002). However it has also become evident that linear 

signalling networks are no longer sufficient to describe how signalling cascades interact with each 

other to form higher order networks that carry out complex biological functions (Taylor and 

Wrana, 2012). Wnt (Wingless) signalling, a key transcriptional, developmental and cell polarity 

pathway, was once thought to be comprised of three separate signalling cascades; canonical Beta-

Catenin signalling, Wnt calcium signalling, and Wnt/Jun N-terminal kinase (JNK) signalling 

(Kestler and Kühl, 2008). However proteins originally assigned to one cascade have been found to 

have roles in other Wnt signalling pathways, such as the Wnt ligand Wnt5a has roles in both the 

Beta-catenin signalling pathway and intracellular calcium signalling (He et al., 1997). 

As a result of increased network interconnectivity, a single mutation could have far reaching 

consequences across a cells’ signalling network, far removed from the signalling cascade that it 

originated in. Indeed the loss of function of a gene, in what was once considered a relatively 

modular pathway, can lead to a complete restructuring of the cells protein-protein signalling 

network, or even prove to be lethal (Jeong et al., 2001). The importance, or criticality, of each 

protein within the cells’ interconnected signalling network depends on its own number of 

connections between or within a signalling pathway. Proteins with more interaction partners tend to 

be more critical to the cells’ normal signalling ability, with loss of these proteins, termed ‘hub’ 

proteins, proving lethal or enacting a major change in the cellular environment, especially if they 

are involved in a key signalling pathway (Hart et al., 2007; Jeong et al., 2001). However this higher 

order of pathway network organization makes the cells’ signalling pathways more robust to random 

perturbations, allowing them to adapt and re-wire the cellular signalling pathway through inter-

pathway interactions (Albert et al., 2000). It is by a similar mechanism that diseased networks 

develop resistance or tolerance to a drug treatment (Gorre et al., 2001).  
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1.1 Modelling PPI networks 

Reliable quantitative proteomics studies are becoming more widely applied in disease contexts and 

although not yet used in a clinical setting, their application in the discovery of novel disease drivers 

and adaptions to treatment are becoming more widespread (Z. Li et al., 2017). Disease pathology is 

a dysfunction of the cellular pathways at the protein level, understanding the intricate dynamics of 

this complex web of pathways is key to elucidating causes and possible cures of disease 

phenotypes. Integrating quantitative clinical proteomics data with protein interaction databases 

allows the mapping and identification of dysregulated protein signalling pathways in response to a 

disease or perturbation, with the aim of identifying clinical biomarkers for diagnosis or prognosis 

(Vanheel et al., 2012).  

The investigation of PPI networks in research models is simplified by the use of control theory, 

whereby a single, controllable, perturbation is created or modified, and the consequences of that 

perturbation is then measured. In order for the potentially far-reaching consequences of signalling 

perturbations to be accurately assessed and modelled, the parameters of the experimental model 

must remain as constant as possible (Tegnér and Björkegren, 2007).  

For changes in binary or protein complex signalling, the yeast two hybrid technique has proved 

highly useful to create a reference human interactome using a ‘bait and prey’ approach (Rual et al., 

2005; Vidal and Fields, 2014). The Y2H is a protein-fragment complementation assay whereby the 

‘bait’ and ‘prey’ proteins are conjugated to complementary yeast transcription factors that when in 

proximity of one another, activate the transcription of a downstream reported gene, such as an 

antibiotic resistance gene. This aids in the identification of successful interactions screens that can 

only grow on antibiotic supplemented media if the ‘bait’ and ‘prey’ proteins interact and 

subsequently induce transcription of the downstream antibiotic resistance gene. 

Y2H interaction mapping techniques have been used in large-scale screening studies of protein 

interaction partners as well as identifying PPI networks focused around a particular pathway or 

signalling network (Bandyopadhyay et al., 2010; Ewing et al., 2007). However, a yeast cellular 

background cannot begin to simulate or model the complex and intricate endogenous environment 

of a mammalian cell. The mammalian two hybrid system builds on this model and allows the 

investigation of PPIs by similar methods, but in an endogenous human-derived environment 

(Petschnigg et al., 2014). This model has allowed the investigation of how interaction partners of 

‘bait’ proteins change in response to an aberrant cellular background, or indeed to disease-causing 

mutations in the ‘bait’ proteins themselves (Petschnigg et al., 2014). 
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1.1.1 Antibody-based affinity purification techniques. 

Using a similar ‘bait and prey’ approach, affinity purification mass spectrometry (AP-MS) allows 

large-scale, focused study of protein interaction partners and complexes. ‘Bait’ proteins are purified 

from their endogenous environment using protein specific antibodies, the samples are then 

analysed by mass spectrometry and the ‘prey’, their interaction partners, identified and quantified 

(Dunham et al., 2012). Native antibodies with high binding efficiency and specificity can be used 

to affinity purify the ‘bait’ protein under endogenous physiological conditions, however in reality 

such antibodies are not available for most target proteins (Dunham et al., 2012). Production of such 

native antibodies is also costly, lengthy and does not always produce a guaranteed outcome. The 

AP-MS approach is therefore often used in tandem with epitope-tagging methods.  

Epitope tagging of proteins via genetic manipulation can allow the investigation of proteins that are 

typically hard to purify via antibody-driven techniques due to specificity or efficiency issues. 

Tagging of a protein with a known epitope tag such as FLAG (DYKDDDDK) allows the utilization 

of an anti-FLAG antibody to purify the ‘bait’ protein and associated protein complexes (Hopp et 

al., 1988). In addition, epitope-tagged proteins can be overexpressed in a native system where the 

expression of the endogenous protein may be typically too low for other purification or detection 

methods. Genetic manipulation techniques also allow epitope tagging of endogenous genes, 

allowing purification and investigation of a target proteins’ interaction partners at endogenous 

levels and under controllable experiment conditions with an isogenic control cell line (Dewari et 

al., 2018). The level of expression of such an engineered bait protein must be a primary 

experimental concern, taking into consideration that over-expressed or tagged proteins can become 

mis-localized or aberrantly interact with proteins that are not endogenous interaction partners, 

creating experimental artefacts. Additionally mutant exogenous proteins that are engineered with 

an epitope tag can be inserted into a system and the remodulation of the PPI network investigated 

accurately, giving a greater understanding of the role of a protein, or a protein interaction domain 

on the cellular system. This is especially useful when purifying mutant oncoproteins, of which 

there is typically no antibody specific enough to distinguish between the wild type (WT) protein 

and the mutant of interest (Bromberg et al., 1999). Following purification of the target protein and 

its interaction complex, the sample is then analysed by mass spectrometry and compared to a 

control; typically a unspecific antibody derived from the same species as the experimental 

antibody, or a cell line lacking the epitope tag, depending on the experimental design. Identified 

proteins are then compared between the control and AP target cell line and proteins that bind to the 

AP substrate are removed to leave interacting proteins of interest for further analysis. 



Chapter 1 

4 

1.1.2 Proximity tagging affinity purification methods. 

 

Due to the many limitations of antibody-based purification of protein interactions and complexes, 

including the loss of weakly bound interacting proteins during antibody wash steps, proximity-

based labelling techniques have been developed that tag proteins that come into a proximity radius 

of the bait protein.  

BioID and subsequently BioID2 are proximity labelling methods that utilizes a reactive biotin 

derivative to label prey proteins within the proximity of the bait protein (Roux et al., 2012). Biotin 

ligase is fused to a bait protein within a cellular environment, the cells are then incubated with 

biotin for a number of hours, during which the interacting and nearby proteins are biotinylated. The 

biotinylated proteins are then purified by the addition of streptavidin beads or an affinity matrix, 

and identified by mass spectrometry (Roux et al., 2012). BioID can be utilized in vitro, in vivo 

culture models, and has even been used in in vivo mouse brain experiments of synaptic interactions 

(Uezu et al., 2016). This method has been applied to elucidate oncogenic interactions of the 

oncoprotein c-MYC, which is highly dysregulated in a wide range of cancers, but tightly associated 

with chromatin complexes hampering conventional means of purification due to the denaturing 

conditions needed to isolate the protein (Dingar et al., 2015). BioID2 was developed from the A. 

aeolicus biotin ligase, which is smaller than its predesesor that is derived from E. coli. This was in 

a effort to resolve issues of subcellular mislocalization of some fusion proteins, resulting in a 

smaller enzyme with a greater catalytic activity with which to label proximal proteins (Kim et al., 

2016). BioID and BioID2 are however disadvantaged by the long biotin incubation times required 

(18 and 16 hours respectively), limiting their ability to capture temporal interactions or changes 

over the period of a time course assay. Recently a further enzyme has been developed from the E. 

coli biotin ligase that boasts rapid biotinylation times and sensitivity.  

 

TurboID biotin ligase enzymes contains 15 mutations from the original enzyme used in the BioID 

method to increase the activity and efficiency with which the enzyme biotinylates proximal 

proteins, miniTurbo is smaller with 13 mutations and an N-terminal deletion (Branon et al., 2018). 

Both TurboID and miniTurbo are more efficient than BioID, producing as much biotinylated 

product in 10 mins as BioID does following an 18 hour incubation period, with miniTurbo 

producing lower levels of endogenous background biotin labelling. Both Turbo methods are able to 

label all cellular compartments in multiple organisms, even following a short incubation time 

(Branon et al., 2018). An additional advantage to using TurboID or miniTurbo is the lower 

incubation temperature, the biotin ligase used for BioID methods catalyzes reactions optimally at 

37oC, which although ideal for mammalian experiments is not practical for other model organisms. 

The biotin ligase used in both Turbo methods can effectively biotinylate proximal proteins at lower 
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temperatures, which has so far facilitated identification of the proximal interacting partners of a 

protein kinase, and temperal changes of interaction partners of a transcription factor in A. thaliana 

at 22oC (Kim et al., 2019; Mair et al., 2019). In addition TurboID has been used to resolve the large 

insoluble exosome complex in yeast at 30oC and has also been found to be a viable method in D. 

melanogaster, C.elegans, and human culture cell lines (Branon et al., 2018; Larochelle et al., 

2019). 

APEX is an ascorbate peroxidase that catalyses biotin-phenol to biotin-phenoxyl upon the addition 

of hydrogen peroxide (Martell et al., 2012). When APEX is conjugated to the bait protein it 

catalyses the biotinylation of electron-rich amino acids in the neighbouring prey proteins. Similarly 

to BioID, these biotinylated proteins can then be purified using streptavidin and analysed by mass 

spectrometry. Proteins can be labelled more rapidly with APEX than BioID, in one minute as 

opposed to several hours, allowing investigation of temporal changes within the interactome (Rhee 

et al., 2013). However APEX is limited in plant models due to the toxicity of the hydrogen 

peroxide and high background noise levels as a result of endogenous peroxidase activity (Kim et 

al., 2019). Biotin ligase and APEX methods can also be utilized in a protein-fragment 

complementation assay, where the N-terminal and C-terminal of the enzyme is split between two 

bait proteins that can only biotinylate their proximal prey partners when they interact with each 

other to form a functional enzyme (Schopp et al., 2017; Xue et al., 2017). This allows further 

confirmation of binary protein interactions but can also be of use to investigate interactions or 

complexes that only form under specific conditions, similar to mammalian and yeast two hybrid 

systems. 

Proximity tagging has many advantages; such as increasing the identification of weakly bound or 

low abundance interacting proteins that would otherwise be lost during AP-MS wash steps, and it 

can be used to investigate both soluble and insoluble proteins in live cell or organismal systems. 

However, BioID, Turbo and APEX methods both suffer from mis-tagging of proteins that are not 

interaction partners or part of complexes with the bait protein. This stems from the biotinylation of 

proteins within a proximity radius of the bait, as opposed to only tagging directly interacting 

proteins, within 10nm for BioID and 20nm for APEX. This is in addition to the issues also 

experienced by AP-MS methods such as elution efficiencies hampering exact quantitation of 

interacting proteins, and unspecific binding of proteins to the purification matrix.  

Regardless of the purification method used for exploration of a proteins’ interactome, advantages 

and disadvantages of each method much be considered at the experimental design stage and 

mitigated by using the correct controls and expression methods as required. 
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1.2 Analysis of proteome by mass spectrometry. 

The use of accurate and cutting edge techniques in mass spectrometry has revolutionized the study 

of complex protein samples over the last two decades. Proteomics, was coined in 1997 as the 

protein equivalent of genomics, meaning the study of the proteome – ‘the whole protein 

complement of the genome.’ Mass spectrometry is the measurement and subsequent analysis of 

analytes via their mass-to-charge ratio and relative abundance within a sample. The development of 

high-throughput mass spectrometry techniques in the last two decades has resulted in an 

exponential growth of proteomics and protein-centric mass spectrometry analysis. Mass 

spectrometry measurement of a protein sample requires the utilization of sensitive and reliable 

analytic techniques, that are often designed and coupled together for the analysis of a specific type 

of protein, or experimental design. Generally the measurement of proteins using the most common 

method of analysis; bottom-up proteomics, begins with the digestion of the proteins to be analysed. 

Proteases are added to the sample during preparation stages in order to cleave the proteins into their 

consistent peptides at known residues. One of the most commonly used is trypsin, which 

hydrolyses peptide bonds only when the carbonyl group is followed by an arginine or lysine 

residue (Somiari et al., 2014). This known cleavage site is then used to facilitate identification of 

the peptide fragments following detection.  

The peptides are then ionized before entering the mass spectrometry analyser. The mass 

spectrometer itself controls the passage, analysis and fragmentation of ions by their charge, 

therefore analytes that enter the mass spectrometer must be charged particles.  

The two most popular methods of ionization are electron spray ionization (ESI) and matrix-assisted 

laser desorption ionization (MALDI). MALDI was originally developed in the late 1980’s, it is an 

ionization method whereby the peptides are dried onto a matrix material, and are then ionized by 

laser pulses (Karas and Hillenkamp, 1988). The peptides are then transferred in their ionized 

gaseous state to the mass spectrometer for analysis. MALDI can allow resolution of high molecular 

weight proteins, and does not result in fragmentation of the peptides, lending itself to rapid clinical 

applications such as in the identification of clinical microbial infections and research into clinical 

antimicrobial resistance. (Bailey et al., 2013; Hrabák et al., 2013). However, MALDI limits the 

identification of smaller peptide species, and it difficult to couple to an addition separation pipeline 

such as liquid chromatography which would facilitate identification of low quantitative proteins.  

ESI is the method by which peptides are pumped through a small diameter needle held at high 

voltage at low microliter-per-minute flow rates to produce (electrospray) an aerosol of highly 

charged miniscule droplets that then evaporate, leaving the charged gaseous peptide ions to transfer 

to the mass spectrometer (Fenn et al., 1989). This way the analytes are allowed to enter the mass 

analyser from the ESI probe with their structure generally intact. ESI sources can be run in positive 

or negative modes where ionization of the peptide occurs either by protonation or deprotonation 



Chapter 1 

7 

respectively. ESI sources can easily be connected to liquid chromatography systems that are run at 

consistent low flow rates, and like MALDI, ESI does not produce fragmentation of the peptide. ESI 

however struggles to ionize complex mixtures of analytes and must therefore be coupled to 

upstream sample separation techniques and is sensitive to changes in salt buffer compositions. 

Once the peptides have been ionized they are accelerated into the mass analyser which separates 

ionized analytes based on their charge to mass ratios and fragments them, ultimately controlling the 

path of the ions and which ions reach the detector. Quadrupole mass analysers consist of four rods 

which oscillate the electric field between them, allowing only selected masses to have a stable route 

to pass through to the detector (Shevchenko et al., 2000). Typically quadrupole mass analysers are 

found in multiples of either two or three, with one acting as a collision cell in which to further 

fragment the ion after the first round of selection. In a triple quadrupole mass spec the first analyser 

will select the range of masses that will go on to the second quadrupole, which will further 

fragment the peptide, the third quadrupole will then select the fragment ions that will then go on the 

reach the detector (Melanson et al., 2006). Sequential quadrupole mass analysers increase the 

sensitivity of analysis, allowing the measurement of the precursor ion, and the fragmented ion, 

giving more structure information on the analyte. The coupling of sequential quadrupole mass 

analysers is known as tandem mass spectrometry or MS/MS for short. For biomolecular molecules 

quadrupoles are typical coupled to a time-of-flight (TOF) system, a TOF analyser measure an ion’s 

mass to charge ration by its ‘flight time’. The ions are first accelerated by an electric field, and the 

time that it takes for the ion to reach the detector is measured. This is then used in conjunction with 

the principle that ions of the same charge will always have the same kinetic energy after 

acceleration; therefore their velocity (or time of flight) is impacted by their mass-to-charge ratio. 

This velocity, along with charge and fragmentation information is used to produce a mass spectra 

of the peptide (Shevchenko et al., 2000). Quadrupole analysers in tandem with TOF analysers 

allow accurate quantification and high resolution of peptides, in addition to resolution across a 

wide m/z range.  

Quadurople analysers can also be coupled to ion-trap analysers, such as the Orbitrap (Thermo), 

which electrostatically trap ions in an orbit around a central electrode. Ion separation is achieved 

via their oscillation at different frequencies along the central electrode and an outer electrode, 

which acts as a image current detector (Blackler et al., 2006). Ion-trap analysers can identify small 

molecular masses at a high sensitivity, however their dynamic range is limited, as is their ability to 

produce quantitative measurements. Finally the ions hit a detector, a semi-conductive plate that 

emits secondary electrons, that are detected by further electrodes and amplified, ultimately 

resulting in a output current that is then converted into an intensity value and voltage signal. This is 

then converted into a mass spectrum, which is a plot of intensity versus m/z (mass to charge ratio) 

(Patton, 2002). Each peak appearing in the spectrum is an intact molecular species with variable 

charge values gained from the ionization step. These spectra are then searched against a peptide 
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database in silico using the known specificity of the enzyme used to digest the proteins samples, 

and the mass of the intact peptides calculated. If the calculated mass of a peptide matches that of an 

observed peptide, the masses of the expected fragments ions are calculated and compared with the 

experimental values. Whereby the peptides are identified, and can then be searched against the 

human proteome for identification of unique peptides that match a protein.  

1.2.1 Data acquisition modes. 

1.2.1.1 Data dependent analysis. 

In data dependent acquisition mode (DDA) initially the mass spectrometer will survey scan the 

sample to detect precursor ions, which are then selected for further fragmentation and analysis 

based on intensity. The peptides will then be fragmented in MS/MS mode and detected, at which 

point the fragment ions will be associated with their parent ions from the initial scan and searched 

against a peptide database to determine their identity (Bateman et al., 2014). In DDA the mass 

spectrometer will use an elution window, typically of approximately 30 seconds, so the mass 

spectrometer doesn’t continually fragment and measure the same peptides when the constant 

stream of peptides available may provide new targets. As a result of the initial scan and selection of 

ions for further fragmentation, the use of DDA in analysis of complex biological samples limits the 

analysis to acquisition of the most highly abundant peptides in a sample, at the expense of lower 

abundance peptides (Michalski et al., 2011, p. 100). Additionally there are more peptides present in 

which to analyse in the limited elution and fragmentation window, limiting the analysis of whole 

proteome samples and the reproducibility of the analysis.   

1.2.1.2 Data independent analysis. 

In data-independent acquisition mode (DIA) the mass spectrometer uses parallel fragmentation of 

all precursor ions, independent of their intensity, charge or weight. As a result, DIA data is 

complex, with each fragment ion generated from a series of precursor ions; this means fragment 

ions cannot be easily traced back to their parent ions for identification. Identification of the 

relationships between fragment ions and precursor ions are then deduced based on their elution 

time dependent correlation profiles and pseudo spectra are generated which can then be searched 

against the protein database to determine peptide identity. In order to aid the reconstruction of 

spectra, methods such as MSE have been developed which use parallel fragmentation at low and 

then elevated energy in the collision cell. This produces alternating composite spectra of all 

precursor ions followed by chimeric mass spectra of precursor ions (Distler et al., 2016). Before 

data processing ion detection and charge/isotopic deconvolution is performed, and then the pseudo 

spectra are produced for database searching. This pre-filtering reduces noise below an intensity 

threshold and reduces the volume of the data to be searched based on charge-state reduction. 

Pseudo spectra are then search against a reference database of protein sequences, and the peptide 
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ion lists are matched to the protein database according to the cleavages created by the protease used 

in the sample preparation step. The peptides are then scored for confidence based on their spectra 

and known attributes and referenced to identified protein lists using unique peptides found only in 

that protein (Pietilä et al., 2019). 

DIA in tandem with MSE enhances the amount of data captured from an experiment when 

compared to DDA, and although data processing and analysis is more complex, overall protein 

sequence coverage is increased and experimental reproducibility is significantly increased. As such 

DIA and MSE analysis methods lend themselves to label-free quantitative analysis, due to the high 

sample capture and reproducible analysis that can be carried out to allow for comparative 

experiments to be run (Distler et al., 2014). 

An alternative to MSE is sequention window acquisition of all theoretical mass spectra (SWATH) – 

MS a DIA acquisition method that can be carried out on any high sensitivity mass spectrometry 

system. SWATH-MS measures precursor ion spectrums in user-defined isolation windows, 

typically of 25 m/z increments between 400 m/z and 1,200 m/z, this detects all peptide precursors 

that are eluting at a given time point (Gillet et al., 2012). These precursors are then further 

fragmented using TOF or Oribitrap techniques, depending on the system used, to create a fragment 

ion m/z intensity map for each precursor isolation window (Gillet et al., 2012). These fragment ion 

spectral maps are complex and require prior knowledge of the experimental context and SWATH-

MS parameters before analysis of the data can be performed. This is provided in the form of 

spectral libraries and peptide query parameters (PQPs) which are generated prior to the SWATH-

MS experiment, or spectral library data can be accessed from publically available databases such as 

SWATHAtlas or PRIDE (Blattmann et al., 2019). These libraries are generated in the cell line, 

tissue, or organism of interest using LC-MS/MS and then PQPs developed that can query the 

SWATH-MS data to identify the fragment ion maps by characteristics, such as their fragment ion 

signals, relative intensities, and chromatographic similarities etc (Gillet et al., 2012). SWATH-MS 

data is highly accurate and reproducible across large sample sets, making it idea for biomarker 

discovery in cases such as changes in metabolic protein pathways in hepatocellular carcinoma 

tissues or diagnostic biomarker discovery in nasopharyngeal carcinoma (Gao et al., 2017; Luo et 

al., 2017). However the development of robust, full coverage spectral libraries is still in its infancy 

in many model organisms, with most groups creating their own, such as for rice, yeast, and 

zebrafish (Blattmann et al., 2019; Selevsek et al., 2015; F.-Y. Zhu et al., 2016). However, for 

complex experiments to measure variables such as time and stressors, spectral libraries must also 

be generated for each experimental condition, increasing the experimental labour and time required 

to produce and analyse a dataset (F.-Y. Zhu et al., 2016). Although highly accurate and 

reproducible SWATH-MS does not have the same quantitative sensitivity of other MS methods and 

is therefore poor at accurately detecting and quantifying low abundance proteins (Ludwig et al., 

2018). Its strength of reproducibly measuring the same set of precursor ions between large amounts 
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of samples also results in the caveat that ions outside of the predefined ion isolation windows might 

be missed, slightly reducing the overall number of proteins measured across a dataset and giving a 

user-defined analysis of a dataset across the whole range of an LC elution. 

 

1.2.2 Quantitative mass spectrometry labelling methods. 

Mass spectrometry is a powerful method of detection in bimolecular discovery, however is not 

inherently quantitative, both label and label-free quantitation techniques can be employed to a 

range of experimental designs to enhance protein analysis, which has become particularly crucial in 

biomarker discovery. 

Protein quantitation can be achieved without the use of experimental tagging, as long as the 

experiment, sample preparation and mass spectrometer analysis are reproducible through out the 

experimental design to allow for comparison of protein quantification change (Distler et al., 2016).  

Top three quantitation (Hi3) is based on the premise that the average intensity for the three most 

intense peptides per mole of protein is constant within a variation of +/- 10%. An internal standard 

of known protein concentration is added to the sample, either before or after tryptic digestion and 

following MS analysis of fragment ions a signal response factor is calculated based on this internal 

standard (counts/mol of protein). This is then applied to the experimentally identified proteins to 

calculate their respective quantities based on their own three most intense tryptic peptides (Silva et 

al., 2006). The Hi3 method can calculate a proteins quantification to within +/- 15%, independent 

of its molecular mass, and so can be used throughout the analysis of a complex mixture of proteins 

(Grossmann et al., 2010). Although other methods of label free quantification exist, in order to 

accurately quantify protein abundance changes between samples or experimental conditions, 

labelling techniques are required, especially in experimental designs where quantification is vital, 

such as biomarker discovery. Labelling techniques are frequently used to reduce variability 

between samples, enabling relative quantitative comparisons between experimental conditions; 

however, the technique can also be used in tandem with labelled synthetic peptides to more 

accurately quantifiy protein concentrations (Hanke et al., 2008). 

 

1.2.2.1 Stable isotope labelling with amino acids in culture (SILAC). 

Stable isotope labelling with amino acids (SILAC), is a labelling method based on non-radioactive 

isotopic labelling using ‘heavy’ amino acids. Heavy amino acids contain carbon-13 or nitrogen-15 

atoms, and are typically added to growth media of cultured cells prior to a MS/MS experiment. The 

cells then incorporate these ‘heavy’ amino acids into their proteins during normal homeostasis and 

growth processes, following which they are lysed and prepped for mass spectrometry and a protein 
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quantification standard added (Chen et al., 2015). Before measurement on the mass spectrometer 

samples can then be mixed before separation and analysis, this decreases the variation within the 

experiment and results in the protein quantification results becoming more comparable. Following 

mass spectrometry analysis of the resulting mass spectra will show an increase in mass for all of 

the peptides that contain the heavy peptides (Chen et al., 2015). This is then compared to the 

protein quantification standard and the quantification of each identified peptide analysed. Growth 

of experimental test groups in different ‘weights’ of media result in the ability to calculate the 

quantification of both treatment and control groups from the same mass spec analysis, based on the 

mass shift in the mass spectra. SILAC growth media is available in multiple amino acid weights, 

allowing the design of multiplexed experiments and analysis, however reagents are expensive and 

cost is a particular consideration in large experiments. Also due to the nature of the reagents, 

SILAC is limited to the labelling of cultured cells, and therefore cannot be used in conjunction with 

in vivo or primary tissues samples. SILAC has been routinely used for the first discovery phase of 

biomarker discovery in model cell lines, which can then be validated in clinical cohorts and tissues 

(Zhang et al., 2017). It addition it has also been used in the discovery of novel interaction partners 

of oncoprotein in an effort to elucidate the functional proteome of the cancer cell (Wang et al., 

2018). 

1.2.2.2 Tandem Mass Tag system (TMT). 

The Tandem Mass Tag system (TMT) is based on isobaric mass tagging of proteins before they are 

prepped for mass spectrometry analysis. Experimental proteins from any source, including primary 

tissues or cell models are first extracted and then treated with the isobaric tags.  

The tags are composed of a mass reporter, a mass normalizer and an amine reactive group, 

although each tag is unique to allow the identification of its particular sample, the tags all share the 

same molecular weight which reduced variation between the samples during separation and 

ionization processes (Zhang and Elias, 2017). There are 11 TMT tags currently available; one tag is 

added to each MS sample following the peptide digestion step, the samples are then pooled and 

undergo fractionation, clean-up and MS, thereby reducing the amount of experimental variation 

between samples during the post-digestion preparation stages. As the samples undergo MS analysis 

the TMT mass reporter is cleaved off as part of the ion fragmentation step, via collision induced 

dissociation in MS/MS following analysis of the parent ion, these intensities are then measured to 

give the relative quantification of the peptides. TMT isobaric tags produce a mass shift at the ion 

fragmentation level which results in each TMT label exhibiting its own unique m/z reporter ion that 

is used to identify each of the peptides within a mass spectrum associated with that sample. (Zhang 

and Elias, 2017). The proportion of peptides between samples is then quantitatively compared via 

analysis of the different intensities of the TMT reporter ions. The use of multiple TMT tags allows 

the design of large multiplexed experiments, which can then be quantitatively analysed in tandem 
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for direct quantitative comparison. Such large experimental designs have been used to analyse the 

changes induced by diet and age at the proteome level (Plubell et al., 2017). TMT tagging has also 

been used to analyse the spatial proteome in conjunction with density gradient ultracentrifugation, 

whereby each cellular organelle fraction that was isolated had its own TMT isobaric tag, which 

following analysis was used to identify which organelle fraction the peptide, and therefore the 

protein originated from, facilitating the spacial distribution of the proteome (Mulvey et al., 2017). 

 

1.3 Genomic methylation, its mechanism and investigation. 

One key epigenetic modification that the following chapters will focus on is methylation of 

genomic cytosine residues at CG sites in the nucleotide sequence termed 5’-Cytosine-phosphate-

guanine-3’ (CpG) to distinguish them from cytosine-guanine base pairs in the DNA double helix. 

The cytosine at these sites is frequently methylated to methyl-cytosine in CG-rich regions termed 

CpG islands. CpG islands are regions of DNA, typically 200 base pairs or larger that contain a 

higher ratio of CG nucleotides than the average genomic sequence (0.6) with a CG content of 

greater than 50% (Ioshikhes and Zhang, 2000). 70-75% of genes contain CpG islands associated 

with their transcription start sites, with 85% of CpG islands found within -500 to +1500 base pairs 

around a gene transcription start site (Davuluri et al., 2001; Ioshikhes and Zhang, 2000; Mariño-

Ramírez et al., 2004). CpG islands in various methylation states are associated with all 

housekeeping genes and many developmental genes, with the sequence GGGCGG being a typical 

feature of all CpG islands associated with gene transcription start sites (Gardiner-Garden and 

Frommer, 1987). CpG islands are typically unmethylated throughout the genome and used as sites 

of transcriptional regulation related to development and tissue specialization, methylation of these 

sites must be preserved between cell generations to maintain viability (Bird, 1986). 
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Figure 1-1. Schematic of methyltransferase reaction of Dnmt1. Dnmt1 ctalyzes the addition of a 

methyl group from its substrate S-adenosyl methionine to the 5th carbon of cytidine via 

a beta-elimination reaction. 

Methylation of the genome at cytosine is catalysed by the family of DNA methyltransferase 

enzymes. A methyl group from the substrate S-Adenosyl methionine is added to the 5th carbon in 

the nucleotide sugar ring, this methyl group projects into the major groove of the DNA double 

helix (Figure 1-1). This methyl groups acts as a binding site for proteins that have a methyl-binding 

domain (MBD), the domain consists of 75 amino acids, with 5 particularly conserved residues 

forming a hydrophobic patch that can then bind to DNA-bound methyl groups (Ohki et al., 2001). 

MBD proteins that bind to methylated DNA then regulate gene transcription via remodelling of the 

packaging of DNA in chromatin, thereby regulating the accessibility of gene promoters to the 

transcriptional machinery. The family of MBD proteins consists of five members, MBD1, MBD2, 

MBD3, MBD4, and methyl-CpG binding protein 2 (MeCP2), although all contain MBDs each 

protein regulates gene transcription by different mechanisms, here I will focus on the two most well 

known MBDs.  

MBD1 preferentially binds methylated CpG residues within TGCGCA and TCGCA sequences, and 

then binds to MBD1-containing chromatin-associated factor (MCAF) (Clouaire et al., 2010). 

MCAF than facilitates binding to transcription factor Sp1, this MBD1-MCAF-Sp1 complex then 

inhibits Sp1-mediated transcription in methylated promoter regions (Fujita et al., 2003). In addition 

MBD1 in complex with MCAF recruits Histone-lysine N-methyltransferase SETDB1, thereby 

facilitating the formation of heterochromatin and repression of gene transcription (Ichimura et al., 

2005).  



Chapter 1 

14 

MeCP2, binds DNA in a methylation dependent manner, and recruits transcriptional repressors 

mSin3a and histone deacetylases 1 and 2 via its transcriptional-repression domain (Nan et al., 

1998). Histone deacetylation results in remodelling of histones and formation of heterochromatin, 

reducing the accessibility of genes to transcriptional machinery. In addition MeCP2 can associate 

with histone methyltransferase, which methylate histone H3 at Lys9 resulting in the further 

promotion of heterchromatin formation (Fuks et al., 2003). MeCP2 is particularly significant in the 

brain, and mediates control of gene expression of long neuronal genes by binding to methylated 

sites within a gene and acting to repress the transcription of that gene. (Kinde et al., 2016). 

Mutations affecting the activity of MeCP2 result in Rett syndrome, a female form of mental 

retardation is caused by changes in the inactivation of X-linked genes (Kodera et al., 2013). 

 

 

Figure 1-2 – Schematic diagram of MBD1 and MeCP2 mediated mechanisms of gene 

transcription repression in response to CpG methylation.  

MBD1 and MeCP2 binding at methylated CpG residues and recruit interactors that 

facilitate repression of gene transcription or histone architecture changes. MBD1 

recruits SETD1, a histone methyltransferase that methylated histone residues resulting 

in the formation of heterochromatin, a configuration, which restricts access of the 

transcriptional machinery to gene promoters. MBD1 can also recruit the transcription 

factor Sp1 away from gene promoters, thereby directly inhibition gene transcription. 
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MeCP2 recruits histone deacetylases which, remove acetyl groups from histone lysine 

residues, facilitating compaction of the nucleosome structure and heterochromatin 

formation.  

 

DNA methylation is typically assessed by an experimental technique called bisulphite sequencing. 

Treatment of DNA with bisulphite results in the conversion of cytosine residues to uracil, however 

treatment does not affect 5-methylcytosine. These single nucleotide changes can then be identified 

by sequencing analysis, where the cytosine’s are read as thymidine’s following bisulphate 

treatment to determine the presence of methylation markers at the single nucleotide level (Booth et 

al., 2013). In addition to methylcytosine there are also modified versions of this base, such as 

hydroxymethylcytosine, who’s role is still yet to be completely defined (Huang et al., 2010). To 

allow assessment of the levels of methylcytosine modification in the genome, bisulphite 

sequencing methods have had to be adapted such as treatment with oxidative bisulphate, which 

converts hydroxymethylcytosine to 5-formylcytosine which can then be converted to uracil and 

detected by conventional sequencing methods (Booth et al., 2013). 

 

1.3.1 The DNA methyltransferase family. 

Methylation markers remain consistent throughout adult life, however these markers have to be 

maintained and copied over to the new daughter DNA strands every time the DNA is replicated. 

Methylation of the DNA is developed and maintained by a family of proteins, which all contain a 

catalytic DNA methyltransferase active site with highly conserved motifs, these are called DNA 

methyltransferases (Dnmts). Among the conserved residues within this catalytic site are those 

responsible for base flipping, S-adenosyl methionine (SaM) binding, and binding of the Dnmts to 

the 6th carbon of the pyrimidine ring (Ashapkin et al., 2016). The largest variable region in this 

domain between the family members is between motifs VIII and IX which is considered the target 

recognition domain that determines the specificity of the protein (Ashapkin et al., 2016). Although 

they essentially catalyse the same reaction resulting in the addition of a methyl group to cytidine 

residues, the members of this family do not share large stretches of sequence similarity between 

them. Dnmt3a and Dnmt3b share the most sequence identity within the family, most of which is 

found in the catalytic site. Dnmt2, the first Dnmt to be discovered, albeit in Drosophila is the most 

conserved across species, and only shared 5% of its sequence identity with Dnmt1. With this in 

mind it is not surprising that each of these proteins has distinct roles to play within the human cell.  

Dnmt2 can methylate both DNA and RNA but is primarily considered a tRNA methyltransferase in 

humans, it is highly conserved across species, so much so that the human protein can methylate 



Chapter 1 

16 

RNA in Drosophila and Arabidopsis (Ashapkin et al., 2016; Goll et al., 2006). Its name is derived 

from its discovery in Drosophila where the levels of DNA methylation are low and Dnmt2 is the 

main protein that maintains these levels, whereas in humans Dnmt2 mainly methylate’s tRNA 

molecules. Although it still retains the ability to methylate DNA it does this with a much lower 

efficiency than the other family members.  

Dnmt2 methylates the tRNA anticodon loop at cytosine 38, increasing the stability of the tRNA and 

protecting it from tRNA ribonuclease cleavage (Goll et al., 2006; Schaefer et al., 2010). 

Stabilization of the tRNA results in the stabilization of codon translation, loss of Dnmt2-mediated 

stabilization results in wobble of the third base in a codon, meaning mistranslation of codons such 

as Asp (GAC) as Glu (GAA) (Tuorto et al., 2015). Loss of Dnmt2 and the subsequent 

destabilization of tRNA results in increased RNA cleavage, and translates into a reduction of 

differentiation markers and a decrease in non-self renewing stem cells during embryonic stages in 

mice models (Tuorto et al., 2015). In zebra fish models, Dnmt2 mutant embryos show morphogenic 

abnormalities and stunted growth, with delayed expression of late-stage differentiation markers, 

including the absence of specialized cell types (Rai et al., 2007). Loss of Dnmt2 in mice does not 

affect global protein translation rates, however does remodulate the proteins that are being 

translated accurately and therefore go on to produce proteins. Proteins with decreased abundance 

were shown to be enriched for functions in organ development and morphology, and further 

analysis showed reduced ribosomal density at specific codons that are known to be conserved by 

Dnmt2-mediated stabilization of the tRNA, such as Asp, Gly, and Val (Tuorto et al., 2015). 

Dnmt2’s role is therefore a DNA and tRNA methyltransferase, however its prevailing role depends 

on the context and organismal environment (Ashapkin et al., 2016). 

Dnmt3a and Dnmt3b are considered de novo methyltransferases. De novo methylation occurs when 

new methyl groups are added to the DNA independent of the epigenetic template on the DNA 

strand. De novo methylation mainly occurs during development and embryogenesis, controlling the 

precise temporal gene transcription changes required at this stage of an organisms life with which 

to grow and develop properly, this activity is further regulated by Dnmt3L, which lacks DNA 

methyltransferase activity but acts to promote binding and function of Dnmt3a/b (Bourc’his and 

Bestor, 2004). Unlike Dnmt1, Dnmt3a/b do not bind to single stranded DNA, and methylate DNA 

in its double stranded form, both in hypo- and hemimethylated states (Hsieh, 2005). 

Both Dnmt3a and Dnmt3b are essential for correct embryonic development during post 

implantation development in mice embryos, loss of either results in the failure of maternal 

methylation marker ‘inheritance’ beyond the very early stages of embryonic cell division (Chen et 

al., 2003). Although partially functionally redundant, Dnmt3b is essential for methylation of 

centromeric minor satellite repeats (Okano et al., 1999, p. 3). Although Dnmt3a and Dnmt3b do 

show some activity towards hemimethylated DNA, their activity is not sufficient to rescue 

knockout 
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1.3.1.1 DNA methyltransferase 1 

Dnmt1 is considered the maintenance methyltransferase, a 183kDa protein consisting of 1,616 

amino acids, the Dnmt1 gene is located on chromosome 19 (10,133,345-10,231,286 ((GRCh38)) 

comprising 97,942 nucleotides over 40 exons. Dnmt1 is ubiquitously expressed in adult human 

tissues, with particularly high protein abundance evident in reproductive organs, tissues throughout 

the length of the gastrointestinal tract, and skin (Thul et al., 2017). Dnmt1 protein levels are cell 

cycle controlled, with protein levels peaking during S phase to coincide with DNA replication and 

its role in maintenance of DNA methylation markers (Robertson, 2001). Dnmt1 exhibits a diffuse 

nucleoplasmic distribution until the cell enters S phase and then the protein localizes to replication 

forks by a replication foci targeting sequence present at the N-terminal domain of the protein 

(Leonhardt et al., 1992). Dnmt1 preferentially binds hemimethylated DNA via its interaction with 

E3 ubiquitin-protein ligase Uhrf1 (Uhrf1) that recognises hemimethylated DNA by its SET and 

RING-associated domain (Bashtrykov et al., 2014; Yoder et al., 1997). The interaction between 

Uhrf1 and Dnmt1 allows Dnmt1 to specifically and efficiently target cytosine residues via its 

replication foci targeting sequence, and replacing hydrogen at the carbon 5 position of cytosine 

with a methyl group from the substrate S-adenyl methionine.  

 

1.3.1.2 Experimental models of Dnmt1 

Dnmt1 plays a vital role in embryonic development, with mouse embryonic stem cells lacking the 

catalytic function of Dnmt1, arresting prior to the 8-somite stage (Lei et al., 1996). Although they 

maintain low levels of 5-methycytosine and methyltransferase activity, probably due to functional 

redundancy with Dnmt3b, differentiation of the stem cells leads to a reduction in these levels and 

eventually cell death (Lei et al., 1996; Rhee et al., 2002) 

Complete loss of the protein or complete abolition of the catalytic activity of Dnmt1 in colorectal 

cancer cell line results in hemimethylation of 20% of the CpG islands and activation of the G2/M 

cell cycle checkpoint (Chen et al., 2007a). The cells gradually escape this checkpoint but show 

severe mitotic defects, and either arrest in mitosis or in a tetraploid G1 state before undergoing cell 

death. Following four days of Dnmt1 function abolition, cell viability is dramatically decreased, 

showing that even in the presence of DNA methyltransferase 3B (Dnmt3b), a functionally active 

Dnmt1 is vital for cell survival and homeostasis in both embryonic and somatic cells (Chen et al., 

2007a; Lei et al., 1996; Rhee et al., 2002; Robertson, 2001).  

The criticality of Dnmt1 and its crucial role in maintenance of epigenetic markers therefore present 

challenges for researchers, specifically when investigating the protein via in vivo knockdown or 
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knockout models. Due to embryonic lethality, there are no whole organism models of Dnmt1 

knockout, and no true engineered cell line models of Dnmt1 knockout. Those cells that do survival 

the initial knockout mechanism go on to form significant cellular defects and eventually apoptosis, 

or they retain a ‘leaky’ expression of the protein which maintains the minimal DNA 

methyltransferase activity required by the cell in which to survive (Cai et al., 2015). Knockdown 

methods are likewise typically ‘leaky’ and/or transient in their nature, therefore confounding the 

results of long term knockdown experiments and the analysis of Dnmt1 knockdown on downstream 

cellular signalling and gene transcription reactivation events.  

The following chapters will present three evolving methods of Dnmt1 targeted knockdown; the 

development of an inducible targeted model of Dnmt1 degradation, the chemical knockdown of 

Dnmt1 via a clinically relevant cytosine analog, and a previously characterized Dnmt1 mutant cell 

line exhibiting significantly decreased levels of the protein. Quantitative proteomic analysis of 

these models will define the impact of such knockdown models on the functional proteome and 

signalling pathways associated with Dnmt1. With the aim of a greater understanding of the models 

available to study Dnmt1 and the effects of protein loss on a CRC cell model. 

 

1.4 Protein network rewiring in colorectal cancer 

1.4.1 Colorectal cancer 

 

Colorectal cancer is the fourth most common cancer in the United Kingdon (UK) with over 41,000 

cases diagnosed per year, 50% of those cases will be diagnosed at a ‘late’ stage requiring invasive 

treatment regimens for the patient (statistics taken from www.cancerresearchuk.org 14.08.18). 

Briefly colorectal cancer, commonly termed to the layman ‘bowel’ cancer, is an epithelial-derived 

carcinoma of the lower digestive tract, consisting of the large intestine to the anus, it is responsible 

for over 600,000 deaths per year worldwide (Brenner et al., 2014; Jemal et al., 2008).   

Colorectal carcinoma (CRC) typically develops from benign intestinal polyps, which progress to 

premalignant adenomatous polyps and eventually advance to form a malignant tumour mass 

(Benson, 2007). Development of benign intestinal polyps is typical of advanced age, approximately 

21% of these polyps will eventually progress to a neoplastic state (Lin et al., 2005). Patient 

symptoms typically stem from obstruction of the gastrointestinal tract as a direct result of tumour 

growth, resulting in rectal bleeding, abdominal pain, and unexplained weight loss. The UK 

screening program is currently based on the identification of small amounts of rectal bleeding using 

the faecal occult blood (FOB) test in the form of a home screening kit currently available for 
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individuals over the age of 60. Additionally some National Health Service (NHS) trusts have also 

adopted a single flexible sigmoidoscopy screening invitation for individuals aged 55 years old 

(source nhs.uk/conditions/bowel-cancer-screening 14.08.18). Efficacy of UK screening programs is 

of course reliant on patient participation, however biennial screening with the FOB test reduces 

patient mortality by approximately 18% with sigmoidoscopy screening allowing the accurate 

detection of early stage and pre-neoplastic lesions (Atkin et al., 2002; Mandel et al., 1999). Despite 

screening programs and awareness campaigns over 50% of colorectal cancers are still diagnosed at 

a late stage of the disease, typically defined as regional or distant metastatic disease (Parikh-Patel et 

al., 2006). Five year survival rates amongst patients are evolving as detection and treatment 

regimens are refined, however they are currently closely linked to the stage at which the initial 

instance of the disease is first diagnosed.Staging is based on the American Joint Committee on 

Cancer tumour-node-metastasis (TNM) system. 

T is determined by the measurement of the invasion of a tumour into the layers of the mucosal 

lining and whether the tumour has effected nearby tissues and organs. N is determined by the 

number of nearby lymph nodes or lymph tissue that the tumour has affected or has spread to. M is 

determined by the metastatic state of the tumour. These are each scored according to severity and 

then combined to give an overall staging of the cancer between 1 and 4 (Lea et al., 2014). Stage 1 

would be defined as a carcinoma in situ with no spread to lymph nodes or distant sites. Stage 4 

would be defined by a tumour that has grown through the boundary of the colon and has affected 

adjacent tissues, this typically includes spread to adjacent lymph nodes and/or distant metastatic 

sites (www.cancerstaging.org 15.08.18). Preferential sites of metastasis beyond regional lymph 

nodes are typically liver, lung, and bone, with advanced metastatic disease also spreading 

throughout the peritoneum and thorax (August et al., 1984; Riihimäki et al., 2016). Five year 

survival prognosis for patients inversely correlates with disease stage at diagnosis, with patients 

diagnosed with stage 1 localized cancer having a five year survival rate of 92%, and patients 

diagnosed with stage 4 metastatic disease having a five year survival rate of 12% (www.cancer.org 

15.08.18). 

Despite the obvious advantages of early stage detection of colorectal cancers, screening and initial 

diagnosis methods have developed little since the 1980s, highlighting the need for further 

understanding of what drives this disease at the molecular level, in the hope that novel clinical 

biomarkers for the early stages of disease and targets for advanced stage therapy can be elucidated. 

 

1.4.2 Molecular mechanisms of colorectal cancer development 

Colorectal cancers can be classified into three groups based on their mechanism of development; 

microsatellite instability (MSI), chromosome instability (CIN), and CpG island methylator 
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phenotype (CIMP) (Armaghany et al., 2012). In their own way, each of these three mechanisms 

contribute to the destabilization of cellular signalling and progression of a potentially debilitating 

and fatal series of tumourigenistic events.  

MSI more commonly occurs in hereditary CRC, and is responsible for only 12% of sporadic cases 

(Armaghany et al., 2012). MSI results from a loss of DNA mismatch repair (MMR) function via 

inherited mutation of a gene involved in the MMR machinery, this causes an increased mutation 

rate, known as a hypermutable phenotype (Boland and Goel, 2010). The result is a lesion that 

rapidly accumulates genetic insults due to faulty repair of DNA replication mistakes in the new 

synthesized nucleotide sequence. Accumulation of these random replication mistakes eventually 

result in indels that affect protein function or transcription, destabilizing cellular homeostasis. 

CIMP is described as a state of global genome hypermethylation, caused by hypermethylation of 

CpG island promoters, in which the transcription of tumour suppressor genes is silenced in 

cancerous tissue, and occurs in approximately 80% of sporadic CRC  (Armaghany et al., 2012; 

Nazemalhosseini Mojarad et al., 2013). Generally levels of genomic methylation positively 

correlated with disease progression, and include significant changes in methylation patterns, 

resulting in remodulation of the epigenome and subsequent gene transcription (el-Deiry et al., 

1991). 

The CIN pathway, also known as the adenoma-carcinoma sequence, is a sequence of predictable 

step-wise genetic changes that result in histological alterations and progression of the disease to the 

next stage. The initial steps of the CIN pathway involve deregulation of the canonical Wnt 

signalling pathway, resulting in increasing amounts of Wnt signalling that drive increased cellular 

proliferation, dedifferentiation, and a stem-like phenotype in colorectal cancer crypts resulting in 

aberrant hyperproliferation and formation of a polyp (Figure 1-3). 
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Figure 1-3 - Diagram of Wnt dysregulation in the colonic crypt leading to aberrant 

hyperproliferation. Renewal of colonic crypt epithelial is driven by controlled 

proliferation of stem cells at the base of the colonic crypt. As cells migrate up towards 

the apex of the crypt they differentiate and loose their ability to proliferate. However 

in colonic crypt cells with activated Wnt signalling they maintain the ability to 

proliferate and form a benign mass of cells that may then progress to malignant 

disease. 

 

Although CRCs can be grouped into these three molecular mechanisms they are not mutually 

exclusive of each other. The majority of cancers exhibit markers of both mutation accumulation 

and remodulation of the epigenome, although the importance of each is tissue-specific (Hao et al., 

2016). Mutation of key cancer genes that act as drivers of the disease in tandem with changes in the 

epigenome to restructure cellular pathways result in the development of the molecular hallmarks of 

cancer (Hanahan and Weinberg, 2011; Yates et al., 2017). As in CRC, many cancers feature both 

mutational events and changes in methylation patterns in order to develop their cancerous 

phenotype, both can be specific to hotspots or disrupt entire chromosomal regions (Easwaran et al., 

2010; Frigola et al., 2006; Jones and Baylin, 2007). In many cancers there are examples of both 

CpG island methylation and genetic mutation effecting the expression or function of a gene such as 

E-Cadherin in breast and prostate cancer (Graff et al., 1995). In CRC the bypass of the Beta-

Catenin destruction complex can be driven my multiple factors, however the mutation or loss of 

Adenomatous polyposis coli (APC) is commonly found in clinical samples as well as in model cell 

lines (Schell et al., 2016). Loss of APC function results in the destabilization of the destruction 
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complex, accumulation of Beta-Catenin and therefore activation of the Wnt signalling pathway. 

Mutation of APC, typically resulting in protein truncation and loss of function, is considered an 

early even in the development of CRC, however hypermethylation of the APC promoter has also 

been found to suppress expression of the gene. These two mechanisms have also been shown to 

function in tandem, with mutation of one allele being complemented by the hypermethylation of 

the second allele, working to the theory of the two hit hypothesis and loss of the functional protein 

(Esteller et al., 2001; Liang et al., 2017).  

 

1.4.3 Canonical Wnt Signalling 

Wnt signalling is involved in the initial embryonic development of the colon and the intestine, and 

is essential to the maintenance of native stem cell populations in the colonic crypts, terminal 

differentiation and migration of the epithelial cells. Aberrant activation of the Wnt signalling 

pathway results in maintenance of the stem cell state in migrating cells and the formation of non-

invasive adenomas and later, carcinomas (Armaghany et al., 2012).  

The canonical Wnt signalling pathway is activated by binding of Wnt ligands to Frizzled 

transmembrane receptors at the plasma membrane, which then recruit scaffold members of the 

Beta-Catenin destruction complex, sequestering them away from the main canonical Wnt signalling 

protein; Beta-Catenin (MacDonald and He, 2012). The Beta-Catenin destruction complex acts as 

the molecular ‘switch’ in canonical Wnt signalling, and controls the amount of ‘free’ Beta-Catenin 

present in the cytosol, a build-up of Beta-Catenin results in activation of Wnt signalling (Figure 

1-4). 

The destruction complex has a number of core proteins, each providing a critical role in the 

regulation of Beta-Catenin. Axin and APC form a scaffold complex, which binds Beta-Catenin, 

Glycogen synthase kinase-3 beta (GSK3β), and Casein Kinase 1-alpha (CK1α). This increases the 

proximity of the kinases to Beta-Catenin, and significantly increases the phosphorylation efficiency 

of Beta-Catenin at conserved residues. CK1α specifically phosphorylates Ser45 of Beta-Catenin, 

which creates a binding consensus sequence for GSK3β which then goes on to sequentially 

phosphorylate Threonine (Thr) 41, Serine (Ser) 37, and Ser33 (Piao et al., 2008; Wu et al., 2009). 

All four of these phosphorylation sites are conserved critical sites, required for effective Beta-

Catenin interaction with the destruction complex. Phosphorylation of Ser37 and Ser33 results in the 

formation of a binding domain for the Beta-transducin repeat containing E3 Ubiquitin protein 

ligase (β-TrCP) (Liu et al., 2002; Winston et al., 1999; Xu et al., 2009). β-TrCP then recruits Cullin 

1 (CUL1) and S-Phase kinase associated protein 1 (SKP1) to form a SKP, Cullin, F-box containing 

complex (SCF complex). The SCF complex then polyubiquitinates Beta-Catenin and targets it for 

proteosomal degradation (Winston et al., 1999; Xu et al., 2009).  
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When Wnt signalling is activated by Wnt ligand binding at Frizzled receptors at the plasma 

membrane, Dishevelled (Dvl) another destruction complex scaffold protein, is sequestered to the 

plasma membrane away from the destruction complex, taking Axin, CK1α, and GSK3β with it 

(Piao et al., 2008; Wu et al., 2009). This results in a lack of formation of the destruction complex 

and therefore a significant reduction in the phosphorylation of Beta-Catenin. The lack of 

phosphorylation at Ser33 and Ser37 means that the binding domain for β-TrCP is not recognized by 

the protein and therefore Beta-Catenin is not polyubiquitinated. The final result is a build up of 

Beta-Catenin in the cytosol which then translocates to the nucleus, resulting in transcription of 

Wnt-target genes, typically with roles in cell proliferation, cell cycle check point control, and 

dedifferentiation (Morin et al., 1997). Although the exact mechanism of Beta-Catenin translocation 

to the nucleus has not be fully characterized, it is thought that Beta-Catenin armadillo repeats form 

a helicoidal structure that allows the protein to bind to a series of nucleoporins in the absence of a 

nuclear localization signal within the protein (Lee et al., 2000). Nucleoporins form the structure of 

the nuclear pore complex, and provide a structured protein channel that traverses the nuclear 

envelope, binding of proteins to nucleoporins facilitates their translocation through the pore 

complex into the nucleus. 

Increased nuclear translocation of Beta-Catenin is a significant feature of invasive intramucosal 

tumours and cellular dedifferentiation, with increased nuclear localization positively correlated 

with CRC progression (Brabletz et al., 2001; Kobayashi et al., 2000; Wong et al., 2004). Nuclear 

localization of Beta-Catenin is independent of APC mutation status, specific to sporadic invasive 

CRC, and is not found in other tumour tissues (Kobayashi et al., 2000; Wong et al., 2004). Its link 

to cellular dedifferentiation and tumour invasion has led to its establishment as a poor prognostic 

factor in clinical CRC tumours (Stanczak et al., 2011). 
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Figure 1-4. Schematic of the Beta-Catenin destruction complex illustrating the changes in 

protein binding following activation of Wnt signalling.  Wnt ‘off’ represents the 

formation of the destruction complex following phosphorylation of Beta-Catenin by 

CK1α at Ser45. Wnt ‘on’ represents the build up of Beta-Catenin protein in the cytosol 

when members of the destruction complex are sequestered at the plasma membrane 

inhibiting their interaction with Beta-Catenin. 

 

1.5 The methylome and proteomic landscape of colorectal cancer. 

The modulation of gene transcription by epigenetic regulatory markers is becoming a critical area 

of importance for investigation in a range of disease pathologies, particularly in cancer. The 

increasing understanding of the contribution and effects of methylation on transcriptional 

regulation has lead to the discovery of global methylation changes in tissues exhibiting cancer 

pathology, typically following the pattern of large areas of hypomethylation interspersed with 

discrete areas of hypermethylation. Although general changes have been observed across a range of 

cancer tissues these changes are often tissue and disease specific, linked to the over expression of 

oncoproteins and the repression of tumour suppressor proteins (Baylin et al., 1986; Feinberg and 

Vogelstein, 1983).  

This report will focus on the disease model of colorectal cancer, as previously outlined above, in 

which patterns of hypermethylation occur in 80% of sporadic disease cases (Armaghany et al., 

2012; Nazemalhosseini Mojarad et al., 2013). Methylation patterns change throughout CRC disease 

progression, and correlate with increasing amounts of global promoter disordered methylation 
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found in these tumours. Although typically global methylation levels increase during CRC 

progression, this is not true of all promoters with methylation changes. 

Several groups have attempted to define CRC subgroups based on promoter methylation status, 

CIMP CRC has been split into two subcatagories, CIMP-high and CIMP-low (Hinoue et al., 2012). 

CIMP-high is associated with the hypermethylation of the DNA methylation repair protein MLH1, 

resulting in transcription repression, these types of tumour are significantly associated with the 

BRAFV600E mutation. The CIMP-low subgroup is associated with KRAS mutations, and typically 

shows hypermethylation of a subset of the genes found in the CIMP-high group (Hinoue et al., 

2012). Although these groups are primarily defined by the mutations present in marker proteins, 

there is evidence that hypermethylation in these tumours occurs at an early stage in the disease and 

is not just a consequence of the accumulation of protein dysregulation and promoter methylation 

(Ibrahim et al., 2011). There is also further evidence to suggest that hypermethylation of gene 

promoters is non-random with hypomethylation of the Wnt driver protein Beta-Catenin, and 

hypermethylation of the tumour suppressor P53 significant features of methylation dysregulated 

tumours (Molnár et al., 2018). 

Following the recognition of the cross-talk between genes and diet in the incidence of CRC, 

analysis of the genomic methylation landscape of CRC patients with a history of obesity, showed 

methylation dysregulation in a significant number of gene associated with inflammation and 

metabolic pathways, indicating the importance of healthy lifestyle and its effect on the digestive 

system (Crujeiras et al., 2019; Dong et al., 2017). As our understanding of CRC methylation 

markers grows the first potential methylation-based prognostic marker of CRC has been discovered 

recently (Gündert et al., 2019). In addition levels of DNA methylation can now be monitored for 

changes during cancer treatment, and based on hypermethylation levels patients with high risks of 

relapse identified (Fouad et al., 2018). 

Genetic markers of CRC are well characterized, and used to group tumours based on their 

genotype, or even their methylation signature, such as will CIMP-high tumours, however these 

grouping have not directly translated into proteomic’s based CRC research. Issues with the 

translation of genomic and transcriptomic data into proteomics level investigations have been well 

documented previously, and stress the importance of considering post-translational modifications 

and regulation when extrapolating DNA and mRNA data into functional protein outcomes. This 

became evident when it was discovered that gene amplification events typical of some classes of 

CRC were not exhibited at the proteome level (Jimenez and Fijneman, 2015). This was further 

evident when clustering analysis of CRC samples resulted in 5 proteomic subclasses of tumours 

that only slightly resembled the genomic-centric subclasses generally accepted. One subclass in 

particular, microsatellite instability tumours, are known to have good long term patient prognosis, 

however proteins dysregulated in the subclass were enriched for molecular functions that are 

typically associated with poor clinical outcome (Jimenez and Fijneman, 2015). This suggests the 
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interpretation of proteomics data in the context of our currently genomic-centric understanding of 

CRC is limited. Tumour heterogeneity in the context of CRC proteomics studies has not yet been 

investigated, however tumour responses to CRC treatments suggest varying responses to treatment 

for cell subpopulations within a tumour, in addition to the specificity of the drugs themselves 

(Kubiniok et al., 2017). Whole proteome analysis of CRC samples suggests proteome-wide 

dysregulation, however particularly high over expression of certain proteins such as heat shock 

protein 60 and 14-3-3β have lead to the validation of potential clinical prognostic markers 

(O’Dwyer et al., 2011). In conjunction with analysis of early stage tumours, pre-malignant tumours 

and advanced adenocarcinoma, nucleoside diphosphate kinase A can now be used as a candidate 

biomarker as part of an ELISA screening project (Álvarez-Chaver et al., 2018).  

Overall understanding of the CRC proteome is limited, with many studies still focusing on 

extrapolating from well known mutation analysis of tissues samples and cell lines, however 

proteomics investigation has highlighted that benign CRC tumours exhibit a shift in metabolism 

away from β-Oxidation towards anaerobic glycolysis as their primary source of energy (Mazzanti 

et al., 2006). Additional apoptosis pathways are found to be dysregulated, this suggests that 

changes at the proteomic level are evident in benign tumors that are preparing to advance to 

metastatic stages. This paves the way for more in depth and focused CRC proteomics studies in an 

effort to detangle the complex signally dysregulation evident in this family of tumours. 

 

1.6 HCT116 cells, a model colorectal cancer cell line. 

HCT116 cells are a human-derived colorectal cancer cell line, one of three cell lines isolated from 

the same primary tumour in a Caucasian male in the 1980’s (Brattain et al., 1981). HCT116 are 

adherent epithelial cells that grow to confluence in tightly packed monolayers, with a doubling time 

of approximately 22 hours. The cells retain their malignant phenotype, as shown by the ability to 

form colonies in non-adherent culture conditions and tumours in nude mice xenograph models 

(Brattain et al., 1981). Genetically the cells have a relatively stable diploid karyotype, which is 

stable through-out numerous passages under experimental culture conditions (Knutsen et al., 2010). 

Like the majority of colorectal tumours, HCT116 cells exhibit defects in the mismatch DNA repair 

pathway, resulting in a microsatellite instability phenotype. This stems from a mutation in codon 

252 of DNA mismatch repair protein MLH1 causing a truncation of the protein and a loss of 

protein function (Boyer et al., 1995; Chang et al., 2000). In addition, the malignant features, such 

as the ability to grow in non-adherent culture models and its reduced cell-cell adhesion ability, 

result from a heterozygous mutation in GTPase KRas (KRAS). The Gly to Asp mutation at residue 

13 results in activation of KRAS, ultimately leading to increased transcription of target genes, cell 

cycle progression, cell survival, and cell migration, knockout of KRAS in HCT116 cell results in 

the loss of these key cancer hallmarks (Shirasawa et al., 1993).  



Chapter 1 

27 

HCT116 cells are a well characterized and studied cell line, easy to maintain over a reasonable 

number of passages as well as a suitable transfection host for genetic manipulation. This cell line 

does not have mutations that affect the primary proteins of investigation in this work, such as the 

members of the DNMT family of proteins, or GSK3a/β (Tate et al., 2019). Dnmt1 and GSK3β both 

interact with the canonical Wnt signaling pathway, via the key signaling protein Beta-Catenin, 

HCT116 cells allow the investigation of Wnt-independent functions of Dnmt1 and GSK3β by 

providing a constitutively active canonical Wnt signaling environment. Beta-Catenin and therefore 

the Wnt signaling pathway is activated in HCT116 cells by a heterozygous in-frame deletion of 

serine 45, which leads to the loss of a key casein kinase 1 alpha phosphorylation target (Morin et 

al., 1997). Phosphorylation of Beta-Catenin at Ser45 is a key step in the formation of the GSK3β 

consensus sequence, without which GSK3β cannot go on to sequentially phosphorylate Thr41, 

Ser37, or Ser33 (Liu et al., 2002). Phosphorylation of these residues recruits the E3 ubiquitin ligase 

β-TrCP and other SCF complex proteins that mediate the ubiquitination and subsequent 

degradation of Beta-Catenin (Winston et al., 1999; Xu et al., 2009). Loss of Ser45 results in failure 

of the SCF complex  to recognize the mutant Beta-Catenin protein, leading to an aberrant build up 

in the cytoplasm and subsequent translocation to the nucleus, whereby Beta-Catenin activates the 

transcription of Wnt target genes (Morin et al., 1997; Winston et al., 1999). 

HCT116 cells were selected as a suitable cell line in which to investigate the Wnt-independent 

functions of Dnmt1 and GSK3β due to their endogenous activated canonical Wnt signaling state, 

thus allowing manipulation of GSK3β and Dnmt1 protein levels without affecting Wnt signaling, a 

pathway found to be mutated or activated in the majority of colorectal tumours (Armaghany et al., 

2012). The diploid karyotype, susceptibility to transfection, and ability to grow from a single cell 

into a colony mean that HCT116 cells are ideal candidates for genetic manipulation studies and 

development of new clonal cell lines. In addition the cells are easy to maintain and express 

abundant levels of endogenous Dnmt1, GSK3β, Beta-Catenin and other proteins of interest. 

 

For a further review of the literature surrounding protein networks please see Appendix
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1.7 Aims and objectives 

 

CRC progression from benign polyp to malignant disease, although driven by a range of factors 

both accumulated, environmental, or inherited is typically characterized by an increase in 

mutational insults together with a general increase in genomic methylation levels and changing 

methylation patterns (el-Deiry et al., 1991). To this end presented here is an investigation of control 

theory-based methods of network perturbation centred on two key proteins in the CRC proteome 

(Tegnér and Björkegren, 2007), the main objectives of which are; 

To generate an inducible, and reversible knockdown model of Dnmt1 to allow analysis of the 

impact of Dnmt1 loss on the functional proteome and identify signalling pathways critical to cell 

survival.  

To use the well characterized Dnmt1 knockdown method of 5-Azacitidine treatment to facilitate 

Dnmt1 knockdown and examine temporal changes that occur in the nuclear-enriched proteome. 

To investigate the nuclear-enriched proteome of the Dnmt1 mutant cell line HCT116-Dnmt1∆3-5, 

and assess its functional affects on cell signalling pathways and resulting phenotypes. 

To analyse the functional proteome of GSK3β, a key member of the Beta-Catenin destruction 

complex and central signalling protein in Wnt signalling and to understand how these changes 

impact the functional phenotype of a novel knockout colorectal cancer cell line. 
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Chapter 2 A novel inducible knockdown approach to 

investigate Dnmt1 protein-protein interaction 

networks.  

2.1 Abstract 

Dnmt1 is a vital component in the cell to maintain the cellular levels of genomic methylation, 

complete loss of Dnmt1 activity results in rapid cell growth arrest and apoptosis. The criticality of 

Dnmt1 therefore renders most knockdown methods incompatible when investigating Dnmt1 

interaction partners, as methods that take a long period of time, or lead to a complete loss of 

functional Dnmt1 activity will render the model unusable. Stable genomic epitope tagging of 

proteins in cell lines has long been a method that allows the easy identification and isolation of 

protein at endogenous levels. The development of Cluster regularly interspaced short palindromic 

repeats (CRISPR) technology allows the targeted introduction of such inserts into the genomic 

DNA in a specific and controlled manner.  

In this chapter, we attempted to develop a stable, inducible Dnmt1 knockdown cell line using 

CRISPR-Cas techniques to insert an auxin inducible (AID) tag into the endogenous Dnmt1 gene in 

TIR1-expressing HCT116-derived cell line.We transduced HCT116 colorectal cancer cells with a 

TIR1 lentiviral vector and confirmed TIR1 mRNA expression using reverse transcriptase 

generation of cDNA followed by PCR using TIR1-specific primers. We then designed a CRISPR-

Cas guide vector to be complementary to the Dnmt1 target site and upstream of the genomic NGG 

protospacer adjacent motif. This was designed in tandem with a Dnmt1 repair construct containing 

the AID and FLAG epitope tag insertion sequence, both sequences were then cloned into their 

respective vectors and transfected using Lipofectamine™ transfection protocols into TIR1-

expressing HCT116 cells. Following transfection, cells were placed under puromycin antibiotic 

selection and then assessed for DNMT1-FLAG-AID insertion using PCR amplification of cDNA, 

the results of which were negative. Issues with amplifying across the AID insert have been reported 

previously in a collaborating lab, therefore we attempted to ascertain genomic insertion of the 

DNMT1-FLAG-AID construct by genomic PCR of using primer pairs from within the AID insert, 

these results were also negative. In order to rule out low DNMT1-FLAG-AID expression levels 

within a mixed cell culture population, cells were isolated to produce clonal cell lines and again 

assessed by genomic amplification for insertion of the DNMT1-FLAG-AID construct, the results 

of which were negative. Follow up of two clonal cell lines that produced anomalous genomic PCR 
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bands with PCR and sequencing of the amplified product showed that the DNMT1-FLAG-AID 

construct had failed to insert into the endogenous Dnmt1 gene. 
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2.2 Introduction 

2.2.1 Dnmt1 knockdown experimental models. 

Dnmt1 is responsible for the maintenance of genomic methylation primarily at CpG islands, it 

conserves transcription repression of target genes, in tandem with DNMT3b, and serves to maintain 

cellular homeostasis (Rhee et al., 2002). Complete loss of functional Dnmt1, even in the presence 

of functional DNMT3b, has been found to induce cell cycle growth arrest in G2/M as a result of 

reduced CpG island methylation, and ultimately lead to cell death within 4 passages if this 

checkpoint is escaped (Brown and Robertson, 2007; Chen et al., 2007a; Lei et al., 1996; Rhee et al., 

2002). The inability to completely knockout functional endogenous Dnmt1 in a living organism has 

resulted in experimental investigation with knockdown models and epitope-tagged transiently 

expressed proteins (Chang, 2006). However, due to the downstream roles of Dnmt1 on DNA 

methylation, investigation of immediate protein protein interactions, which can be affected within a 

short time-frame, is often confounded by the resulting downstream effects. This is of particular 

concern when using RNA-based knockdown methods that are effective at reducing protein levels, 

but take a period of days to reach their optimal effectiveness (Weiss et al., 2007).  

Knockdown methods such as siRNA act by supressing proteins at the transcript levels, resulting in 

a period where the transcript levels are reduced but there is still viable protein present in the cell, 

the length of this period depends on the half-life of the protein and its turn-over time within the 

cell. Gradual depletion of Dnmt1 by small interfering RNA (siRNA) results in a loss of transcript 

after 24 hours, and a similar level of cellular protein loss after 48 hours (Robert et al., 2003). 

Disruption of Dnmt1 protein however can result in significant loss of genomic methylation after 24 

hours (Hagemann et al., 2011a). Meaning that by the point of total protein knockdown, the 

downstream genome methylation status of the cell has already been affected.  

Because of this sliding-scale and lengthy knockdown mechanism, experiments that use RNA-based 

knockdown methods to deplete proteins usually quantitate protein levels and investigate knock-on 

effects 48 to 92 hours after transduction of siRNA. Using these knockdown methods to investigate 

the protein-protein interactions of Dnmt1 would be unsuitable, as the length of time taken to 

completely deplete levels of proteins in the cell would also result in changes in genomic 

methylation, and therefore gene transcription. These epigenetic changes would therefore confound 

the results of protein-protein interaction investigations, making this method unsuitable for the 

investigation of protein-protein interaction partners of Dnmt1 (Clements et al., 2012; Zhou et al., 

2015). 



Chapter 2 

33 

2.2.2 Integrating a degradation tag into a stable cell line as an alternative knockdown 

method.  

As stable knockout and suitable knockdown models are not available for Dnmt1, the creation of a 

stable cell line with a molecular ‘switch’ linked to Dnmt1protein levels would be a powerful tool to 

further understand the immediate effects of Dnmt1protein loss as well as the longer-term effects.  

An auxin-inducible degradation (AID) site is a molecular tag found in plant cells that mediates 

ubiquitination and proteosomal degradation of target proteins by the SCF E3 ubiquitin ligase in the 

presence of the plant hormone auxin (Nishimura et al., 2009). High levels of SKP1 conservation 

allow the same principles to be applied in mammalian cells that lack the auxin response and 

degradation tags but share the same SCF degradation pathway. This conservation allows the 

introduction of the plant F-box protein Transport inhibitor response 1 (TIR1), which can present 

proteins marked for degradation to the human SKP1 when in the presence of the plant hormone 

auxin (Holland et al., 2012; Nishimura et al., 2009). Allowing human proteins with an inserted AID 

tag to be selectively and specifically degraded at the protein level, reducing their half-life in as little 

as 9 minutes (Holland et al., 2012). The selective, inducible degradation at the protein level means 

that upon removal of auxin from the growth media, existing normal transcript levels result in the 

synthesis and detection of new protein in as little as 10 minutes (Holland et al., 2012). This 

specific, rapid and reversible method of protein degradation in a stable cell line would allow the 

investigation of immediate changes in protein interaction partners of Dnmt1in the cell, and rapid 

reversal of protein levels will allow the survival of cells and investigation of Dnmt1 in various 

protein signalling networks within a colorectal cancer environment.  

2.2.3 Adapting an adaptive method of bacterial immunity for sequence specific 

cleavage. 

The success of AID protein degradation is reliant on the specific and exact integration of the AID 

sequence into the target gene of interest. One novel, and increasingly used method to specifically 

introduce sequences of interest into genomic DNA, is by utilising a mechanism of adaptive 

immunity found in the genome of prokaryotes (Mali et al., 2013) 

Clustered regularly interspaced short palindromic repeats (CRISPR) sequences are composed of 

species-specific, short repeated sequences, of between twenty-five and fifty base pairs (Bolotin et 

al., 2005). These repeat sequences are then separated by a ‘spacer’, sequences of twenty-five to 

forty nucleotides of sequestered foreign DNA from invading species that act as genetic memory 

against viral invaders that the cell has encountered previously (Hale et al., 2009; Mali et al., 2013).  

Spacers are then transcribed into guide RNA, which directly and specifically targets the invading 

genome for homology-dependent cleavage and degradation (Brouns et al., 2008; Hale et al., 2009; 
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Mali et al., 2013). Targeted cleavage is mediated by members of the CRISPR associated (Cas) gene 

family, a large and diverse group of proteins that is predicted to have at least forty-five distinct sub 

families that play essential roles in Cas-mediated immunological systems (Rath et al., 2015; S. 

Makarova et al., 2011). Found adjacent to the CRISPR loci, these genes mediate the ‘spacer’ 

adaptation to invading viruses, the expression and maturation of the guide RNA, and the 

interference of the genome of the invading virus. Once the guide RNA is mature it specifically 

targets the complementary strand of the foreign DNA and sequesters an effector complex of Cas 

proteins that acts as an endonuclease to induce sequence-specific cleavage (Gasiunas et al., 2012; 

Mali et al., 2013). This halts the proliferation and dissemination of invading genetic elements 

within the organism (Gasiunas et al., 2012). It is this specific targeting and accurate sequence 

cleavage that lends the CRISPR-Cas mechanism to genetic manipulation of cell lines. 

 

2.2.4 CRISPR-Cas9 as a genomic editing tool. 

On the same basis that guide RNAs target CRISPR associated protein 9 (Cas9) to foreign viral 

DNA, guide strands, complementary to a target sequence within the human genome, can be 

engineered to induce a Cas9-mediated double strand break within a target gene. This guide strand is 

typically 20 nucleotides long and sits adjacent to the Cas9 sequence within a plasmid vector, once 

in the cell the Cas9 nuclease is guided to the target sequence by Watson-Crick base pairing of the 

guide strands to the genomic sequence. The Cas9 nuclease then creates a double strand break in the 

target sequence that must be repaired by the host cell before progression of the cell cycle (Ran et 

al., 2013).  

Double strand breaks (DSBs) are repaired by one of two mechanisms, non-homologous end joining 

(NHEJ) where the two strands are simply ligated back together, or homology-directed repair 

(HDR), where a template is used as reference to repair the strand (Cong et al., 2013). NHEJ is 

typically error-prone, creating frame-shift mutations and loss of function of the allele, CRIPSR-

Cas9 has been used in this way to create deletion libraries for screening, and knockout model 

organisms (Shalem et al., 2014). HDR of CRISPR-Cas9 DSBs can be utilized to insert a sequence 

or epitope tag of interest into a target gene, with the use of an engineered repair template (Cong et 

al., 2013). The host cells HDR machinery will then repair the DSB using the repair template and 

thus introduce the required sequence at the target site. This chapter describes the utilization of the 

CRISPR-Cas9 mechanism to insert an AID into the final exon of Dnmt1, along with a single FLAG 

tag to facilitate efficient purification of the modified protein.  
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Figure 2-1 - Schematic of the exon structure and protein domain structure of Dnmt1. Final exon, 

C-terminal site of DNMT1-FLAG-AID insert is highlighted by arrows. The protein 

domain structure indicates key domains and corresponding residues through out the 

protein, including the conserved catalytic site (1,226) within the DNA methylase 

domain. 

The guide Dnmt1-specific vector is designed to target Cas9 cleavage to Dnmt1 between positions 

4983 and 4963 of the final exon, 292 bases before the end of the gene. This will ensure that no 

protein interaction binding sites are affected, and the crucial catalytic domain of the protein 

remains intact. The remaining C-terminal of the protein does not have a known conserved function 

or important role to play in the overall structure of the protein, as shown by previous research 

showing successful integration of epitope tags into a functional protein at the C-terminus (Du et al., 

2010a). The gBlock® gene fragment repair construct (IDT) that is designed to insert the AID and 

FLAG tags into the Cas9 cleavage site will then act as a repair template for HDR repair, guided by 

Dnmt1 homology arms to the Cas9 cleavage site.  

  



Chapter 2 

36 

 

2.3 Methods 

2.3.1 Cell culture and maintenance of colorectal cancer cell lines. 

All cell lines were maintained in T25 Corning culture flasks (Sigma), with 5ml of McCoys 5A 

culture medium (Gibco) supplemented with 10% Fetal bovine serum (FBS) (Gibco) and 1% 

Penicillin/Streptomycin (PenStrep) (Gibco). To avoid cell stress, all reagents were warmed to 37oC. 

Cultures were maintained in 5% CO2 at 37oC and passaged twice weekly. For passaging, cells were 

disassociated from flask following washing with warm Dulbecco’s Phosphate-buffered saline 

(DPBS) (Gibco) using 0.5ml of warm TrypLE Express enzyme 1X (ThermoFisher Scientific), and 

incubated for five to ten minutes. Disassociated cells were then centrifuged at 500 x g for five 

minutes before reconstitution in warm McCoys 5A (Gibco) medium before seeding a tenth of the 

culture population in a fresh culture flask. For cell culture experiments, cells were seeded in six 

well culture plates. For consistent seeding, 20µl of the disassociated cell suspension was combined 

with 20µl of trypan blue vital stain (Gibco), 10µl was then added to a chamber of a 

haemocytometer (Neubauer improved). Live cells were then counted in each of the 1mm2 squares 

using a light microscope (EVOS XL, ThermoFisher Scientific), and the average number recorded. 

Cells per µl was calculated using the following equation: Cells per µl = average cell count x 2 

(dilution factor) x 10 (chamber volume). For all cell culture experiments, 3 x 105 cells were seeded 

in Corning 6 well plates (Sigma) and cultured in 2ml of complete McCoys 5A medium (Gibco). 

 

2.3.2  Generation of TIR1-containing lentivirus vectors. 

One million HEK293 FT cells were plated per well in a 6 well culture plate (Corning) and 

transfected 2 hours post-seeding with a 4-2-1 ratio of Plasmid: gagpol:TIR1-vsvg using 

polyethyleneimine (3ug:1ug DNA) in 100µl serum-free DMEM (LifeTech). Cells were transfected 

overnight, and media was replaced the following morning with 2ml DMEM, 10%FCS, and 5% 

PenStrep. Cells were incubated for a further 24 hours before lentiviral-containing media was 

removed, filtered through a 0.45µm filter and lentiviral-containing media was stored at -80oC until 

required. 
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2.3.3 Transduction of HCT116 cells with TIR1-containing lentivirus. 

1 x 105 HCT116 cells were plated per well in a 6 well culture plate (Corning). Once adhered   

culture medium was removed and replaced with TIR1-lentiviral particles diluted in media (500µl 

viral media, 1.5ml DMEM, 10% FCS, 5% PenStrep, 8µg Polybrene (Sigma)). Cells were incubated 

with virus-containing media (virus titre was not calculated) overnight and then grown for a further 

24 hours in fresh culture medium (DMEM, 10% FCS, 5% PenStep).  Stable cell lines were selected 

with puromycin (2µg/ml) over a period of five days.  

 

2.3.4 Cloning of CRISPR vectors for the introduction of a FLAG tag and AID site in 

endogenous Dnmt1. 

Dnmt1 guide oligonucleotides were designed to be 23bp in length to guide the Cas9 nuclease to the 

target genomic sequence upstream of the intended repair site within the final exon of Dnmt1. Guide 

oligonucleotides were reconstituted in Tris/EDTA (TE) buffer to make a final working solution of 

100µM, these were then incubated at 37oC for 10 minutes.  

Guide oligonucleotides were then annealed and phosphorylated using 100nM of each oligo 

(Forward (Fw) and Reverse (Rv)), 1µl of 10x T4 ligation buffer (Fermentas), 0.5µl of PNK ligase 

(Fermentas) in a total reaction volume of 10µl. Reaction was carried out in a PCR tube and placed 

in a thermocycler (Techne 3Prime) at 37oC for 30 minutes and 95oC for 5 minutes. 

Oligonucleotides were then diluted 1µl in 250µl of dH2O and 1µl of the diluted oligonucleotides 

were ligated into 1µl pre-digested pSpCas9-(BB)-2A-Puro plasmid, with 5µl of 2x Rapid ligation 

buffer (Promega) and 1µl ligase (3µg/µl) (Promega) in a total reaction volume of 10µl. The 

reaction was incubated at room temperature for 45 minutes and then DH5A competent E.coli cells 

were transformed, selected, and plasmid purified – see 2.3.5 

GBlock® was received from Integrated DNA Technologies (IDT) and reconstituted in 20µl of TE 

buffer and then incubated at 37oC for 10 minutes to make a working solution of 10ng/µl. 14µl of 

gBlock DNA was then digested using BamH1 (0.5µl) and Xho1 (0.5µl) restriction enzymes in 

buffer 3 (BioRad), with a total reaction volume of 50µl. Reaction was incubated for 2 hours at 37oC 

and then diluted in 250µl of phosphate buffer (PB) (5M GuHCl, 30% Isopropanol). The mixture 

was then transferred to a spin column and centrifuged briefly at 16,000 x g (Eppendorf 5415R 

microcentrifuge, Fisher Scientific). The flow-through was discarded and 750µl of wash buffer 

added to the spin column, then centrifuged briefly at 16,000 x g. The flow through was discarded 

and the column membrane dried by centrifugation at 16,000 x g for 2 minutes at room temperature 

(Eppendorf 5415R microcentrifuge, Fisher Scientific). DNA was eluted using 30µl of 18.2Ω dH2O 

incubated at room temperature for 1 minute and centrifuged for 1 minute at 9,000 x g (Eppendorf 
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5415R microcentrifuge, Fisher Scientific). 3µl digested gBlock was then ligated into 1µl pcDNA3 

Xho1/BamH1 pre-cut plasmid using 1µl of ligase (promega), and 5µl ligation buffer (Promega). 

The reaction was then incubated at room temperature for 15 minutes and added to 95µl of DH5A 

competent E.coli cells. 

 

2.3.5 Transformation of DH5A E.coli cells and extraction of plamid DNA. 

DH5A competent E. coli cells were transformed on ice for 30 minutes and then heat-shocked at 

42oC for 90 seconds, before immediately being returned to ice for 2 minutes. 1ml of Lysogeny 

broth (LB) media was added to the cell mix and culture was incubated at 37oC for 45 minutes on 

shaker. Cells were then centrifuged at 5,000 x g for 2 minutes, media removed and then 

reconstituted in 100µl of fresh LB media. Culture mix was then added to LB agar plates 

supplemented with ampicillin and cultured overnight at 37oC. Cultured single colonies were 

selected and grown further in 8ml of LB media overnight at 37oC in the presence of ampicillin. The 

next day cultures were centrifuged at 1,500 x g, for 15 minutes, at 4oC, and media discarded. Cells 

were reconstituted in 500µl P1 suspension buffer and transferred to a 2ml microcentrifuge tube 

with the addition of 500µl of P2 lysis buffer. Tubes were incubated at room temperature for a 

maximum of 5 minutes and then 600µl of neutralisation buffer was added, followed by 

centrifugation at 16,000 x g, for 10 minutes at room temperature. The supernatant was then loaded 

into a spin column and centrifuged 16,000 x g briefly, and the flow through discarded. This step 

was repeated as necessary.  

600µl of PB wash buffer was added to the spin column and then centrifuges at 16,000 x g briefly, 

and the flow-through discarded. 750µl of PE buffer was added to the column and then briefly 

centrifuged at 16,000 x g and the flow through discarded. The column was then centrifuged for 2 

minutes at 16,000 x g at room temperature and then 50µl of 5mM Tris pH8.5 added to the spin 

column, which was then incubated at room temperature for 1 minutes before elution by 

centrifugation at 16,000 x g for 2 minutes.  

Resulting construct sequences were checked by sequencing (Eurofins genomics EU) to confirm 

that insertion of oligonucleotide guides (gCas9) or gBlock repair template (DNMT1-FLAG-AID) 

into the plasmid vectors had been successful. Oligonucleotide gCas9 plasmids were sequenced with 

the U6 primer, and DNMT1-FLAG-AID plasmids were sequenced with both the T7 Fw and SP6 

Rv primers (Table 2-1). The resulting sequence-correct plasmids (Figure 2-2 and Figure 2-3) were 

then stored at -20oC until transfection of TIR1-HCT116 cells.  
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2.3.6 Transfect and selection of HCT116 cells for Cas9-mediated insertion of DNMT1-

FLAG-AID. 

TIR1-HCT116 cells were transfected with 1µg of gCas9 plasmid and 3µg of the DNMT1-FLAG-

AID repair construct using Lipofectamine 3000 (Thermo) according to the manufacturer’s product 

protocol; 

1µg of gCas9 plasmid and 3µg of the DNMT1-FLAG-AID repair construct, 1µg of GFP control 

plasmid, or PBS control were added to 250µl of Opt-MEM™Medium and 10µl of P3000™ 

Reagent in a microcentrifuge tube. In a separated microcentrifuge tube, 125µl of Opt-MEM™ 

Medium was added to 3.75 µl Lipofectamine™ 3000 reagent. The plasmid mixture and 

Lipofectamine™ 3000 reagent mixture were then combined and mixed thoroughly before 

incubated at room temperature for 15 minutes. Following incubation, the complete transfection 

mixture was added to one well of a 6 well plate of HCT116 cells at 70-80% confluence. Cells were 

cultured in the transfection-supplemented media for 48 hours, at which point culture media was 

changed and transfection efficiency was assessed using fluorescence microscopy for GFP control 

plasmid.  

Cells were allowed to recover from transfection for 48 hours, after which culture medium was 

supplemented with 1ng/ml puromycin antibiotic to allow selection for the successful transfection of 

the gCas9 plasmid. Cells were grown under puromycin selection for 4 days, after which they were 

allowed to recover to 70-80% confluence. 

 

2.3.7 Generation of a clonal TIR1 and DNMT1-FLAG-AID expression cell line. 

Puromycin-selected cell cultures of DNMT1-FLAG-AID transfects were detached from culture 

plates using TrypLE™ Express Enzyme 1x (Thermo) and counted (see 2.3.1 for details). Cells 

were seeded one cell per well (1 cell per 200µl of media) into a Corning 96 well plate (Sigma) and 

incubated at 37oC, 5% CO2, for a minimum of 6 days before wells were examined for single cell-

derived colonies. Single cell colonies were passaged (see 2.3.1 for details) 11-15 days after seeding 

into Corning 12 well plates (Sigma). At 80% confluence these cultures were passaged again into 

quadruplicate, the first for extraction of genomic DNA, a second for TRIzol extraction of mRNA, a 

third for Radioimmunoprecipitation assay buffer (RIPA) extraction of whole cell protein lysates, 

and a forth for cryogenic storage of the cell stock. 
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2.3.8 Extraction of RNA 

Cells were cultured in Corning 12 well plates (Sigma) until 75-80% confluent under conditions 

described in 2.3.1. Cells were washed twice with 0.5ml of warm DPBS (Gibco) and then 250l of 

TRIzol® reagent (Promega) was added to the monolayer.  

Total mRNA was then extracted according to the manufactures protocol; 

Cells were lysed with repeated pipetting and then transferred to a 1.5ml microcentrifuge tube 

(Sigma) and incubated at room temperature for five minutes. 50l of 100% chloroform was added 

and tube shaken vigorously for thirty seconds at room temperature, the mixture was them incubated 

for a further three minutes at room temperature. TRIzol/chloroform solution was then centrifuged 

at 12,000 x g, 4oC (Eppendorf 5415R microcentrifuge, Fisher Scientific), for fifteen minutes and 

then the aqueous phase transferred to a fresh 1.5ml microcentrifuge tube (Sigma). 175l of 100% 

isopropanol (Fisher Scientific) was added to the aqueous phase and incubated at room temperature 

for ten minutes before centrifugation at 12,000 x g, 4oC, for ten minutes (Eppendorf 5415R 

microcentrifuge, Fisher Scientific). The supernatant was then removed, and the pellet briefly 

agitated with 250l of 75% ethanol (Fisher Scientific) before centrifugation at 7,500 x g, 4oC 

(Eppendorf 5415R microcentrifuge, Fisher Scientific), for fifteen minutes. The ethanol was then 

discarded and the pellet left to air dry in a fume hood for ten minutes, after which the RNA was re-

suspended in 15ul of pure RNase-free water (ThermoFisher Scientific) and incubated at 55oC for 

fifteen minutes in a heat block (Benchmark). Resulting RNA suspension was then quantified using 

a NanoDrop (Thermo scientific) and stored at -80oC until use. 

 

2.3.9 Reverse transcription reaction of RNA to cDNA.  

1g of RNA was reverse transcribed into cDNA using AMV reverse transcriptase (Promega) and a 

thermocycler (Techne 3Prime) according to manufactures instructions. Samples were then stored 

until use at -80oC. See Table 2-2 for thermocycler reverse transcription reaction program 

specifications. 

 

2.3.10 Polymerase chain reaction (PCR).  

Polymerase chain reaction was carried out using a thermocycler (Techne 3Prime) and GoTaq 

polymerase (Promega) according to manufacturers and reagent protocols. Sequence specific 

primers were used to determine the expression of WT Dnmt1 and Dnmt1including the FLAG-AID 

insert with site-specific primers  (Table 2-4 and Figure 2-4). PCR reactions were carried out at 
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primer-specific specifications and GoTaq polymerase (Promega) suggested protocols (Table 2-3). 

Amplified DNA was then run on a 0.8% agarose gel supplemented with 0.002% of Gel Red 

(ThermoFisher Scientific) at 80 volts for 90 minutes. Gel was then imaged using G:BOX Ef 

imaging system (Syngene) and analysed using SnapGene software. 

 

 

 

 

Figure 2-2. gDNMT1 pspCas9(BB)-2A-Puro guide vector for targeting of Cas9 to Dnmt1. 

(gCas9). Plasmid contrusct containing guide oligonucleotides specific to Dnmt1used 

to target Cas9 cleavage to genomic Dnmt1. 
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Figure 2-3. pcDNA3 DNMT1-FLAG-AID. Repair construct containing FLAG and AID tags 

flanked by Dnmt1 homology arms. Complete plasmid construct with Dnmt1 

homology arms that facilitates the integration of AID into genomic Dnmt1. 

 

 

 

Figure 2-4. Diagram of insert template with primer locations. Schematic detailing primer 

locations used to identify AID inserts in genomic Dnmt1. Dnmt1 homology arms 

match genomic Dnmt1 sequence to facilitate integration of FLAG-AID insert at 

Dnmt1 homology sites. Correct inserts will only be detected using RV1140 AID 

reverse primer due to its specificity to the AID insert. 
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Table 2-1. Sequencing primers for CRISPR-Cas9 cloning confirmation. 

Primer name Sequence Supplied by; 

U6 5'-GGG CAG GAA GAG GGC CTA T-3' IDT 

T7 Fw 5'-TAA TAC GAC TCA CTA TAG GG-3' IDT 

SP6 Rv 5'-TAC GAT TTA GGT GAC ACT ATA G-3' IDT 

 

Table 2-2. Reverse transcriptase reaction thermocycler specifications. 

Step Temperature (oC) Duration (minutes) 

1 18 10 

2 42 15 

3 95 5 

4 0 5 

 

Table 2-3. PCR thermocycler program specifications. 

Step Stage Temperature 

(oC) 

Time 

1 Initial denaturation 95 1 min 15 secs 

2 Denature 95 45 secs 

3 Annealing See Table 2-4 1 min 

4 Extension 73 1min 

Repeat steps 2-4 for 30 cycles 

5 Final extension 73 4 min 
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Table 2-4. Sequence-specific primers used in PCR. 

Gene target Sequence Annealing 

temperature 

(oC) 

Product size 

(bp) 

Fw left 

arm 

5’ – GTCCATGTCTGTTACTCGCC - 3’ 

  

52 456 

(WT Dnmt1) 

Rv right 

arm 

5’ – ATCACGAATACCCACCCAGG - 3’ 1164 

(Dnmt1with 

AID insert) 

Fw 

upstream 

intron 

5’ – GGGTGTCCACATCAGGCATT - 3’ 55 772 

Rv 1140 

AID 

5’ – GAGCCACTGTATCTCCACCG – 3’ 55 

TIR1 Forward: 

5’-AAAATGAAGTGGAGGATCGAGGGC -3’ 

Reverse: 

5-AGGAGAAGCATCCCAGAATCCAGA-3’ 

55 341 
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2.4 Results 

2.4.1 Confirmation of TIR1 gene in TIR1-HCT116 cells. 

 

Figure 2-5. Genomic PCR of TIR1-HCT116 cells gifted from the Divecha lab with TIR1-

specific primers (Table 2-4) N=3. 10 µl of PCR product was run on a 0.8% agarose 

gel for 90 mins (80 volts) then imaged. PCR product bands at approximately 300bp 

indicate insertion of TIR1 into genomic DNA. +ve is TIR1 plasmid control. –ve is 

negative control PCR (empty plasmid vector). 

Genomic DNA extraction and subsequent PCR analysis with TIR1 primers (Figure 2-5) show an 

amplified product of approximately 341bp in both the TIR1-HCT116 cell line sample and the 

positive plasmid control (1257 pBabe neo TIR1). This indicates that there is genomic TIR1 present 

within the cell line. 
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2.4.2 Confirmation of TIR1 expression in TIR-HCT116 cells.  

 

 

Figure 2-6. TIR1 expression confirmation in TIR1-HCT116 cells by PCR of cDNA with TIR1 

specific primers. N=3. To confirm TIR1 expression mRNA was extracted, converted 

to cDNA by reverse transcriptase reaction then TIR1 amplified by sequence specific 

primers (Table 2-4). 10 µl of PCR products were then run on a 0.8% agarose gel, 90 

mins, 80 volts. A PCR product band at approximately 300bp indicates TIR1 

expression, +ve was TIR1-containing plasmid construct. For original uncut gel that 

this figured is derived from please see Figure 6-1. 

RNA extraction and subsequent PCR analysis of the resulting cDNA using sequence specific 

primers to TIR1 indicate that TIR1 is expressed in the HCT116 cell lines received from the Divecha 

lab. A band of approximately 341bp in both the cDNA sample and the PCR resulting from the TIR1 

plasmid construct (1257-pBabe-neo-TIR1) indicates that there is RNA in the cell line that is 

sequence-specifically amplified by the TIR1 primers. This band was then extracted and the PCR 

product purified (PCR gel extraction protocol (Macherey Nagel)) before sequencing (Eurofins 

Genomics EU) with the TIR1 primers (Table 2-4), which showed that the amplified fragment 

sequence was identical to the TIR1 plasmid construct sequence.  
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2.4.3 CRISPR targeting and insertion of FLAG-AID tag in Dnmt1. 

 

Figure 2-7. PCR of cDNA for DNMT1-FLAG-AID/Cas9 construct in puromycin selected 

colony. N=3. mRNA was extracted from cells, converted to cDNA using reverse 

transcriptase reaction, and amplified by sequence specific primers for AID insert. PCR 

products were then run on a 0.8% agarose gel, 90 mins, 80 volts. A PCR product band 

at approximately 1200bp indicates AID expression, +ve was AID-DNMT1 containing 

plasmid construct. –ve (cells transfected with empty plasmid vector). 

Following recovery from Puromycin selection, transfects were passaged into duplicate T25 flasks, 

one of which progressed to single cell seeding the other underwent RNA extraction and the 

resulting cDNA investigated for DNMT1-FLAG-AID expression using PCR with Fw left arm and 

Rv right arm primers (Table 2-4 and Figure 2-7) Figure 2-7 shows that there is a clear band at the 

expected 1164bp size (TIR1-AID-HCT116), approximately the same size as the positive control 

DNMT1-FLAG-AID repair construct (+ve). Indicating that the DNMT1-FLAG-AID insert is 

expressed in this colony of heterogenous TIR1-HCT116 transfects. This band was also sent for 

sequencing using the DNMT1-FLAG-AID primers, which showed that the amplified fragment 

matched the repair construct exactly. The signal evident in the negative control (-ve) land shows 

unspecific amplification of the empty plasmid vector control that occurred occasionally within 

these samples, this amplification product had previously been sent for sequencing and was shown 

not to contain any DNMT1-FLAG-AID construct-specific sequence. The primers identified a band 

at approximately 456bp and not at 1164bp in the TIR1-HCT116 and HCT116 cell lines, indicating 

that these cell lines only express the WT Dnmt1 protein, as expected of the untransformed cells. 
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Figure 2-8. Genomic DNA PCR using Fw left arm and Rv right arm primers to identify insert 

of DNMT1-FLAG-AID. N=3. Genomic DNA was extracted from cells and 

amplified by sequence specific primers for DNMT1-AID. PCR products were then 

run on a 0.8% agarose gel, 90 mins, 80 volts. A PCR product band at approximately 

300bp indicates WT Dnmt1 expression, +ve is DNMT1-FLAG-AID-containing 

plasmid construct following PCR with Fw and Rv primers. –ve (cells transfected with 

empty plasmid vector) 

Figure 2-8 shows that upon PCR of genomic DNA extracted from DNMT1-FLAG-AID cells and 

amplified using a primer pair specific to the homology arms of the repair template, only the 

DNMT1-FLAG-AID plasmid template itself showed an amplified product of 1164bp, and the other 

cells lines showed an amplified product of approximately 456bp indicating the presence of a WT 

Dnmt1 gene. This would suggest that the band shown in Figure 2-8 is the product of residual 

DNMT1-FLAG-AID plasmid DNA within the cell following transfection, as both primers are 

found within the plasmid and the cells used for the genomic DNA extraction had been passaged a 

greater number of times since transfection had occurred. As this was done due to time constraints at 

a later date, transfected cells had already been seeded for clonal selection, and another lab using the 

same techniques had reported mixed results with PCR amplification of the insert with the 

transfected cell line. Therefore, DNA was extracted from the resulting clonal cell lines and PCR 

using the same primer pair specific to the DNMT1-FLAG-AID insert homology arms used for 

sequence identification. 
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2.4.4 Creation of a clonal homozygous FLAG-AID tagged cell line. 

 

Figure 2-9. PCR of DNA for DNMT1-FLAG-AID insert in clonal cell lines using Fw left arm 

and Rv right arm primers – expected band of 1164bp for successfully inserted 

DNMT1-FLAG-AID. N=3. DNA was extracted following clonal selection of cells and 

amplified by sequence specific primers for DNMT1-AID-FLAG insert. Lane 54 

negative control (cells transfected with empty plasmid vector). Lane 55/56 positive 

control (plasmid construct containing AID insert) with PCR band with an expected 

size of approximately 1200bp. Lane 56 contast inverted to improve image clarity 

(image faint due to faulty imager light source). For sample details, see table 2-5. 

PCR of genomic DNA with left and right arm Dnmt1 primers shows that all but two cell lines show 

a band at approximately 456bp, this indicates that they do not contain FLAG-AID inserts in Dnmt1 

(Figure 2-9). The positive control (lane 55/56) for the PCR reaction shows amplification of a band 

at the expected 1146bp, indicating that the reaction conditions and primers were optimal for the 

amplification of the desired product. Although there were no bands in the cell line samples of a size 

matching the positive control, there were two samples with results that did show differences 

compared to their counterparts.  

Cell line 1D5 (lane 4 Figure 2-9), showed a PCR product larger than the expected WT Dnmt1 band 

of 456bp, potentially indicating an insertion of DNA had occurred at the target site within Dnmt1 

due to CRISPR Cas ligation and insertion of material from the transfected GBlock® plasmid. 

However, the small increase in size of the PCR product suggested that it did not contain the full 

insert of the AID and FLAG tag region. The might suggest a partial insertion of the AID/FLAG 

region into the Dnmt1 gene. This band was therefore purified from the agarose gel (Macherey 

Nagel) and sent for sequencing with the Dnmt1 native primers (Table 2-4) the results show that the 

band is composed of two different sequences, indicating two differing alleles. The sequencing 

partially matches the DNMT1-FLAG-AID insert, although does not span the entire sequence of the 
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repair construct, suggesting a partial insert of the construct as the cause of the increase in PCR band 

size.  

Cell line 2C8 (lane 16 Figure 2-9) on the other hand did not show a band at all, the primers used in 

this experiment were designed to amplify a product for both WT Dnmt1 (456bp) and the successful 

DNMT1-FLAG-AID insertion (1146bp) as the primers were designed based on the Dnmt1 final 

exon portion of the DNMT1-FLAG-AID repair template. The lack of a band in this cell line would 

suggest the loss of these regions in the final exon of Dnmt1, observation of the cell line did not 

suggest any growth or morphological related changes that might indicate a complete loss of Dnmt1.  

Problems with amplifying across the AID insert have previously been encounted (Nullin Divecha, 

pers.comm), to investigate this issue, cDNA was amplified using a reverse primer (Rv 1140 AID), 

which is located within the AID insert itself, paired with a forward primer designed to have 

sequence homology with the intron preceding the final exon of the gene (Fw upstream intron) 

(Figure 2-4). This pair of primers were designed to amplify the integrated DNMT1-FLAG-AID tag 

specifically in the genomic DNA of the cell line and produce a product of approximately 772bp in 

size. Cells without the DNMT1-FLAG-AID insert would not produce an amplified product. 

However due to the design of the experiment, and the unsuccessful integration of an AID tag into a 

stable cell line previously within our lab, there was no positive control for this particular reaction. 
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Table 2-5. Clonal DNMT1-FLAG-AID cell lines on PCR gel in Figure 2-9 

Lane Number Sample name Lane Number Sample name 

1 1A4 29 3B9 

2 1C3 30 3C1 

3 1C10 31 3C7 

4 1D5 32 3D10 

5 1D6 34 3F1 

6 1E7 35 3F2 

7 1D8 34 3F3 

8 1F2 35 3F10 

9 1F9 36 3G4 

10 1H8 37 3G10 

11 1H9 38 3H5 

12 2A7 39 3H7 

13 2B3 40 3H10 

14 2B8 41 4A6 

15 2C3 42 4B3 

16 2C8 43 4B8 

17 2D2 44 4B9 

18 2E2 45 4B11 

19 2E5 46 4C3 

20 2F6 47 4C5 

21 2F7 48 4E11 

22 2F10 49 4G4 

23 2F11 50 4G10 

24 2G1 51 4G12 

25 2H5 52 4F7 

26 2H10 53 HCT116 

27 2H11 54 Negative control 

28 3B3 55/56 DNMT1-FLAG-AID plasmid 
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Figure 2-10. PCR of genomic DNA using primers Fw upstream intron and Rv 1140 AID 

primers. Expected product size of 772bp for successful insert. N=3. DNA was 

extracted following clonal selection of cells and amplified by sequence specific 

primers for DNMT1-FLAG-AID insert. PCR products were then run on a 0.8% 

agarose gel, 90 mins, 80 volts. Cells transfected with an empty vector were used as 

negative control (-ve). DNMT1-FLAG-AID-containing plasmid construct was used as 

primer test. 

 

 

Figure 2-10 shows that using the pair of primers (FW upstream intron and Rv 1140 AID) designed 

to identify successfully integrated FLAG-AID insert with the genome there was no successful 

amplification of a product of any size. Indicating that there was no integration of the repair 

template into the genome of the TIR1-HCT116 cells. However, as mentioned previously, there is 

no positive control for this primer pair, as an AID tag has not been successfully integrated into 

Dnmt1 previously. 

Despite this, the lack of an amplified product in the TIR1-AID-HCT116 lane of Figure 2-10 would 

suggest that the reason the AID did not insert into the genome is due to a deficiency in the Cas9 site 

recognition and cutting of the genomic DNA. The repair template comprising of the AID, FLAG 

tag and Dnmt1 homology arms, was sequenced before use, and determined to be sequence perfect, 

suggesting that if there had been successful nicking of the DNA at the correct site then insertion of 

the repair template would have occurred. 
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HCT116 cells are diploid and do not have any known abnormalities to chromosome 19p, where 

Dnmt1 is located indicating that the genome of HCT116 cells is not known to be particularly 

abnormal at the site surrounding Dnmt1 that might inhibit CRISPR-mediated genomic 

manipulation (Kleivi et al., 2004; Knutsen et al., 2010).  

Although homologous recombination in mammalian cells is a rare event, HCT116 cells have been 

shown to have a 6.4% targeting integration into the genome using homologous recombination 

(Miyagawa et al., 2002). Therefore, if the Cas9 Dnmt1 guides were specific and successful at 

cutting the Dnmt1 genomic sequence as designed, there would be a successful integration of at 

least part of the repair template in approximately 6.4% of cells. This would have been shown by the 

PCR of the genomic DNA with the Fw left arm and the Rv right arm primers, which were designed 

to be at either end of the repair template insert in order to identify an insert of any size, as both 

these forward and reverse primers also match the WT genomic sequence of Dnmt1. Figure 2-8 does 

not show any other bands of differing sizes, which would suggest that the Cas9 failed to cut at the 

Dnmt1 target site at all. 

2.5 Discussion and future work  

Dnmt1 is a critical maintenance DNA methyltransferase, with knockout of Dnmt1 resulting in 

embryonic lethality in organism models and cell cycle arrest followed by cell death in in vitro cell 

line models (Chen et al., 2002; Lei et al., 1996; Rhee et al., 2002; Robertson, 2001). As a result, 

experimental investigations of Dnmt1 have focused on knockdown methods, with particular focus 

on its function as a DNA methyltransferase.  

 

Presented here is an attempt to generate an inducible knockdown cell line, which would allow the 

specific and rapid degradation of Dnmt1 protein upon treatment with the plant hormone auxin. 

Insertion of TIR1 and an auxin-inducible degradation tag into Dnmt1 that would facilitate the 

targeting of the protein for proteosomal degradation by a modified SCF complex, facilitates the 

rapid and reversible degradation of Dnmt1 protein in an experimentally controlled manner. The 

advantages of this include the application of control theory to the knockdown experiment by 

utilizing cell line consistency, with the experimental control left untreated, to act as the isogenic 

control, in addition to rapid knockdown of protein abundance that eludes other knockdown 

technologies such as RNAi (Weiss et al., 2007). Additionally, the initiation of Dnmt1 degradation 

is reversible upon removal of auxin from the growth medium, allowing the accumulation of newly 

synthesized protein and the reversal of AID-induced degradation effects on Dnmt1 and the wider 

proteome, resulting in the opportunity to investigate any long term effects of Dnmt1 degradation on 

the proteome. Generation of a stable HCT116-derived cell line expressing TIR1 via lentiviral 

transduction was successful, however integration of an AID site into Dnmt1 by Cas9 was 
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unsuccessful due to lack of Dnmt1 -specific cleavage by Cas9. The difficulties surrounding this 

methodology are derived from the size of the AID insert into the Dnmt1 gene and the accuracy and 

efficiency with which the Cas9 enzyme creates DNA double strand breaks that are then repaired by 

NHEJ processes creating indels in the genomic sequence. Future attempts to generate an AID-

tagged Dnmt1 gene would benefit from the utilization of modified Cas9 enzymes, such as the 

Cas9D10A nickase, which uses two separate sgRNA guides that result in single strand cleavage of 

the DNA producing complementary overhangs on adjacent DNA strand. This facilitates accurate 

repair of the cleaved DNA reducing the occurrence of indels as a result of the DNA repair process, 

and increased the integration efficiency of the insert (Chiang et al., 2016). In addition, screening of 

several different sets of sgRNAs to allow optimization of the site specific Cas9 cleavage of Dnmt1 

would also increase the efficiency and targeting of the gene for AID insertion. 

AID-mediated degradation has been utilised previously to study the reversible and rapid 

degradation of proteins that are critical to cell viability such as Dnmt1 (Papagiannakis et al., 2017). 

Generation of an AID-tagged Dnmt1 would therefore be a powerful tool with which to study the 

rapid and efficient knockdown of Dnmt1, in a controlled, reversible cell system. 
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Chapter 3 Chemical knockdown of Dnmt1 by 5-

Azacitidine induced degradation. 

3.1 Abstract 

DNA methyltransferase 1 (Dnmt1) is the primary maintenance methyltransferase in the human cell, 

responsible for replicating methylation markers on newly synthesised DNA at the replication fork, 

as a result Dnmt1 is a critical protein in the cell and there are no Dnmt1 knockout models, attention 

has therefore turned to knockdown techniques.  

One such method is the degradation of Dnmt1 protein by 5-Azacitidine, a nucleoside analog 

capable of integrating into DNA and trapping Dnmt1 at the replication fork, resulting in Dnmt1 

degradation. 5-Azacitidine degradation of Dnmt1 has been shown to change global methylation 

patterns and result in a significant reduction in CpG methylation levels, although Dnmt1 has 

functions independent of its DNA methyltransferase ability.  

Presented here is an experimental knockdown of Dnmt1 protein in a colorectal cancer model, a 

malignancy known to exhibit increased DNA methylation and Dnmt1 protein levels that correlate 

with disease progression, in an effort to further understand the effects of Dnmt1 degradation and 

additional effects of 5-Azacitidine in a solid tumour model.  

Shown here is a calibration of dose and dynamics of 5-Azacitidine treatment to reduce cytotoxic 

effects on the cell, followed by quantitative proteomic analysis of the nuclear-enriched proteome 

following Dnmt1 degradation. A number of protein signalling networks were dysregulated in 

response to 5-Azacitidine treatment, in addition to key binding partners of Dnmt1, such as Uhrf1 

and Bromodomain-containing protein 2 (BRD2). Further investigation of Dnmt1 knockdown on the 

effect of Uhrf1 protein abundance indicates that 5-Azacitidine elicits a distinct effect on Uhrf1 

protein abundance, independent of its effect on Dnmt1.  

5-Azayctidine treatment results in effects distinct from that induced by RNA knockdown of Dnmt1, 

indicating a wider range of effects on the proteome in addition to its Dnmt1-dependent effects. 

Once calibrated to reduce cytotoxic effects, 5-Azacitidine has been shown to be a useful tool with 

which to investigate its effects on the wider cellular signalling network. The use of epigenetic 

remodulators to investigate the roles of epigenetic markers in genome architecture and 

transcriptome regulation is a thriving field of research, with the effects of these modulators on the 

epigenome becoming more familiar. Here we highlight the wider implications of 5-Azacitidine, a 

clinical epigenetic remodulator, on the cellular proteome, and identify wide-reaching and specific 

responses on the functional proteome and protein signalling networks. 
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3.2 Introduction 

Dnmt1 is the primary maintenance DNA methyltransferase in the cell, responsible for maintaining 

methylation markers on DNA by binding to sites of hemimethylated DNA at the replication fork 

and effectively copying over the methylation footprint from the parent strand of DNA to the 

daughter strand. Loss of genomic methylation markers results in loss of transcriptional regulation 

and cell death in vitro, it is therefore without surprise that knockout of Dnmt1 induces rapid cell 

death at an embryonic cell stage, in undifferentiated embryonic stem cells, and in stable cell line 

models (Lei et al., 1996; Liao et al., 2015). This severely restricts the study of knockout models of 

Dnmt1 in in vivo environments. RNA-mediated knockdown of Dnmt1 although effective, 

typically requires a prolonged time period between initiation of the knockdown and experimental 

assessment of the outcome. This is driven by the mechanism of RNA knockdown whereby 

translation of the newly synthesised protein is inhibited which is followed by a period of delay in 

which existing protein in the cell is turned over until depleted, mediated by the proteins’ half-life 

(Weiss et al., 2007).  As a result RNA-mediated knockdown methods require up to 96 hours in 

which to optimally suppress the protein level within a cell. With regards to Dnmt1, reduced protein 

levels result in changes in genomic methylation patterns within hours of initial knockdown, as a 

result immediate effects of Dnmt1 protein loss on the proteome and protein signalling networks 

cannot be assessed independently of its downstream methyltransferase function using RNA 

knockdown methods.  

Investigation of reduced Dnmt1 protein levels on the proteome and protein signalling networks 

independent of changes in genomic methylation patterns requires a rapid and effective degradation 

of the protein, reducing the ‘noise’ that results from genomic methylation changes (Hagemann et 

al., 2011a). Here we present an effective and rapid chemical knockdown method of degrading 

existing Dnmt1 protein without the need for inhibiting translation of the protein. This method 

occurs over an effect period of hours and results in a significant decrease in Dnmt1 protein levels 

in the cell. Maximal degradation of the protein is also sustainable in cells over a longer period of 72 

hours, allowing for the investigation and comparison of the effects of Dnmt1 protein degradation 

immediately after protein knockdown as well as a result of prolonged protein degradation and 

downstream effects. 5-Azacitidine, a nucleoside analog frequently used in the clinic to treat 

haematological malignancies, is used to rapid degrade Dnmt1 protein levels, giving a detailed 

insight into the temporal effects of this widely used drug on the nuclear proteome. 
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3.2.1 5-Azacitidine a nucleotide analog capable of eliciting rapid degradation of Dnmt1 

protein. 

5-Azacitidine is an azanucleoside, a chemical analogue of cytosine, one of the key building blocks 

of DNA (Figure 3-1) (Pískala and Šorm, 1964). Once in the cell 5-Azacitidine is converted to the 

monophosphorylated nucleotide by uridine-cytidine kinase, and then to the diphosphorylated form 

by cytosine nucleotide monophosphate kinase. 5-Azacitidine diphosphate can then be further 

metabolised to either target DNA or RNA. If reduced by ribonucleotide reductase, and then further 

phosphorylated by nucleoside-diphosphate kinase, 5-aza-2’deoxycytidine triphosphate can then be 

incorporated into DNA as a substitute for cytosine. Alternatively, 5-Azacitidine diphosphate can be 

phosphorylated to 5-Azacitidine triphosphate which can be incorporated into RNA as a substitute 

for cytidine (Stresemann and Lyko, 2008). 

 

Figure 3-1- Biochemical structure of Cytidine, 5-Methyl-Cytidine and 5-Azacitidine. The 

biochemical structure of 5-Azacitidine incorporates a nitrogen atom where a carbon 

atom is usually found in the 5 position in the sugar ring of cytidine. It is this carbon 5 

atom that is methylated by Dnmt1. 

5-aza-2’deoxycytidine triphosphate incorporation into DNA occurs in a replication dependent 

manner, acting as a replacement for the DNA base cytosine allowing it to interfere with DNA 

methylation mechanisms also occurring at the replication fork. 5-aza-2’deoxycytidine triphosphate 

is recognised as a natural substrate by the cellular machinery and this therefore not recognised as an 

error or mistake in the genetic replication process, replication mechanisms therefore continue as 

normal. The resulting azacytosine-guanine dinucleotides are recognized by DNMTs as 

hemimethylated substrates and the methylation reaction is initiated by covalent binding of Dnmt1 

to the carbon 6 atom of the cytosine ring (Stresemann and Lyko, 2008). Upon Dnmt1 binding to the 

cytosine-guanine dinucleotide this 6 carbon covalent bond is usually broken by a carbon 5 beta-

elimination reaction, however the carbon 5 atom is replaced by a nitrogen in the structure of 
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Azacytosine. Once this bond is formed, Dnmt1 cannot donate its methyl group to the Azacytosine-

guanine dinucleotide, and the enzyme remains bound at the replication fork (Figure 3-2). 

 

Figure 3-2 - Mechanisms of cytidine methylation and trapping of Dnmt1 by azacitidine. 

A) The mechanism of Dnmt1-mediated methylation of cytidine, Dnmt1 adds the 

methyl group to the cytidine sugar ring via covalent enzymic reaction and then the 

enzyme is released by beta-elimination reaction. B) Dnmt1 cannot donate its methyl 

group to azacitidine due to the presence of a nitrogen atom in the carbon 5 position 

of the sugar ring, Dnmt1 is therefore trapped on the DNA and is targeted for 

degradation. 

3.2.2 Initiation of DNA repair mechanisms and Dnmt degradation. 

Although the specific mechanism of 5-Azacitidine-induced Dnmt1 degradation has not thus far 

been elucidated there are indications that Dnmt1 is degraded proteosomally in a ubiquitin-

dependent manner (Ghoshal et al., 2005a). Normal homeostasis of Dnmt1 protein levels is 

controlled by post-translational modifications (PTMs), primarily by ubiquitin targeting of the 

protein for proteasomal degradation (Ghoshal et al., 2005; Patel et al., 2010). There are currently 

several PTM-based mechanisms known to be involved in the maintenance and ubiquitination of 

Dnmt1 at the replication fork.  

 

Two principle interaction partners of Dnmt1, are also involved in the stability and ubiquitination-

mediated degradation of the protein that work together in a dynamic protein complex of self-

regulation. Ubiquitin carboxyl-terminal hydrolase 7 (Usp7) is a de-ubiquitinating enzyme shown to 
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form a complex with both Dnmt1 and Uhrf1 in vivo (Qin et al., 2011). Usp7 maintains the 

deubiquitination of the C-terminal of Dnmt1, between amino acids 524 and 629, as well as the 

deubiquitination of Uhrf1. In the absence of Usp7 binding, Dnmt1 is ubiquitinated by Uhrf1, 

thereby tagging it for proteasomal degradation. 

 

A novel interaction that influences the degradation of Dnmt1 is its methylation status at lysine 142 

(Lys142), which when the protein is in its active form, is maintained in an unmethylated state by 

Lysine demethylase 1A (LSD1) (Leng et al., 2018). Ubiquitin tagging of Dnmt1 is initiated by 

methylation of Lys142 by SET domain containing lysine methyltransferase 7 (SET7). Upon this 

residue-specific methylation, Lethal(3) malignant brain tumour-like protein 3 (L3MBTL3) a 

histone methyl-lysine binding protein recruits the ubiquitin E3 ligase Cullin 4 (CUL4A/B) to DNA 

via its substrate specific subunit protein DDB1 and CUL4 associated factor 5 (DCAF5). This 

CUL4DCAF5 ubiquitin E3 ligase complex then polyubiquitinates Dnmt1, targeting it for proteasomal 

degradation (Leng et al., 2018). This method of Dnmt1 degradation is endogenously cell cycle 

controlled, mainly occurring during the later stages of S phase, following DNA replication (Leng et 

al., 2018).  

The exact mechanism by which Dnmt1 is targeted for proteasomal degradation in response to 5-

Azacitidine is not currently known, however the rapid time period over which Dnmt1 protein is 

degraded would suggest that this targeting pathway is independent of the cell cycle S phase 

transition which sees Dnmt1 targeted for degradation by SET7. 

3.2.3 The effect of 5-Azacitidine on patterns of CpG island methylation.  

Clinical efficacy of 5-Azacitidine treatment has been linked to its ability to initiate the re-

expression of genes by hypomethylating aberrantly suppressed gene promoters. Tumour suppressor 

gene (TSG) expression can be perturbed by multiple mechanisms, the most recognized being 

mutation of the protein coding DNA resulting in the deletion or loss of activity of a protein. 

However suppressing the transcriptional process of a gene via modulation of transcription factor 

access to gene promoters is already a method that is used by tissues to repress and express genes at 

controlled times during development (Fulka et al., 2004). Methylation has been shown to be a key 

regulator of gene transcription via hypermethylation of CpG islands situated in the region of the 

gene promoter resulting in inaccessibility of the transcriptional start site to transcription factors, 

and aberrant formation of heterochromatin via interaction with histone deacetylases (Nan et al., 

1998).  

Hypermethylation of CpG islands has been discovered as a key factor in the repression of TSGs in 

CRC. Approximately 70% of all gene promoters contain regions of CpG islands thought to mediate 

their transcription, with more genes being effected by CpG methylation changes than genomic 
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sequence mutations in clinical cases of CRC (Qi and Ding, 2017; Schuebel et al., 2007). Treatment 

with 5-Azacitidine has been shown to reverse hypermethylation effects and result in re-expression 

of target genes that is both specific and reproducible at clinically relevant concentrations 

(Hagemann et al., 2011a). 5-Azacitidine degradation of Dnmt1 protein results in the demethylation 

of methylated CG nucleotides in both CpG island promoters as well as in other CG-rich genomic 

regions, showing target specificity in CRC cells to demethylate TSGs (Hagemann et al., 2011a).  

3.2.4 5-Azacitidine as a clinical DNA demethylation treatment in a haematological 

malignancies and solid tumours. 

5-Azacitidine is currently approved as part of a treatment regimen for blood malignancies, 

particularly high-risk myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML).  

MDS is a collection of hematologic illnesses defined by abnormal cell maturation, chronic 

cytopenia, and risk of relapse. Long term patient prognosis is frequently poor, and the majority of 

patients die as a consequence of bone marrow failure. The treatment of this condition is further 

complicated by the typically advanced age of patients at diagnosis (>65), preventing aggressive 

treatment regimens due to the risk of morbidity from complications or side effects. 5-Azacitdine 

and its analog decitabine, which is also metabolised to the active DNA integrating substrate 5-aza-

2’deoxycytidine triphosphate, are typically used as low-intensity treatments that improves the 

patients’ quality of life, and survival time. Typical treatment regimens include subcutaneous or 

intravenous administration of 75mg/m2/day of 5-Azacitidine for 7 days, every 28 days (Kobayashi 

et al., 2018; Ramos et al., 2015; Silverman et al., 2006, 2002). 5-Azacitidine improved the median 

time to death or transformation to AML from 13 months to 21 months, of those patients that 

experienced progression to AML, their survival time with treatment increased from 11 months to 

18 months, which was accompanied with a major improvement in quality of life (Silverman et al., 

2002). In younger patients (<65), 5-Azacitidine treatment resulted in a larger increase in median 

survival time of 24.5 months compared to 15 months, further 50.8% of the treatment cohort were 

still alive at 2 years of follow up compared to 26% of the control group (Fenaux et al., 2009). 

Initial investigations into the toxicity of 5-Azacitidine as a treatment for solid tumour malignancy 

showed that the initial phase 1 clinical trial doses were highly toxic to patients, with side-effects 

ranging from severe nausea to cerebral haemorrhage and death. Although slow intra venous 

infusion of 5-Azacitidine reduced these side-effects the response was variable between 

malignancies and indeed between patients, resulting in the discontinuation of studies and 5-

Azacitidine as a treatment option for solid tumour malignancies in the 1970s (Quagliana et al., 

1977; Weiss et al., 1977). Typical clinical trial design at that time determined the maximum 

tolerated dose of the trial compound and then proceeded to measure the response to that dose, 

however since then better understanding of drug mechanisms and toxicity have resulted in de-

escalation of drug concentrations in an effort to balance the maximum effect of the compound with 
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the minimal toxic side-effects (Issa, 2005). Treatment with high doses of 5-Azacitidine induces 

DNA damage responses and cell cycle checkpoint signalling, as a result patients exhibit severe 

side-effects and 5-Azacitidine dose not achieve the DNA demethylation outcome that its 

mechanism of action denotes. Lower dose treatment however reduces toxicity and side-effects 

experienced by patients as well as improves the demethylation efficacy of the drug. This resulted in 

the standard treatment dose of 75mg/m2/day of 5-Azacitidine administered intravenously for the 

treatment of MDS that elicits a 23% response rate in patients (Kobayashi et al., 2018).  

 

As the understanding of the importance of DNA methylation changes in solid tumours grows there 

has been renewed interest in DNA methylation inhibitor compounds, 5-Azacitidine included. A 

meta-analysis of 5-Azacitidine treatment of a range of solid tumours shows that response rates vary 

widely between tumour type, but show moderate success in breast, pancreatic and colorectal 

cancers with response rates between 34-36% with a dose of 5-Azacitidine that is comparable to that 

used for the treatment of MDS (Cowan et al., 2010). For context response rates of breast cancer to 

the treatment of choice, docetaxel is 41% and CRC response to the clinical standard regimen of 

Oxaliplatin, fluorouracil and folinic acid (FOLFOX) is 45% (Katsumata et al., 2009; Meyerhardt 

and Mayer, 2005). To achieve the optimal response rate, regimens for the treatment of solid 

tumours using DNA demethylating agents must be lengthened compared to those used in the 

treatment of MDS, presumably due to intravenous administration of 5-Azacitidine into the 

bloodstream which is the primary site of haematological malignancy, having to exert its effect on 

another secondary solid tissue. Treatment of solid tumours by low dose 5-Azacitidine results in 

genomic methylation changes comparable to that seen in haematological malignancies treated with 

the same regimen. Resulting in demethylation of gene promoters and subsequence re-expression of 

genes such as cell maturation markers and G2/M cell cycle checkpoint genes, the loss of which are 

indicators of poor prognosis (Tsai et al., 2012).  

 

5-Azacitidine is not currently approved for the treatment of solid tumour malignancies due to better 

response rates shown by current standard therapy regimens, however research into combination 

therapy is currently ongoing. Epigenetic combination therapy with histone deacetylase (HDAC) 

inhibitors has been shown to increase efficacy of 5-Azacitidine in culture models, on the basis of 

retaining areas of uncondensed chromatin and transcriptionally active DNA, in tandem with the 

ablation of transcriptional repression via promoter hypermethylation. HDAC inhibitors alone show 

limited ability to induce re-expression of TSGs that are typically silenced in malignancy, however 

when used in conjunction with one another 5-Azacitidine and HDAC inhibitors have been shown to 

increase DNA accessibly and re-expression of TSGs (Cameron et al., 1999). This discovery in the 

late 1990’s opened the door for increasing interest in combined HDAC inhibitor and 5-Azacitidine 

treatment in both haematological malignancies and solid tumours. In addition to re-expression of 
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TSGs and a significant reduction in hypermethylation of gene promoters, models indicated reduced 

cell proliferation, growth, colony forming ability and survival in xenograft models (Cameron et al., 

1999; Min et al., 2017). Clinical trials of combined 5-Azacitidine and HDAC inhibitor treatment 

show that even in advanced solid tumour malignancies, transcriptionally repressed TSGs linked to 

poor prognosis can be re-expressed resulting in increased response rate and prognosis (Garcia-

Manero et al., 2007; Juergens et al., 2011). Continued investigations of 5-Azacitidine and HDAC 

inhibitor combination treatments in a range of malignancies highlight the importance of DNA 

methylation changes in understanding tumourigenesis and epigenetic drivers of disease.  

3.2.5 Research perspective of 5-Azacitidine demethylation.  

5-Azacitidine is typically used in a research capacity to understand the role of genomic methylation 

changes in cancer models, and how hypermethylation and subsequence demethylation of promoters 

can drive tumorigenesis and treatment response respectively. In vivo culture models suffer from the 

same toxicity issues as clinical trials with high doses (>5µM) of 5-Azacitidine eliciting cell toxicity 

and cell cycle arrest (Palii et al., 2008). Treatment with 5-Azacitidine results in a dose-dependent 

induction of DNA damage in the form of double strand breaks, and eventually cell death potentially 

from the irreversible integration of 5-Azacitidine into the DNA and its subsequent effects on 

protein signalling (Palii et al., 2008). Once 5-Azacitidine concentration is optimized for the 

research model, typically 0.5-1µM, cells are treated once and then genomic methylation levels are 

analysed either via gene targeted methods or by genome-wide methylation quantitation. 5-

Azacitidine induces a time-dependent degradation of DNMTs which correlates to a parallel 

decrease in genome-wide and promoter-specific methylation levels. Depending on dose 

concentration used levels of DNMTs are first noticeably reduced following 6 hours of treatment, 

with a 25% reduction in genome methylation levels following 8-10 hours of treatment (Hagemann 

et al., 2011a). Reductions in DNA methylation levels typically peak following 24 hours of 

treatment with cells exhibiting re-expression of previously silenced genes (Hagemann et al., 2011a; 

Tobiasson et al., 2017). As a result of the protracted treatment time needed for 5-Azacitidine to 

elicit its modulatory effects on gene expression, cell methylation changes and gene transcription are 

typically assessed at time points longer that 24 hours post-treatment. 72 and 96 hour assessments of 

methylation show efficient genome-wide changes in CpG methylation patterns and 

hypomethylation of gene promoters (Ghanim et al., 2012; Hollenbach et al., 2010). Changes in 

these methylation patterns are unique to 5-Azacitidine treatment, even compared to its analog 

decitabine, however the effects the downstream methylation effects of 5-Azacitidine are 

compounded by a significant decrease in cell viability resulting from cell cycle arrest and activation 

of DNA damage response pathways, resulting is no proliferation activity of cultured cells following 

96 hours of treatment (Hagemann et al., 2011a; Karahoca and Momparler, 2013). 
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The delay between significant Dnmt1 protein degradation and the transcriptional effects of 

downstream methylation changes presents a window of opportunity in which to study the effects of 

5-Azacitidine and Dnmt1 degradation on the functional proteome, independent of the downstream 

transcription effects elicited by remodulation of genomic methylation markers (Hagemann et al., 

2011a).  

Shown here is the optimization of 5-Azacitidine treatment of HCT116 cells based on dose-

dependent, and time-dependent Dnmt1 degradation rates. The effects of 5-Azacitidine on cell 

viability were assessed and a concentration and time points selected within the context of 

previously published literature defining the effects of this demethylating compound on genomic 

methylation levels. This protocol consisted of an ‘early’ degradation time point of 10 hours, and a 

‘late’ time point of 48 hours with a treatment dose of 1µM. This protocol was chosen to examine 

maximum degradation of Dnmt1 at both time points, with minimal effects on cell viability. 

This treatment protocol was then used in combination with quantitative proteomic analysis of 

nuclear-enriched samples to analyse the degradation profiles of proteins in response to 5-

Azacitidine treatment following degradation of Dnmt1. Protein degradation profiles at 10 hours and 

48 hours were then comparatively analysed and dysregulated pathways identified in the context of 

the downstream methylation changes previously reported in the literature following prolonged 

treatment with 5-Azacitidine. 
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3.3 Results of proteomic analysis of 5-Azacitidine-induced 

degradation profiles in HCT116 cells.  

Results of this chapter have been submitted to the Journal of Proteomics on 20.09.18. 
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ABSTRACT DNA methylation is a critical epigenetic modification that is established and 

maintained across the genome by DNA methyltransferase enzymes (Dnmts). Altered 

patterns of DNA methylation are a frequent occurrence in many tumour genomes, and 

inhibitors of Dnmts have become important epigenetic drugs. Azacytidine is a cytidine 

analog that is incorporated into DNA and induces specific inhibition and proteasomal-

mediated degradation of Dnmts. The downstream effects of Azacytidine on CpG 

methylation and on gene-transcription have been widely studied in many systems, but how 

Azacytidine impacts the proteome is not well understood. In addition, with its specific 

ability to induce rapid degradation of Dnmts (in particular the primary maintenance DNA 

methyltransferase, Dnmt1), it may be employed as a specific chemical knock-down for 

investigating the Dnmt1-associated functional or physical interactome. In this study, we 

use quantitative proteomics to analyze the degradation profile of proteins in the nuclear 

proteome of cells treated with Azacytidine. We identify specific proteins as well as 

multiple pathways and processes that are impacted by Azacytidine. The Dnmt1 interaction 

partner, Uhrf1, exhibits significant Azacytidine-induced degradation, and this Azacytidine-

induced degradation is independent of the levels of Dnmt1 protein. We identify multiple 

other chromatin- and epigenetic-associated factors, including the Bromodomain-containing 

transcriptional regulator, Brd2. We show that Azacytidine induces highly specific 

perturbations of the Dnmt1-associated proteome, and whilst interaction partners such as 

Uhrf1 are sensitive to Azacytidine, others such as the Dnmt1 interaction partner and 

stability regulator, Usp7, are not. In summary, we have conducted the first comprehensive 

proteomic analysis of the Azacytidine-sensitive nuclear proteome, and we show how 5-

azacitdine can be used as a specific probe to explore Dnmt and chromatin related protein 

networks.  
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Introduction 

Patterns of DNA methylation, a key epigenetic marker across the eukaryotic genome, are 

established and maintained by the DNA methyltransferase proteins (Dnmts) which catalyse 

the addition of methyl groups to cytosine (at CpG dinucleotides) from S-adenosyl-

methionine. CpG methylation is broadly distributed throughout vertebrate genomes, and 

typically 80% of these residues are methylated. The exception to this are CpG islands, 

dense clusters of CpG sequences that typically remain unmethylated, and that are 

associated with the majority of gene promoters (Jaenisch and Bird, 2003). All Dnmt 

proteins consist of a C-terminal catalytic domain which catalyses the transfer of the methyl 

group, and an N-terminal regulatory region that undergoes diverse protein-protein 

interactions to regulate Dnmt activity (Qin et al., 2011a). DNA Methyltransferase 1 

(Dnmt1) is the principal DNA methyltransferase in eukaryotic cells, preferentially 

methylating hemi-methylated CpG sites to replicate patterns of methylation after DNA 

replication (Jaenisch and Bird, 2003). Although Dnmt1 is the primary catalyst of DNA 

methylation, other proteins such as Uhrf1 (Ubiquitin-like with PHD and Ring Finger 

Domains 1) interact with Dnmt1 (Berkyurek et al., 2014) and serve to target Dnmt1 

towards CpG methylation sites by binding hemi-methylated sites cooperatively with 

Dnmt1 (Liu et al., 2013). 

 

Alteration of Dnmt1 activity and patterns of CpG methylation are frequently observed in 

many different cancers and hyper-methylation of CpG islands may lead to transcriptional 

repression, a mechanism through which cancer cells silence tumour suppressor genes 

(Agrawal et al., 2007). Re-activation of silenced genes is an important avenue for cancer 

therapy and several cytosine analogs have been identified (Gnyszka et al., 2013) including 

Azacytidine, shown to specifically inhibit Dnmt1 inducing demethylation of hyper-

methylated regions with concomitant re-expression of silenced genes. Mechanism of action 
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studies have showed that Azacytidine causes Dnmt1 to be trapped in the nucleus 

(Schermelleh et al., 2005a) . In the presence of Azacytidine, Dnmt1 is not released 

following transfer of the methyl group and instead forms a covalent adduct with the 

associated DNA that results in proteasomal-mediated degradation of Dnmt1 in the nucleus 

(Ghoshal et al., 2005b).  

 

Although mechanistic studies have shown Dnmt1 is degraded in Azacytidine-treated 

cells, there has been little attention on the effects of Azacytidine on the wider proteome. 

Previous proteomic analysis of the effects of Azacytidine have used whole cell proteomic 

analysis and focused on the cytotoxic effects of Azacytidine (Ilyas et al., 2015)  or for the 

identification of pathways to optimize clinical usage of Azacytidine (Romano et al., 2017). 

Using Azacytidine as a chemical knockdown agent for degradation of Dnmt1, we aimed to 

characterize nuclear Dnmt1-associated proteins and protein networks that are sensitive to 

Azacytidine-mediated degradation. We first measured the effects of Azacytidine dosages 

on Dnmt1 protein abundance across a time-course, and then used this to conduct a 

systematic quantitative proteomic analysis of the nuclear proteome of 5-azactidine treated-

cells, with the goal of identifying proteins and protein networks that are perturbed in 

response to Azacytidine treatment and Azacytidine-induced degradation of Dnmt1. We 

identify proteins, including multiple chromatin and epigenetic regulators such as Uhrf1 that 

are specifically degraded by Azacytidine. We show that Uhrf1 and associated chromatin-

modification factors are sensitive to Azacytidine and that their degradation is not 

associated with knock-down of Dnmt1 per se (through RNAi) but is a specific effect of 

Azacytidine degradation. 
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MATERIALS AND METHODS 

Cell culture, azacitidine treatment and cell viability analysis. 

Colorectal cancer cell lines HCT116 were regularly maintained in McCoy-5A media 

(Life Technologies, 16600-108, Carlsbad, CA) containing 10% fetal bovine serum (Life 

Technologies, 10438-026, Carlsbad, CA) and 1% streptomycin-penicillin (Life 

Technologies, 15140-148, Carlsbad, CA) at 37°C in CO2 incubator (5% CO2, 100% H2O). 

Cells were washed with warm PBS and then cells were detached using TrypLE express 1X 

(ThermoFisher). Detached cells were then washed with ice cold PBS, and lysed according 

to the following protocols. Cells were seeded 24 hours prior to replacement of standard 

growth media with growth media supplemented with 1M Azacytidine (Sigma 5-

Azacitidine, A2385). Treated cells were then grown in Azacytidine supplemented media 

for the time periods described, at which point media was removed, cells were washed with 

warm PBS and then detached using TrypLE express 1X (Thermo Fisher). Detached cells 

were then washed with ice cold PBS, and lysed according to the following protocols. Cell 

viability was assayed as follows. 5 x 10x3 HCT116 cells were seeded in each well of a 96 

well plate and treated at the described time points with 1M Azacytidine, 10M  

Azacytidine, or PBS control supplemented growth media. Following completion of the 

time course, spent media was removed and assessed for cell cytotoxicity, and replaced with 

fresh growth media. For quantification a viable cell count standard curve was seeded using 

a dilution series from 12 x 104 cells. 20l of MTS/PMS solution (Promega) was added and 

then assay was returned to cell culture incubator for 3 hours before quantification of 

absorbance at 490nm using PolarStar Omega (BMG Labtech) and Mars-data analysis 

software (BMG Labtech). 
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Protein sample preparation 

Cell pellets were re-suspended in RIPA buffer (50mM Tris-HCl pH8, 150mM NaCl, 

0.1% SDS, 0.5% Deoxycholic acid, 1% NP-40.) supplemented with  1x Protease inhibitor 

cocktail (ThermoFisher Scientific). Lysate was incubated for five minutes at room 

temperature before centrifugation at 16,000 x g at 4oC for 10 minutes (Eppendorf 5415R 

microcentrifuge, Fisher Scientific), supernatant was then removed and stored at -20oC or at 

-80oC for long term storage. Nuclear protein sample extract from washed cell pellets was 

carried out according to the manufactures protocol using cell fraction kit – standard 

(Abcam, ab109719). Nuclear pellets were resuspended in 100mM ammonium bicarbonate 

and lysed by sonication at 26 joules. Cell protein lysates were quantified using the 

manufactures protocol, PierceTM BCA protein assay kit (ThermoFisher Scientific). Colour 

change was read and protein quantifications calculated using PolarStar Omega (BMG 

Labtech) and Mars-data analysis software (BMG Labtech). 

 

SDS-PAGE & Immunoblotting 

15μg of protein lysate, was incubated in a heating block (Benchmark) at 95oC for five 

minutes with Tris-glycine sample buffer (252mM Tris-HCl ph 6.8, 40% glycerol, 8% SDS, 

0.01% bromophenol blue) and 1M DTT. Samples were then loaded and run on an 8% 

acrylamide gel (4ml of 2x gel buffer (160mM Tris-HCl pH7.4, 0.2M serine, 0.2M 

asparagine, 0.2M glycine), 1.6ml of 40% acrylamide, 2.4ml H2O, 32µl 10% ammonium 

persulfate (APS), 16µl of  tetramethylethylenediamine (TEMED)) with 1x Tris-glycine 

running buffer (25mM Tris, 192mM Glycine, 0.1% SDS). The gel was run for ten minutes 

at 100 volts (BioRad), then one hour and twenty minutes at 120 volts (BioRad) at 4oC. 

Proteins were transferred (XCell2 blot module, Invitrogen) to a nitrocellulose membrane 

(Amersham Protran 0.45m NC) at 80 volts, 0.4 amps (BioRad) for three hours at 4oC 

in 1x Towbin transfer buffer (0.25M Tris pH8.6, 1.92M glycine, 0.025% SDS) using a 
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XCell2 module (Invitrogen). Nitrocellulose membrane was then washed with 1xTBST 

twice and blocked for thirty minutes in 5% 1xTBST milk solution at room temperature. 

Membrane was then washed twice more in 1xTBST and incubated for two hours with 

primary antibody at 4oC on a rocker. Membrane was then washed twice, for five minutes at 

room temperature, with 1xTBST, before incubating for one hour at room temperature with 

secondary LI-COR antibody (1xTBST 5% milk solution). Membrane was then washed 

three times for five minutes at room temperature with 1xTBST before imaging on a LI-

COR Odyssey® CLx and analysing with Image Studio Lite V5.2 software. 
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Table 3-1. Primary and secondary antibody details for the analysis of protein degradation 

profiles following 5-Azacitidine treatment. 

Antibody Product 

code 

Company Host species Dilution 

Primary antibodies 

Brd2 ab139690  Abcam Rabbit 1:1000 

Beta-Actin 8H10D10 Cell signalling Rabbit 1:1000 

β-catenin/ 

Ctnnb1 

MA1-301 ThermoFisher Rabbit 1:1000 

Dnmt1 D63A6 Cell signalling Rabbit 1:1000 

Gsk3β 27C10 Cell signalling Rabbit 1:1000 

Lamin A/C 2032S Cell signalling Rabbit 1:1000 

Pkp2 PA5-

53144 

ThermoFisher Rabbit 1:1000 

Alpha-Tubulin 2144S Cell signalling Rabbit 1:1000 

Uhrf1 PA5-

29884 

Invitrogen Rabbit 1:1000 

Usp7 Sc-30164 Santa Cruz 

Biotechnology 

Rabbit 1:1000 

Secondary antibodies 

Rabbit 680CW 925-68021 Li-Cor Goat 1:10,000 

Rabbit 800CW 925-32211 Li-Cor Goat 1:10,000 

Mouse 680CW 925-68020 Li-Cor Goat 1:10,000 
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Proteomic sample preparation and mass-spectrometry 

Nuclear pellets were lysed (0.1M TEAB, 0.1% SDS) with pulsed sonication, samples 

were centrifuged for 10 minutes, 13,000 x g, and supernatant protein quantified as 

described previously. Methanol/chloroform extraction was performed on 100g of protein 

for each lysate and pellet finally re-dissolved in 100ul of 6M Urea (Sigma), 2M thiourea 

(Sigma), 10mM HEPES buffer (Sigma), ph7.5. Samples were reduced (1M DTT), 

alkylated (5.5M iodoacetamide) then diluted in 400µl of 20mM ammonium biocarbonate 

(Sigma) and digested with trypsin (Promega) (1/50 w/w) overnight. Each fraction was 

acidified to <3.0 using trifluoroacetic acid (TFA) (Sigma) and solid phase extraction 

performed using Empore C18 96-well solid phase extraction plate (Sigma). Samples were 

eluted in 150µl of 80% acetonitrile, 0.5% acetic acid, lyophilised and then stored at -20C 

until re-suspension in 10µl 98% dH2O/acetonitrile and 0.1% formic acid with an internal 

quantification standard of 100 fmol of enolase (Saccharomyces cerevisiae) (Waters) and 

Hi3 Escherichia coli standard (Waters) added to each sample prior to use. Nano-LC 

separation was performed using the nanoAcquity UPLC 2G Trap column system (Waters) 

at a rate of 5l per min and washed with buffer A (98% dH2O/acetonitrile + 0.1% formic 

acid) for 5 minutes. Peptides were separated on an 50cm Acquity UPLC Peptide BEH C18 

column (130Å, 1.7µm, 2.1mm x 150mm, 1/pkg (Waters)) over a 140 minute linear 

gradient of 5% to 40% with a flow rate of 0.3µl/min with buffer B (80% acetonitrile/dH2O 

+ 0.1% formic acid) and completed with a 5 minutes rinse with 85% buffer B, at a flow 

rate of 300nl/min. Mass Spectrometry analysis was performed on a Waters Synapt G2-S 

HDMS system (Waters). Samples were sprayed directly using positive mode-ESI, and data 

was collected in MSE acquisition mode, alternating between low (5v) and high (20-40V) 

energy scans. Glu-fibrinopeptide (m/z = 785.8426, 100 fmol/µl) was used as LockMass, 

and was infused at 300 nl/min and sampled every 13 seconds for calibration. Raw data files 

were processed using ProteinLynx Global Server (PLGS, Waters) version 3.0.2, and 
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optimal processing parameters were selected by Threshold Inspector software (Waters). 

Data-base search (Human Uniprot reference database July 2017 + yeast enolase P00924) 

was carried out using the Ion-accounting algorithm in PLGS (Waters), parameters included 

a false discovery rate of 4%, a maximum protein size of 500,000 Da, and trypsin cleavage 

with an allowable error of 1 missed cleavage with oxidation of methionine, and 

carbamidomethylation of cysteine modifications. Each sample replicate was merged into a 

single file to include the protein accession number (UniProt), protein description, and 

femtomoles on column. For protein quantification, the Hi3 calculation method of using the 

top 3 most intense tryptic peptides of both the internal standards and of each protein was 

used. Mass-spectrometry proteomics data is available from the PRIDE database (Accession 

in process). 

 

Data analysis, Gene ontology and network mapping 

Pseudocount values were added to the samples missing protein quantitation (Jinxia 

Wang et al., 2017), and Benjamini-Hochberg multiple testing correction applied to 

Student’s t-test p-values with a false discovery rate of 5% were computed for each protein 

between selected time points. Log2 ratios were calculated for each time point and proteins 

significantly increased or decreased in response to Azacytidine treatment, were identified 

by computing the difference of the log2 ratios between Azacytidine treated and untreated 

samples.  

Differentially abundant proteins that were statistically significant in the control samples 

were removed from further analysis if they had a >3 fold log2 change in the same direction 

as that observed in the comparative Azacitidine sample. Proteins that were significantly 

differentially abundant in the treatment groups over 10 hours and 48 hours were then 

analysed by volcano plot. Using R studio (V1.1.453), and Calibrate package (v1.7.2). 

Significant differentially abundant proteins were then analsed for molecular function 
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enrichment using Gene Ontology enrichment analysis (Mi et al,. 2013, 

www.geneontology.org, release 2019-04-17). Results were then graphically plotted using 

Microsoft Excel. 

Pathway Studio database network nodes and edges were supplemented by addition of 

STRING database interactions, and pseudocoloured according to differential abundant in 

the dataset. 

 

Generation of shRNA-containing lentivirus.  

One million HEK293 FT cells were plated per well in a 6 well culture plate (Corning) and 

transfected 2 hours post-seeding with a 4-2-1 ratio of Plasmid: gagpol:vsvg using 

polyethyleneimine (3µg:1µg DNA) in 100µl serum-free DMEM (LifeTech). Cells were 

transfected overnight, and media was replaced the following morning with 2ml DMEM, 

10%FCS, and 5% PenStrep. Cells were incubated for a further 24 hours before lentiviral-

containing media was removed, filtered through a 0.45µm filter and lentiviral-containing 

media was stored at -80oC until required. 

Transduction of cells with shRNA lentivirus 

1 x 105 HCT116 cells were plated per well in a 6 well culture plate (Corning). Once 

adhered   culture medium was removed and replaced with lentiviral particles diluted in 

media (500µl viral media, 1.5ml DMEM, 10% FCS, 5% PenStrep, 8µg Polybrene 

(Sigma)). Cells were incubated with virus-containing media overnight and then grown for 

a further 24 hours in fresh culture medium (DMEM, 10% FCS, 5% PenStep).  Stable cell 

lines were selected with puromycin (2µg/ml) over five day.  

  

http://www.geneontology.org/
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RESULTS 

Azacytidine degradation of Dnmt1 occurs over a period of hours, with a range of time 

points and dose concentrations used in previously published research, both to investigate 

the inhibitory effects on DNA methyltransferase activity and to assess downstream 

changes in CpG methylation (Hagemann et al., 2011b; Stresemann and Lyko, 2008). Since 

our goal is to use Azacytidine to knockdown Dnmt1, we first established appropriate 

Azacytidine concentrations and time points for use in our model HCT116 colorectal cancer 

cells. Previous research showed that degradation of Dnmt1 in monolayer culture conditions 

was evident following treatment with approximately 0.1M in HCT116 cell with a 

maximal degradation at 1 M (Hagemann et al., 2011b). We therefore assessed the 

degradation of Dnmt1 using concentrations of Azacytidine from 0.1 M to 10M as shown 

in Figure 1A. Dnmt1 degradation was evident at all concentrations, although a clear 

increase in Dnmt1 degradation was observed after 10 hours in cells treated with 0.1M or 

higher concentrations of Azacytidine, showing that Azacytidine-induced degradation of 

Dnmt1 occurs in a dose- and time-dependent manner in HCT116 cells. 
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Figure 3-3. (Figure1A) Western Blot analysis of Dnmt1 protein levels in HCT116 cells 

treated with Azacytidine. Concentrations of 5-Azactidine between 0.1M and 10 M 

were used to treat cells over a time course. 15 g of whole cell protein lysates from 

HCT116 Azacytidine treated and control cells were loaded onto a single phase 8% SDS gel 

and analyzed by western blot analysis for protein expression of Dnmt1. Tubulin protein 
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expression was used as a loading control. The associated plot shows the relative percentage 

abundance of Dnmt1 protein levels across the time course following treatment with 

Azacytidine dose-course. Dnmt1 protein abundance was normalized to loading control and 

plotted as a percentage of the expression in an untreated control for each concentration of 

Azacytidine. 

 

Azacytidine treatment of cells was previously shown  to cause cell toxicity and reduced 

cell viability (Palii et al., 2008). To assess the effect of 1M and 10 M Azacytidine 

treatment on HCT116 cells over the proposed time course a cell viability assay was 

performed (Figure 1B). Cells were treated with control growth media, or growth media 

supplemented with 1M and 10 M Azacytidine, and cell viability was measured by cell 

titre assay (CellTitre 96® Aqueous One solution cell proliferation assay (MTS), Promega)  

following treatment time points of 10 hours, 24 hours, and 48 hours. Cell number was 

determined using standard curve calculations and percentage change compared to cells 

grown in control growth media was calculated. Treatment with both 1M and 10 M of 

Azacytidine supplemented media indicated a comparable decrease in cell viability of 

8.76% and 9% respectively. Following 24 hours of treatment cells treated with 10 M of 

Azacytidine showed a significant decrease in viability compared to cells treated with 1 M 

of Azacytidine by 6.38%. At the 48 hour time point cell viability was decreased by 16.08% 

for cells treated with 1 M of Azacytidine, twice that seen after 10 hours of treatment. 

However cells treated with 10 M of Azacytidine showed a significant decrease in cell 

viability following 48 hours of treatment with a reduction in cell viability of 51.66%.  
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Figure 3-4. (Figure1B) Cell titre assay of viable cells following treatment with 

Azacytidine. Cells were treated for the specified time points with 1 M and 10 M 

concentrations of Azacytidine over a period of 48 hours. The number of viable cells was 

assessed using a CellTitre assay (Promega). * = significant difference between control and 

10 M treated cells. ** = significant difference between control and 1 M treated cells 

(Student’s t-test; p-value <0.05). *** = significant difference between 1 M and 10 M 

treated cells. N=4 

 

This indicates that cell viability and growth is significantly decreased with higher 

concentrations of Azacytidine treatment, in a time dependent manner. In combination with 

the dose-dependent western blot analysis, and previously published work (Hagemann et al., 

2011b; Palii et al., 2008), we therefore concluded that treatment with 1M of Azacytidine 

was an appropriate dose to induce Dnmt1 degradation without excessive toxicity. We 
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therefore analysed an extended time course following treatment of cells with 1M of 

Azacytidine as shown in Figure 1C. Cells were treated with 1M of Azacytidine and 

degradation of Dnmt1 analysed every two hours until 48 hours post-treatment. Dnmt1 

degradation was evident following 4 hours of Azacytidine treatment, with increased 

degradation in a time dependent manner. 10 hours post-treatment show the largest decrease 

in Dnmt1 protein levels with a reduction of 60%. We also analysed several other 

interaction partners and functionally-related proteins across the same time course as shown 

in Figure 1C. Usp7 is a component of the protein complex that regulates the stability and 

activity of Dnmt1 through deubiquitination (Du et al., 2010b; Felle et al., 2011a; Qin et al., 

2011b), over three experimental repeats no effect on the overall abundance of Usp7 were 

evident in the Azacytidine time course, changes in the ratio of isoforms were observed. We 

previously demonstrated that Dnmt1 and Ctnnb1/β-catenin participate in a mutually-

stabilizing protein-protein interaction in the nuclei of HCT116 cells (J. Song et al., 2015). 

Degradation of Dnmt1 across the Azacytidine time course had no evident effects on either 

β-catenin or the destruction complex component Gsk3β (Figure 1C). These results 

confirmed that treatment of HCT116 cells with 1M Azacytidine induces a specific 

Dnmt1-degradation response, and we therefore selected time points at 0, 10 and 48 hours 

for proteomic analysis and proteome-wide identification of Azacytidine-sensitive proteins.  
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Figure 3-5. (Figure1C) Time-dependent degradation of Dnmt1 in HCT116 cells following 

treatment with 1µM Azacytidine.15 g of whole cell protein lysates from HCT116 

1M Azacytidine treated and control cells were loaded onto a single phase 8% SDS 

gel and analyzed by western blot analysis for protein abundance of Dnmt1, Usp7, 

Ctnnb1, and Gsk3ß. Usp7 antibody is double banded, which is thought to be another 

isoform with an as yet unknown function (Luo et al,. 2015) Tubulin protein expression 

was used as a loading control. N=3 
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To investigate the effect of Azacytidine on the nuclear proteome, HCT116 cells were 

treated with 1M of Azacytidine and nuclear cell fractions were extracted and lysed at 0, 

10 and 48 hours post treatment. For each time point, 3 replicate samples were analysed for 

treated and untreated cells using data independent mass-spectrometry. Protein quantitation 

was performed using Hi3 calculations to yield femtomol on column measurements for each 

protein. Using the criteria for identification described in the methods, 4,608 proteins were 

identified and quantified in one or more of the 18 samples, and for 941 of these proteins 

(20%) there were 3 or fewer missing values across the analysis. To analyse the 

relationships between samples and replicates, the data were analysed using Principal 

Components Analysis (PCA). To perform PCA, a covariance matrix between all samples 

in a dataset was calculated and eigenvectors were calculated from this covariance matrix. 

Proteomics data was plotted using the first two principal components as axes (representing 

25.4% and 10.7% of the variance within the dataset respectively), to identify large scale 

trends in the variance of the data. As shown in Figure 2A, the clustering of samples was 

largely driven by the time course of the study, with replicates clustering regardless of 

whether the cells were treated or untreated with Azacytidine. This analysis indicated that 

the treated and untreated samples were largely not distinguishable at the level of the whole 

proteome, as indicated by the PCA, and therefore we concluded that large-scale changes of 

the proteome were not induced by treatment with Azacytidine.  
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Figure 3-6. (Figure2A) Principal Components Analysis of normalised nuclear proteome data 

from each sample. The first two principal components are shown in the plot and 

represent 25.38% of the variation (PC1) and 10.65% of the variation (PC2). 

 

We first computed log2 fold-changes and p-values (Benjamini-Hochberg corrected 

Student’s t-test) to identify those proteins that were statistically significantly different 

following Azacytidine treatment. At the 48hr time point, we noted that Uhrf1 and Dnmt1 

exhibited the largest negative fold change across the dataset of 4,608 proteins when ranked 
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by p-value (Uhrf1 p-value = 0.013; log2 fold-change = -8.5; Dnmt1 p-value = 0.036; log2 

value = -8.3) validating our proteomic approach through identification of expected 

(Dnmt1) Azacytidine sensitive target proteins and functionally-related proteins (Uhrf1). 

The PCA analysis indicated that many proteins were altered between time points across the 

study, and we therefore identified those proteins that specifically increase or decrease in 

response to Azacytidine treatment, independently of the time course as shown in Figures 

2B and 2C (Tables 3.2 to 3.5) Gene onotology enrichment analysis of proteins that 

changed in control untreated samples indicate that most protein abundance changes are 

associated with cell cycle progression, such as as ribosome biogenesis (p value = 1.37 x 10-

7) and chromosome segregation ( p value = 1.02 x 10-6) after 48 hours. 

Protein abundance change significance values were calculated and corrected for multiple 

testing, proteins that were found to be differentially abundant of >3 fold in the same 

direction as that found in the treated samples were removed from the analysis and 

remaining proteins then plotted on a volcano plot, both datasets were plotted (Figs 2B and 

2C). 
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Figure 3-7 (Figure 2B) Proteins identified as differentially abundant following 10 hours of 5-

Azacitidine treatment. Proteins treated for a period of 10 hours with 1M of 5-

Azacitidine with –log10 (Benjamini-Hochberg corrected p-value) were plotted against 

calculated fold change using R studio and the Calibrate package. Proteins with a log2 

fold change of < 3 of the same directionality in the 10 hour control dataset were 

removed from this analysis. 

 

Figure 3-8. (Figure2C) Proteins identified as differentially abundant following 48 hours of 5-

Azacitidine treatment. Proteins treated for a period of 48hours with 1M of 5-

Azacitidine with –log10 (Benjamini-Hochberg corrected p-value) were plotted against 

calculated fold change using R studio and the Calibrate package. Proteins with a log2 

fold change of < 3 of the same directionality in the 48 hour control dataset were 

removed from this analysis. 

 

With a significance criteria of <0.05, 29 proteins were found to be differentially 

abundant following 10 hours of Azacitidine treatment (Supplementary tables 1 and 2), and 
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493 proteins were differentially abundant following 48 hours of Azacitidine 

(Supplementary tables 3 and 4) 

 

GO analysis of nuclear-enriched proteomic samples was performed to ascertain the 

enrichment of samples for proteins localized to the nucleus. Analysis of localization terms 

enriched for in the nuclear proteomic samples showed a depletion of proteins localized to 

the cytosolic fraction in favour of proteins localized to other cellular compartments (data 

not shown).   

 

We next identified the most significantly enriched molecular functions and biological 

processes represented in these sets of proteins as shown in Figure 3A/B. The most 

significant terms included chromatin-related functions (Chromatic binding, and helicase 

binding).  
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Figure 3-9. (Figures 3A and 3B) The most significant Gene Ontology molecular functions and 

biological process terms for the significantly increased (A) and significantly 

decreased proteins sets following Azacytidine treatment.(B). Analysis based on 

proteins that were differentially abundant following 48 hours of 5-Azacitidine 

treatment. Bonferroni corrected t-test, FDR<0.05 
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In addition, a range of other functional categories were identified in the set of proteins 

decreased in response to Azacytidine, including RNA-binding proteins and proteins 

involved in mitochondria respiration. To explore these functional categories, and those 

identified in the set of proteins increased in response to Azacytidine, we identified protein 

interaction networks significantly altered in the protein sets as shown in Figure 3C. 

Proteins involved in RNA metabolism, including tRNA aminoacylation (increased in 

response to Azacytidine) and RNA helicases (decreased in response to Azacytidine) were 

identified. Early work with Azacytidine showed that it is incorporated into RNA as well as 

DNA and that this can induce disassembly of polyribosomes (J. W. Weiss and Pitot, 1975). 

Azacytidine can be incorporated into RNA as a substitute for cytidine as 5-Azacitidine-

triphosphate (Aimiuwu et al., 2012). The incorporation of Azacytidine into RNA results in 

a decrease in protein synthesis via inhibition of translation initiation events, such as a 

failure of ribonucleic acid accumulation and lack of formation of the 80S ribosomal 

subunit (Hollenbach et al., 2010; Reichman and Penman, 1973; Reuveni and Rosenthal, 

1979; John W. Weiss and Pitot, 1975). Multiple RNA helicases (Figure 3C) were identified 

as decreased in response to Azacytidine indicating a significant impact on the RNA 

metabolism-associated proteome.  
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Figure 3-10. (Figure 3C) Selected protein interaction networks for proteins significantly 

increased or decreased in response to Azacytidine. Network edges have been 

pruned where necessary for clarity, and sub-networks are labelled with molecular 

functions or biological processes. Grey icons indicate proteins identified in this dataset 

but not significantly differentially abundant following Azacitidine treatment. 

Remaining icons are pseudocoloured to indicate abundance change following 

Azacitidine treatment. Significance calculated by Benjamini-Hochberg corrected p-

value <0.05, FDR5%. 
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One of these, DEAD-Box helicase 51 (Ddx51), is a RNA helicase that mediates the 

structural remodelling of the 28S ribosomal subunit, an early process in the formation of 

the large 60S ribosomal subunit responsible for translating mRNA. Little is known about 

the function of Ddx51, however knockdown models suggest that Ddx51-mediated 

biogenesis of eukaryotic ribosomes is essential for ribosomal assembly and protein 

synthesis (Srivastava et al., 2010). We identified tRNA synthetases as a significant 

functional category including Rars (Arginyl-tRNA synthetase) and Lars2 (leucyl-tRNA-

synthetase 2). Genes encoding tRNA synthetases were previously observed to undergo 

significant increases in previous transcriptomic analyses of the response to treatment with 

Azacytidine or the deoxyribonucleoside analog 5-Aza-2′deoxycytidine (Qiu et al., 2010). 

In addition GSTO1 (Glutathione S-transferase omega-1) is also significantly increase 

following 48 hours of Azacitidine treatment. 

 

We observed that Atm (Ataxia telangiectasia mutated) is significantly increased 

following 48 hours of Azacytidine treatment. Atm has important roles in DNA repair and 

cell cycle regulation. The dose- and time-dependent activation of Atm in response to 

Azacytidine treatment has been shown previously, and indicates that Azacytidine 

incorporation and its subsequent presence in DNA initiates Atm-mediated DNA repair 

pathways (Imanishi et al., 2014; Palii et al., 2008). Taken together dysregulation of Atm 

and Ddx51 would suggest an uncoupling of transcription and ribosome subunit formation 

in response to Azacytidine treatment, resulting in alterations to transcription, and protein 

synthesis as well as activation of cell checkpoint proteins. The Gene-Ontology analysis 

(Figure 3) also suggests that following 48 hours of Azacytidine there is a general 

dysregulation of RNA-binding, transcription, and RNA helicase function, of which Atm 

and Ddx51 are key regulators.  
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We next selected several proteins from the proteomic data that were significantly 

decreased in response to Azacytidine. Uhrf1 is an important regulator of epigenetic 

mechanisms that binds hemi-methylated DNA and recruits Dnmt1 to specific sites at DNA 

replication (Avvakumov et al., 2008; Felle et al., 2011a, p. 1) and also regulates the 

stability and activity of Dnmt1 (Liu et al., 2013, p. 1; Qin et al., 2011b). Western blot 

analysis of Azacytidine treated cells indicated that Uhrf1 proteins are substantially 

diminished at 48 hours following treatment (Figure 4A), and this concurs with the mass-

spectrometry data in which Uhrf1 was observed as statistically significantly decreased (p 

value = 0.013) at 48 hours following treatment, but not at 10 hours. Intriguingly, we 

identified plakophilin 2 (Pkp2) as sensitive to Azacytidine. Pkp2 is a component of 

desmosomes, important cell-cell junctions regulating tissue structure, and is implicated in 

the binding of cadherins to the cytoskeleton. Western blot analysis (Figure 4A) indicated 

that Pkp2 is also sensitive to Azacytidine after 48 hours, potentially revealing an as yet 

unknown interaction or function of this protein. 
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Figure 3-11 (Figure 4A) Graphical representation of western Blot analysis of Uhrf1 and Pkp2 

in Azacytidine treated HCT116 cells. 15 g of nuclear protein lysates from HCT116 

Azacytidine treated and control cells were loaded onto a single phase 8% SDS gel and 

analyzed by western blot analysis for protein expression of  Uhrf1, Pkp2. Lamin A/C 

protein expression was used as a loading control. Protein abundance was normalized 

to loading control and plotted graphically using GraphPad Prism. (T-test P value 

<0.05)N=3. 

 

Figure 3-12. (Figure 4B) Western Blot analysis of Brd2 protein in Azacytidine treated 

HCT116 cells. 15 g of nuclear protein lysates from HCT116 Azacytidine treated and 

control cells were loaded onto a single phase 8% SDS gel and analyzed by western 

blot analysis for protein expression of Dnmt1, and Brd2. LaminA/C protein expression 

was used as a loading control. N=3. 

 

We also analysed the levels of the bromodomain-containing protein Brd2 in Azacytidine 

treated cells and found that in concordance with the mass-spectrometry data, there was a 

reduced abundance of protein at 10 hours following treatment with Azacytidine, although 

the western blot analysis did not show as significant a reduction in protein levels as the 

mass-spectrometry proteomics (Figure 4B).  

The Bromodomain of Brd2 and related proteins facilitates binding to acetylated 

chromatin, once bound to chromatin BET-domain proteins recruit regulatory proteins such 

as histone deacetylases, to gene promoter regions thereby allowing them to modulate gene 

expression (Fu et al., 2015). Brd2 recruits other proteins required for RNA polymerase 2-

mediated initiation of transcription  (Cheung et al., 2017; LeRoy et al., 2008). Similarly, 

we identified the Brd2 interaction partner, Casein kinase 2 alpha 2 (Csnk2a2), as reduced 

after 10 hours of treatment, although not significantly reduced following correction for 

multiple testing. Csnk2a2 is a serine/threonine protein kinase involved in cell-cycle 

control, cellular proliferation and apoptosis (Gao and Wang, 2006; Hein et al., 2015; 

Varjosalo et al., 2013). A reduced abundance of Brd2 and Csnk2a2 would suggest that 
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there is a decreased rate of global gene transcription immediately following Dnmt1 

knockdown by Azacytidine. 

 

Given that our results indicate a highly selective degradation of Dnmt1 binding partners by 

5-azacitdine (Uhrf1 but not Ctnnb1 or Usp7), we next investigated whether the observed 

effects on Uhrf1 are a result of decreased Dnmt1 protein abundance or a potentially as-yet-

unexplained direct effect of Azacytidine treatment. We used transient and stable shRNA 

Dnmt1 knockdown cell models and performed Western blot analysis as shown in Figures 

4C and 4D. shRNA knockdown of Dnmt1 in stable cell lines resulted in an incomplete but 

significant reduction of Dnmt1 protein levels 48 hours post-transduction, transiently 

shRNA control knockdowns exhibited negligible reduction in Dnmt1 protein levels. 

Western blot analysis of multiple clones and replicates of these cells showed that neither 

Uhrf1, Usp7 nor Ctnnb1 exhibited differential protein levels in Dnmt1 depleted cells. 

These results suggest that the Azacytidine-mediated degradation of Uhrf1 are not directly 

dependent on the levels of Dnmt1 protein. Finally, we investigated whether cells with 

reduced levels of Dnmt1 were also sensitive to Azacytidine. shRNA stable Dnmt1 

knockdown cells were treated with Azacytidine over 48 hours and compared to wild-type 

HCT116 control cells. These cells exhibited leaky Dnmt1 expression, potentially due to 

selectivity within the cell population for cells that expressed more Dnmt1 in the presence 

of shRNA knockdown, considering there were several passages between transduction with 

shRNA knockdown constructs, antibiotic selection, and finally treatment with 5-

Azacitidine. Interestingly, we did not observe reductions in Dnmt1 or Uhrf1 in response to 

Azacytidine treatment (Figure 4E) compared to control (Figure 4F), potentially indicating 

that the Dnmt1 protein remaining following shRNA knockdown is not associated with 

chromatin and thereby not sensitive to Azacytidine-induced degradation.
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Figure 3-13. (Figure 4C) Western Blot analysis and graphical representation of Dnmt1 and 

Uhrf1 in stable shRNA knockdown of Dnmt1 HCT116 cells. 15 g of whole cell 

protein lysates from HCT116 Azacytidine treated and control cells were loaded onto a 

single phase 8% SDS gel and analyzed by western blot analysis for protein expression 

of Dnmt1 and Uhrf1. Tubulin protein expression was used as a loading control. Dnmt1 

protein abundance was normalized to tubulin signal and plotted graphically on 

GraphPad Prism. (T-test P value = <0.05) N=3 

 

Figure 3-14. (Figure 4D) Western Blot analysis and graphical representation of Dnmt1, and 

Uhrf1 in transiently transduced shRNA knockdown of Dnmt1 HCT116 cells. 15 

g of whole cell protein lysates from HCT116 Azacytidine treated and control cells 

were loaded onto a single phase 8% SDS gel and analyzed by western blot analysis for 

protein expression of Dnmt1, Uhrf1, Usp7, and Ctnnb1. Tubulin protein expression 

was used as a loading control. Dnmt1 protein abundance was normalized to tubulin 

signal and plotted graphically on GraphPad Prism. (T-test p value <0.05) N=3. 
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Figure 3-15 (Figure 4E) Western Blot analysis and graphical representation of 1µM 5-

Azacitidine treatment of shRNA Dnmt1 stable knockdown HCT116 cells. 15 g 

of whole cell protein lysates from shRNA-3 Dnmt1 knockdown HCT116 Azacytidine 

treated and control cells were loaded onto a single phase 8% SDS gel and analyzed by 

western blot analysis for protein expression of Dnmt1, and Uhrf1. Tubulin protein 

expression was used as a loading control. Dnmt1 and Uhrf1 signal was normalized to 

tubulin loading control and plotted graphically using GraphPad Prism. (T-test p 

value=<0.05)N=3. 

 

Figure 3-16 (Figure 4F) Western Blot analysis and graphical representation of 1µM 5-

Azacitidine treatment of HCT116 control cells.  15 g of whole cell protein lysates 

from HCT116 Azacytidine treated and control cells were loaded onto a single phase 

8% SDS gel and analyzed by western blot analysis for protein expression of Dnmt1, 

and Uhrf1. Tubulin protein expression was used as a loading control. Dnmt1 and 

Uhrf1 signal was normalized to tubulin loading control and plotted graphically using 

GraphPad Prism. (T-test p value=<0.05) N=3. 
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DISCUSSION 

We have conducted a systematic proteomic analysis of the nuclear proteome of cells 

treated with the cytidine analog Azacytidine. Analysis of the degradation response of 

Dnmt1 to Azacytidine allowed us to calibrate an appropriate dose and time course in which 

to analyse the proteomic effects of chemical knock-down of Dnmt1 whilst minimizing the 

known cytotoxicity of Azacytidine. Quantitative proteomic analysis enabled a nuclear-

enriched survey of proteins, molecular functions and pathways that are modulated in 

response to Azacytidine. Importantly, identification of Dnmt1 as one of the most 

significantly altered proteins showed that the analytical methodology used is able to 

sensitively detect relevant biological effects in the treated cells.  

 

We identified multiple novel effects of Azacytidine, including its effect on Uhrf1 and 

other chromatin-associated proteins. We showed that the decreased levels of Uhrf1 are not 

primarily a consequence of reduced levels of Dnmt1, but are likely a direct effect of 

Azacytidine. To support this, we noted that Usp7, which forms a complex with both 

Dnmt1 and Uhrf1 in vivo (Qin et al., 2011), was not impacted by Azacytidine treatment. 

Usp7 maintains the deubiquitination of the C-terminal of Dnmt1, between amino acids 524 

and 629, as well as the deubiquitination of Uhrf1 and in the absence of Usp7 binding, 

Dnmt1 is ubiquitinated by Uhrf1, thereby tagging it for proteasomal degradation. 

Azacytidine is metabolized intracellularly to 5-aza-2’-deoxycytidine triphosephate which is 

recognized as a natural nucleotide substrate by the cellular machinery, allowing it to be 

incorporated into DNA in place of cytosine. Upon Dnmt1 binding to Azacytosine-guanine 

dinucleotides it is unable to donate its methyl group to the nitrogen at what would have 

been the carbon 5 position of cytosine, resulting in a covalent bond between Azacytosine 

and Dnmt1 that cannot be broken (Stresemann and Lyko, 2008). As a result Dnmt1 is 

targeted for proteosomal degradation, via an as yet unspecified pathway. The precise 
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mechanism by which Azacytidine treatment reduces Uhrf1 protein abundance remains to 

be studied. However, understanding these mechanisms will be of significant interest given 

the clinical utility of Azacytidine and related Dnmt inhibitors such as Zebularine. In 

particular, since we observed decreased abundance of the Bet-domain Brd2 in the mass 

spectrometry data, a chromatin- and epigenetic regulator, it will be interesting to ascertain 

how this occurs and what the specific downstream consequences of reduced binding of 

Brd2 to acetylated histones is in the context of 5-azacitidine efficacy. 

 

Although Dnmt inhibitors are important drugs for cancer epigenetic therapy, our study 

also illustrates how they can be used as experimental tools for chemical knock-down of the 

target proteins. Azacytidine-mediated degradation of Dnmt1 occurs through a mechanism 

that is entirely distinct to siRNA-mediated knock-down (independent of effects of 

transcription or protein synthesis). As we show with the Dnmt1 interaction partner, Uhrf1, 

Azacytidine has quite distinct effects to siRNA-mediated knockdown. In addition, because 

of its central role in DNA replication and the cell-cycle, complete knock-out of Dnmt1 in 

HCT116 cells has been shown to lead to mitotic catastrophe (Chen et al., 2007b). As we 

have shown, the dose and dynamics of Azacytidine can be carefully controlled to 

selectively knock-down Dnmt1 without induction of excessive cytotoxicity thereby 

providing a useful experimental tool to study Dnmt1 and related chromatin- and epigenetic 

protein networks. 
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Figure 3-17 - Subcellular fractionation of HCT116 cell lysates. HCT116 cells were 

grown to approximately 75% confluence and lysated using RIPA buffer to produce whole 

cell lysates or by Abcam nuclear fractionation kit protocols to produce nuclear- or cytosol- 

enriched lysates (Abcam, ab109719) which were then analysed by western blot. 15 µg of 

whole cell protein lysates from HCT116 whole cell, nuclear-enriched, or cytosol-enriched 

lysis protocols were loaded onto a single phase 8% SDS gel and analyzed by western blot 

analysis for protein expression of Lamin A/C and Tubulin. N=2.  
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Figure 3-18. 5-Azacitidine cellular toxicity measured by release of LDH. Cells were seeded in a 

96 well plate and treated with 5-Azacitidine for 10 hours. Following treatment culture media was 

removed and analysed for LDH concentration using CytoTox 96 assay (Promega). Absorbances 

were measured using a colourimeter and plotted graphically using GraphPad Prism.. N=3, * = P 

value <0.05 (Student’s t-test). 
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Figure 3-19 Expression of P16 in 5-Azacitidine treated HCT116 cells. Cells were 

seeded 24 hours and then treated with 1µl of 5-Azacitidine or PBS control for 48 hours, 

cells were then lysed using RIPA buffer and analysed by western blot. 15 µg of whole cell 

protein lysates from HCT116 5-Azacitidine treated and control cells were loaded onto a 

single phase 8% SDS gel and analyzed by western blot analysis for protein expression of 

P16. Tubulin protein expression was used as a loading control. N=3. HeLa whole cell 

lysate was used as a positive control for P16 expression. 
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Figure 3-20 GO cellular compartment enrichment of nuclear-enriched 5-Azacitidine 

treated/control proteomic dataset. Proteins IDs from 5-Azacitidine proteomic 

analysis dataset and a comparable whole cell proteomic dataset were searched for their 

GO localization term using Ingenuity Pathway Analysis (IPA) (QIAGEN) (Bonferroni 

corrected t-test p value = <0.05). Results were plotted graphically as percentages of 

the whole using GraphPad Prism. 
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Figure 3-21. Interaction network of Dnmt1 and proteins assessed by western blot analysis for 

response to treatment by 5-Azacitidine. Proteomic fold change data in response to 5-Azacitidine 

was validated by western blot analysis. Proteins validated and known to interact (via String DB 

analysis) were plotted manually and pseudocoloured according to abundance change. Dnmt1 

protein abundance was found to be significantly decreased (red) in response to 5-Azacitidine 

treatment, however interaction partners Usp7 and Beta-Catenin protein abundance was not altered 

(grey). Beta-Catenin interaction partner GSK3β protein abundance also remained unchanged.  (p 

value = <0.05 Benjamini-Hochberg corrected t-test, FDR 5%)
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Figure 3-22.  The percentage change of protein abundance of Dnmt1, Beta-Catenin, USP7, and GSK3β in response to 1µM of 5-Azacitidine treatment, over a 

period of 48 hours.  Cells were treated with 1µM of 5-Azacitidine supplemented media 24 after culture seeding and protein abundance measured at time 

points up to 48 hours. Cells were then lysed and 15 µg of whole cell protein lysates were loaded onto a single phase 8% SDS gel and analyzed by western blot 

analysis for protein expression of Dnmt1, Usp7, Beta-Catenin and Gsk3β. Protein abundance was normalized to tubulin control and percentage change over 

time was calculated as normalized protein abundance change relative to 0 hour time point. Results were plotted graphically using RStudio and Ggplot2. N=3 
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Figure 3-23. Graphical representation of western blot analysis of Brd2 protein abundance in 

nuclear-enriched 5-Azacitidine treated HCT116 cell, western blot shown in 

Fig4B.  Graph shows relative protein abundance of Dnmt1 and Brd2 presented as 

normalized signal units, signal was normalized to Lamin A/C loading control. * = P 

value  0.002 significant difference in Dnmt1 protein levels following 48 hours of 5-

Azacitidine treatment . (p value = <0.05 Benjamini-Hochberg corrected t-test, FDR 

5%) 
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Figure 3-24. Western Blot analysis of total cell Brd2 protein abundance in 5-Azacitidine 

treated HCT116 cells including 24 hour treatment time point. 15 µg of whole cell protein 

lysates from HCT116 5-Azacitidine treated and control PBS treated control cells were loaded onto 

a single phase 8% SDS gel and analyzed by western blot analysis for protein expression of Dnmt1, 

and Brd2. Tubulin protein expression was used as a loading control. N=3 
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Figure 3-25. Western Blot analysis of Dnmt1 and Uhrf1 total protein abundance and in 5-

Azacitidine treated HCT116 cells including 24 hour treatment time point.  15 µg of 

whole cell protein lysates from HCT116 5-Azacitidine treated and PBS treated control 

cells were loaded onto a single phase 8% SDS gel and analyzed by western blot 

analysis for protein expression of Dnmt1, Uurf1. Tubulin protein expression was used 

as a loading control. N=3 
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Figure 3-26. Western blot analysis of 1µM 5-Azacitidine treatment of shRNA negative control 

stable knockdown HCT116 cells. 15 µg of whole cell protein lysates from shRNA 

negative control knockdown HCT116 5-Azacitidine treated and PBS treated control 

cells were loaded onto a single phase 8% SDS gel and analyzed by western blot 

analysis for protein expression of Dnmt1, and Uhrf1. Tubulin protein expression was 

used as a loading control. N=3. 
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 SUPPLEMENTARY MATERIAL 

Table 3-2 Supplementary table 1 – Proteins that are significantly differentially increased in 

HCT116 cells following 10 hours of Azacitidine treatment. 

Nuclear-enriched protein lysates of 10 hour Azacitidine treated HCT116 cells were 

analysed by quantitative mass spectrometry, the Log2 fold change of differentially 

abundant proteins was calculated and p value adjusted for multiple testing by the 

Benjamini-Hochberg correction with an FDR<0.05. Proteins that showed an increase 

in protein abundance of 3 fold Log2 change in the comparative control sample were 

removed from the analysis. B-H adjusted p value = Benjamini-Hochberg adjusted p 

value. 

Gene symbol Log2 fold change B-H adjusted p value 

AHCY 8.599441 0.002782 

PGAM1 8.200523 0.001391 

GSR 8.200379 0.004174 

CKB 8.16555 0.005426 

FASN 8.128264 0.001252 

UBA1 7.799593 0.003756 

PCK2 7.556203 0.007373 

PARK7 7.28971 0.001948 

TCF25 7.208028 0.004869 

ST13P5 3.644234 0.001669 

RAD23B 2.121807 0.004591 

CCT6A 1.225475 0.002365 

ERP29 1.050731 0.000417 

CLTA 0.88357 0.003895 

API5 0.336478 0.002504 
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Table 3-3 Supplementary table 2 - Proteins that are significantly differentially decreased in 

HCT116 cells following 10 hours of Azacitidine treatment. 

Nuclear-enriched protein lysates of 10 hour Azacitidine treated HCT116 cells were 

analysed by quantitative mass spectrometry, the Log2 fold change of differentially 

abundant proteins was calculated and p value adjusted for multiple testing by the 

Benjamini-Hochberg correction with an FDR<0.05. Proteins that showed an decrease 

in protein abundance of 3 fold Log2 change in the comparative control sample were 

removed from the analysis. B-H adjusted p value = Benjamini-Hochberg adjusted p 

value. 

Gene symbol Log2 fold change B-H adjusted p value 

TOMM6 -8.79836 0.001809 

CCAR1 -7.98055 0.004452 

NDUFAF2 -7.46653 0.000139 

BRD2 -7.28243 0.002643 

XPC -6.96052 0.005008 

Dnmt1 -3.24747 0.005147 

NOL7 -3.08586 0.002226 

EXOSC8 -2.99072 0.003478 

RDH11 -2.71767 0.006956 

ACSL5 -0.83536 0.002087 

DDX6 -0.75716 0.005704 

ILF2 -0.73146 0.003617 

RPL7A -0.5577 0.005565 

RPSA -0.47606 0.005982 
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Table 3-4 - Supplementary table 3. - Proteins that are significantly differentially increased in 

HCT116 cells following 48 hours of Azacitidine treatment. 

Nuclear-enriched protein lysates of 48 hour Azacitidine treated HCT116 cells were 

analysed by quantitative mass spectrometry, the Log2 fold change of differentially 

abundant proteins was calculated and p value adjusted for multiple testing by the 

Benjamini-Hochberg correction with an FDR<0.05. Proteins that showed an increase 

in protein abundance of 3 fold Log2 change in the comparative control sample were 

removed from the analysis. B-H adjusted p value = Benjamini-Hochberg adjusted p 

value. 

 

Gene symbol Log2 fold change B-H adjusted p value 

TUBA4A 11.07827 0.040617 

PTMA 10.77685 0.012112 

S100A11 9.758 0.011867 

ERO1A 9.522988 0.01358 

PGAM1 9.46264 0.00416 

UBA1 9.317402 0.021042 

FKBP4 9.200626 0.006851 

SSB 9.156622 0.00208 

PEBP1 9.122691 0.033399 

RNH1 8.932805 0.055787 

TPD52L2 8.859914 0.002691 

PARK7 8.764244 0.03242 

ADIRF 8.754292 0.035601 

TPD52 8.721246 0.012846 

PRDX6 8.718529 0.049303 

FABP5 8.692742 0.021532 

PCK2 8.677304 0.048691 
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VCL 8.646933 0.007463 

GSR 8.643689 0.017739 

NDRG1 8.618142 0.024713 

EHD4 8.605193 0.033643 

PSAT1 8.564537 0.004404 

PHGDH 8.560132 0.005628 

ANP32A 8.554306 0.047345 

CACYBP 8.553093 0.006973 

FASN 8.518951 0.015415 

LASP1 8.518383 0.023244 

CNN3 8.506004 0.062148 

PTMS 8.499934 0.031686 

PFKP 8.496014 0.04184 

ARHGDIA 8.486055 0.059579 

EIF4B 8.46767 0.037925 

TBCA 8.463075 0.013457 

PSMB7 8.428508 0.015048 

COPB2 8.423445 0.017372 

GARS 8.420556 0.004527 

NASP 8.415812 0.058356 

S100A4 8.396245 0.019452 

CDC37 8.390028 0.006729 

GOT1 8.376021 0.003303 

CSTB 8.343341 0.02092 

AARS 8.29961 0.003793 

PDCD6IP 8.298385 0.004771 
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ARCN1 8.263696 0.018229 

FAM136A 8.238285 0.027404 

CHCHD2P9 8.208356 0.046978 

OLA1 8.181941 0.002814 

TES 8.174528 0.058233 

ARF1 8.081348 0.056888 

MAPRE1 8.073597 0.039149 

CCDC58 8.058709 0.010154 

PPA1 8.043549 0.028994 

NAA15 8.028753 0.010521 

RMDN1 7.991795 0.000122 

PSME2 7.886666 0.002569 

CAPG 7.87023 0.013702 

ALDH1A3 7.857297 0.016516 

EIF3H 7.799385 0.006362 

CAMK2D 7.793884 0.000612 

FKBP10 7.779882 0.021409 

WARS 7.770206 0.048813 

GSTO1 7.756929 0.02251 

MESD 7.737398 0.025569 

RARS 7.727168 0.022266 

VPS35 7.7141 0.012723 

UBE2L3 7.690222 0.033154 

IDH1 7.68602 0.008931 

PDAP1 7.662268 0.007952 

CPNE3 7.615382 0.015904 
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SSU72 7.602913 0.061537 

VAT1 7.595375 0.029117 

NSFL1C 7.582351 0.04759 

LARS 7.580546 0.061781 

CNPY3 7.553746 0.030829 

AP2M1 7.532501 0.02459 

UGDH 7.529932 0.010766 

LTA4H 7.496339 0.029239 

USO1 7.477941 0.01676 

GDI2 7.46249 0.004282 

NARS 7.447201 0.013213 

NAP1L4 7.422673 0.000489 

ATM 7.337021 0.046122 

TRIR 7.332018 0.026792 

SRI 7.323111 0.006117 

LRPAP1 7.308802 0.008564 

PPP3CA 7.30553 0.008441 

EIF3D 7.164145 0.009909 

AHSA1 7.089912 0.010644 

ACAA1 7.08978 0.000979 

SNX2 7.071585 0.008808 

ANXA4 7.039249 0.017127 

AKR7A2 7.038956 0.048569 

DTYMK 7.030931 0.003425 

PDLIM5 7.026099 0.003181 

VASP 7.021981 0.011745 
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PGM1 7.005456 0.061904 

TCF25 6.990596 0.01884 

EIF5 6.900102 0.01517 

TXNRD1 6.840913 0.002324 

AKR1A1 6.833223 0.000734 

DCTPP1 6.830894 0.027037 

CDV3 6.828221 0.001713 

PAFAH1B1 6.81067 0.03609 

LACTB2 6.774689 0.005505 

EVPL 6.674972 0.035356 

LRRFIP1 6.600926 0.008074 

HAGH 6.59143 0.057255 

HSP90AB3P 6.567451 0.052728 

TKFC 6.523176 0.03976 

GDI1 6.477673 0.014803 

CCDC50 6.476899 0.036212 

CNDP2 6.444075 0.005016 

UBE2V2 6.39135 0.049914 

TUBB6 6.293184 0.01309 

LDHB 6.247363 0.001468 

TOMM34 6.193632 0.027893 

PDLIM7 6.157338 0.001835 

PTPN11 6.061126 0.021287 

PPIA 4.96691 0.028016 

NQO1 4.891089 0.058478 

MYDGF 4.786296 0.021654 
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LDHA 4.76494 0.008197 

EIF4H 4.649132 0.00159 

TPT1 4.461486 0.04392 

P4HA1 4.457807 0.028138 

FKBP1A 4.435232 0.005261 

ARF4 4.423663 0.003915 

PFDN2 4.411149 0.022143 

RCN1 4.267902 0.024468 

S100A6 4.193666 0.01933 

PKM 4.143075 0.001957 

ARF5 4.130462 0.00367 

AK2 4.082307 0.004037 

PCNP 4.077642 0.020675 

PRDX2 4.061214 0.024957 

CALU 3.995901 0.00942 

CLIC1 3.959913 0.014069 

COPB1 3.898102 0.007096 

GPS1 3.8399 0.048936 

TALDO1 3.802231 0.055542 

COPG1 3.798723 0.01725 

TXNL1 3.688201 0.017617 

COPA 3.683369 0.019085 

SLC9A3R1 3.614903 0.017494 

COPS4 3.534247 0.012479 

STRAP 3.518668 0.009787 

MYH11 3.478083 0.023367 
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DCTN2 3.409296 0.024223 

PRMT5 3.402192 0.020431 

YWHAE 3.384125 0.033276 

RPA1 3.326889 0.014191 

CLINT1 3.319146 0.014925 

AP3S1 3.310213 0.016638 

TPI1 3.276895 0.005138 

EIF3E 3.270829 0.03817 

ST13 3.212985 0.012234 

PRDX1 3.212451 0.001223 

TUBB4B 3.194164 0.007585 

HNRNPH2 3.185029 0.023611 

TXNDC12 3.122906 0.026548 

NPEPPS 3.065316 0.023856 

DDX42 3.060693 0.030585 

UGGT1 2.980897 0.017984 

TXN 2.978921 0.009665 

PSMD7 2.935345 0.025202 

PSMD1 2.931361 0.046244 

RAD23B 2.873722 0.012356 

ANXA1 2.863732 0.014558 

KIF5B 2.828921 0.029851 

TCEA1 2.819237 0.031808 

HMGB1 2.795833 0.043186 

SRP68 2.794027 0.026058 

DARS 2.780628 0.011378 
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DIABLO 2.747208 0.021899 

YWHAH 2.719122 0.018963 

PCCB 2.669603 0.043553 

TMED2 2.662812 0.030095 

CTBP2 2.656444 0.059212 

CCT7 2.643244 0.014681 

PGK1 2.638506 0.027282 

PPP2CA 2.622793 0.040861 

ALDOA 2.594425 0.00575 

BCAP31 2.583534 0.053095 

TPM2 2.580379 0.038659 

NME1 2.567896 0.024835 

AIMP1 2.536637 0.054074 

HSPB1 2.522954 0.051994 

PSMA3 2.498449 0.05701 

SRP54 2.496568 0.037191 

DDX19A 2.483441 0.044042 

PFN1 2.471906 0.018106 

CCT5 2.467981 0.003548 

TPM4 2.451804 0.029484 

CFL1 2.3983 0.020064 

ATP6V1A 2.385726 0.044164 

HMGB3 2.359474 0.037436 

TKT 2.356804 0.015659 

BZW1 2.347337 0.041228 

PRKCSH 2.332084 0.013335 
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USP14 2.314253 0.02667 

SLC16A1 2.295857 0.058723 

PSMB4 2.247201 0.041106 

HSPA4 2.211967 0.022021 

PLIN3 2.195425 0.022633 

KARS 2.184509 0.060191 

EIF4A1 2.176424 0.037803 

TOMM40 2.144152 0.051627 

EEF1A2 2.110267 0.054808 

GANAB 2.095954 0.032053 

ENO1 2.092538 0.016149 

SFN 2.085644 0.045877 

TXNDC5 2.081923 0.020798 

PDIA4 2.057208 0.025936 

WDR1 2.04018 0.049547 

ERP29 2.018386 0.006606 

HINT2 2.015943 0.027159 

S100A16 2.001011 0.054441 

YWHAB 1.987235 0.028383 

CUL4A 1.985086 0.058967 

PSME3 1.921494 0.04343 

YWHAZ 1.903031 0.006484 

IMPDH2 1.896536 0.015537 

CCT6A 1.895056 0.050648 

LGALS1 1.890855 0.0115 

SLC16A3 1.882647 0.041718 
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PSMA2 1.874381 0.050404 

ANXA2 1.850112 0.027649 

PSMA4 1.830744 0.031441 

DES 1.822874 0.054686 

NLN 1.817371 0.043308 

EIF3A 1.813845 0.034622 

SERPINH1 1.799858 0.007707 

PSMD13 1.797187 0.033521 

ALDH4A1 1.795778 0.053829 

P4HB 1.787806 0.007218 

YWHAG 1.783867 0.011011 

PRDX4 1.779814 0.003058 

AK3 1.769744 0.047835 

PSMA7 1.76495 0.041962 

PSMB5 1.759166 0.030218 

HSP90AA1 1.748899 0.009175 

EIF3F 1.728702 0.047101 

PSMB1 1.712443 0.038047 

MANF 1.694183 0.042329 

HSP90AB1 1.676742 0.006239 

SART3 1.641051 0.042819 

GPI 1.620877 0.04967 

PSMA5 1.57255 0.052606 

PSMA1 1.539467 0.014436 

YWHAQ 1.535378 0.032542 

AKAP12 1.476465 0.040494 
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TUBB 1.463348 0.042207 

CALR 1.446848 0.039883 

HYOU1 1.442999 0.033032 

PSMC1 1.435277 0.035845 

CPOX 1.434022 0.009053 

CCT8 1.410219 0.008686 

PSMD3 1.380664 0.036457 

ACLY 1.378189 0.015292 

PDIA5 1.359535 0.057377 

EZR 1.303628 0.017862 

PPA2 1.293689 0.060313 

EEF2 1.290691 0.012601 

DCXR 1.270459 0.048202 

RAN 1.248538 0.018596 

PSMC2 1.238913 0.031196 

CKMT1A 1.223078 0.025324 

CKMT1B 1.134425 0.061414 

PTGES2 1.119064 0.044898 

TCP1 1.112615 0.0586 

PLS1 1.100139 0.031563 

PSMC5 1.052257 0.058845 

HSD17B4 1.016978 0.062393 

ADRM1 1.009985 0.043063 

STIP1 1.007515 0.046611 

PDIA3 0.960688 0.045021 

SET 0.930556 0.055664 
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GAPDH 0.914654 0.035968 

PSMA6 0.906962 0.035234 

EIF2S2 0.893531 0.026915 

HSP90B1 0.878945 0.021776 

SEC61A1 0.863755 0.016393 

PCNA 0.861377 0.035723 

IDH2 0.852625 0.045265 

CYCS 0.779044 0.05542 

SUCLG2 0.744599 0.053952 

SLC7A5 0.732306 0.055053 

PSMD4 0.683963 0.041473 

NACA 0.650744 0.005872 

API5 0.602731 0.029361 

PPP2R1A 0.521234 0.050159 

ACTN4 0.518514 0.023978 

TMED9 0.405702 0.049792 
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Table 3-5 - Supplementary table 4. - Proteins that are significantly differentially decreased in 

HCT116 cells following 48 hours of Azacitidine treatment. 

Nuclear-enriched protein lysates of 48 hour Azacitidine treated HCT116 cells were 

analysed by quantitative mass spectrometry, the Log2 fold change of differentially 

abundant proteins was calculated and p value adjusted for multiple testing by the 

Benjamini-Hochberg correction with an FDR<0.05. Proteins that showed an decrease 

in protein abundance of 3 fold Log2 change in the comparative control sample were 

removed from the analysis. B-H adjusted p value = Benjamini-Hochberg adjusted p 

value. 

Gene symbol Log2 fold change B-H adjusted p value 

PIGR -10.134 0.047957 

Uhrf1 -8.79836 0.013824 

Dnmt1 -8.61957 0.036824 

MRPL44 -8.4881 0.008319 

TPX2 -8.29306 0.010399 

COX5A -8.03285 0.049425 

ANLN -7.87964 0.059701 

BRD2 -7.83288 0.019941 

NDUFAF3 -7.77807 0.059946 

RPF1 -7.28243 0.016026 

SNAP23 -7.20339 0.05909 

DDX51 -7.02271 0.005995 

PKP2 -6.87654 0.060925 

BPIFB1 -6.56522 0.043675 

BAZ1B -6.22991 0.036702 

OXA1L -5.52159 0.021165 

CCDC86 -4.18929 0.030707 
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TOP2A -4.05172 0.020308 

NOL7 -3.99943 0.053707 

ATP5MF -3.8671 0.010032 

XPC -3.80297 0.005383 

KIFC1 -3.7236 0.019207 

KPNA2 -3.48547 0.029728 

CYP51A1 -3.46423 0.06117 

MRPL41 -3.37716 0.000245 

MRPL39 -3.03927 0.023122 

NDUFV2 -2.96067 0.034867 

CCDC137 -2.94207 0.038292 

RAB18 -2.89401 0.019697 

MAOB -2.85539 0.046 

NHP2 -2.79491 0.051382 

RAB1B -2.72104 0.044287 

MRPL22 -2.64877 0.048446 

OCIAD1 -2.39151 0.051872 

NOL11 -2.37601 0.041351 

NOL10 -2.33444 0.053462 

HIST1H1C -2.24722 0.052851 

RBM3 -2.19973 0.048324 

KIF2C -2.11024 0.060803 

SMARCC1 -2.04183 0.044409 

DDX5 -2.01531 0.044531 

RPS24 -2.00926 0.044776 

CHCHD3 -1.89827 0.00783 
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DDX24 -1.85541 0.056643 

MRPL15 -1.84929 0.039026 

BAIAP2 -1.81886 0.046734 

FKBP8 -1.7839 0.057132 

SON -1.77329 0.00734 

MPHOSPH10 -1.75122 0.043797 

CD3EAP -1.67832 0.052973 

ATAD3A -1.66775 0.050771 

CDK1 -1.65602 0.025447 

NSA2 -1.6339 0.022755 

MCM3 -1.60919 0.062271 

NDUFA5 -1.60191 0.05334 

MCM6 -1.59441 0.038537 

GNA11 -1.58745 0.040984 

G3BP1 -1.57405 0.002936 

PPT1 -1.5697 0.030952 

EXOSC8 -1.56002 0.037313 

NDUFA9 -1.55451 0.045755 

TFRC -1.45648 0.026425 

PES1 -1.45457 0.039271 

MCM5 -1.45049 0.019574 

VRK1 -1.43902 0.050037 

DNTTIP2 -1.43312 0.027526 

DHX30 -1.40595 0.034989 

SLC25A11 -1.39264 0.027771 

SRSF5 -1.36633 0.051138 
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GRSF1 -1.36375 0.023489 

NDUFA7 -1.34739 0.016271 

SMARCA5 -1.32039 0.059334 

FUS -1.31842 0.052361 

LMNB1 -1.25697 0.026303 

NUFIP2 -1.25669 0.02826 

RBM28 -1.23232 0.032787 

UTP18 -1.22487 0.04025 

NDUFS1 -1.20797 0.060436 

UBTF -1.20569 0.036946 

GLS -1.19995 0.002202 

MYBBP1A -1.19774 0.037069 

PSIP1 -1.16789 0.035111 

WDR43 -1.16666 0.051749 

LMNB2 -1.13224 0.057989 

MRPS9 -1.13054 0.045632 

SLC1A5 -1.12779 0.03034 

ILF2 -1.12318 0.004894 

ATP5PD -1.11764 0.009542 

CAPRIN1 -1.09902 0.000856 

NUP50 -1.09154 0.025814 

PTCD3 -1.07256 0.032665 

RRS1 -1.06177 0.055297 

RRP1B -1.03612 0.029973 

KTN1 -1.03215 0.034133 

SRSF3 -1.00381 0.028872 
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TMPO -1.00105 0.024345 

MRPS28 -0.9965 0.046856 

UQCRC2 -0.99349 0.042696 

MRPL50 -0.9917 0.039638 

RRP15 -0.98896 0.018351 

RDH11 -0.96603 0.06068 

ATP5MG -0.96394 0.051015 

U2AF2 -0.96147 0.013947 

SLC25A5 -0.96048 0.026181 

SFPQ -0.9593 0.05126 

PHB -0.95753 0.034255 

SDHA -0.93736 0.031074 

USP39 -0.93432 0.042941 

NOP58 -0.9281 0.033888 

DAP3 -0.92379 0.02875 

MRPL17 -0.91535 0.038782 

NUP210 -0.90528 0.045388 

RCC1 -0.90259 0.061047 

DDX54 -0.8945 0.011133 

DSG2 -0.89343 0.038904 

SDF4 -0.8912 0.040739 

DDX21 -0.88812 0.056521 

MRPL19 -0.8881 0.0345 

CDC5L -0.87478 0.057499 

KRT18 -0.86324 0.055175 

TMPO -0.86088 0.045143 
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SAFB -0.84779 0.03401 

BAG2 -0.83669 0.032298 

ATP5ME -0.83262 0.03768 

LYAR -0.8283 0.057622 

HNRNPH1 -0.81939 0.020553 

IK -0.81675 0.023 

MYO1C -0.80872 0.010888 

CKAP4 -0.80615 0.032909 

CHD4 -0.80287 0.031931 

EWSR1 -0.77875 0.05493 

XRN2 -0.77862 0.054319 

NUMA1 -0.7779 0.044654 

RSL1D1 -0.77667 0.061292 

NUP93 -0.77308 0.053585 

ACSL5 -0.76912 0.050526 

TMX1 -0.76459 0.028627 

PNN -0.76323 0.042574 

AATF -0.76177 0.009298 

RAB5C -0.75347 0.031319 

RBM39 -0.74862 0.050893 

ITGB1 -0.7483 0.04551 

RPL10A -0.72749 0.056398 

RPL23 -0.72189 0.040127 

DDX18 -0.71198 0.049058 

HNRNPU -0.70794 0.057744 

ATP5F1A -0.70606 0.054196 
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VAPB -0.69619 0.056765 

DBN1 -0.69535 0.018718 

SND1 -0.69093 0.033766 

MTHFD1L -0.65668 0.037558 

BRI3BP -0.64915 0.056031 

ATP5PO -0.62993 0.022877 

SRSF7 -0.61854 0.030462 

HNRNPDL -0.61805 0.050281 

PABPC1 -0.61547 0.061659 

PARP1 -0.61535 0.057866 

EXOSC10 -0.61485 0.036335 

DDX17 -0.61024 0.02508 

FBL -0.60764 0.001101 

TBL3 -0.60677 0.055909 

RAB8A -0.60525 0.025691 

RBM14 -0.59569 0.047712 

DDX6 -0.59123 0.04918 

DLAT -0.58825 0.047468 

MRTO4 -0.58771 0.056154 

PHB2 -0.58655 0.051505 

PTBP1 -0.57244 0.042085 

HNRNPL -0.56745 0.024101 

H3F3B -0.56046 0.058111 

H3F3A -0.55995 0.023734 

PKP3 -0.55936 0.059457 

PRPF19 -0.55932 0.011989 
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ALYREF -0.55582 0.042452 

ATP5PB -0.54755 0.032175 

ERH -0.54611 0.056276 

NAT10 -0.54181 0.040372 

NOC3L -0.53229 0.039393 

HNRNPM -0.52002 0.029606 

CANX -0.50807 0.046489 

LETM1 -0.50706 0.012968 

RPS4X -0.49822 0.060558 

EMD -0.49185 0.052116 

THRAP3 -0.48459 0.052239 

KRT19 -0.47817 0.038414 

KRT8 -0.47309 0.018473 

HNRNPAB -0.47262 0.034744 

RPS14 -0.46566 0.039516 

EIF6 -0.44134 0.060069 

UBAP2L -0.42459 0.047223 

RPL18 -0.37172 0.048079 

PRPF8 -0.36651 0.052483 

HNRNPA3 -0.36479 0.040005 

SF3B2 -0.36028 0.022388 

ACTG1 -0.36003 0.035478 

HSPE1 -0.3464 0.046367 

SCFD1 -0.29814 0.034377 

RPS9 -0.28683 0.014314 

RPSA -0.26993 0.054563 
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EIF2S1 -0.23915 0.062026 

 

 

 

Supplementary methods  

LDH cytotoxicity assay 

Cells were seeded 5 x 103 per cell of a 96 well plate and cultured for 24 hours (see 2.3.1). Cells 

were then treated with 0, 1µM, or 10 µM and incubated for 10 hours. LDH release was measured 

using CytoTox 96® Non-radioactive cytotoxicity assay (Promega), using the manufacturers 

protocol. Media colour change was measured using a PolarStar Omega (BMG Labtech) and Mars-

data analysis software (BMG Labtech), results were plotted using GraphPad Prism. 
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3.4 Discussion 

3.4.1 Efficient degradation by 5-Azacitidine of Dnmt1 in a concentration dependent 

manner and selection of dose and time points for quantitative proteomics analysis. 

Initial use of 5-Azacitidine as a treatment for haematological malignancies occurred before the 

thorough understanding for the mechanism of the compound was understood. Upon discovery that 

5-Azacitidine stably incorporated into DNA as a substitute for cytosine, the integration of which is 

catalysed by DNA polymerase, further investigations revealed the demethylating action of the 

compound (Bouchard and Momparler, 1983). Originally thought to have direct DNA 

demethylating ability it was later discovered that upon 5-Azacitidine incorporation into DNA at 

cytosine-guanine dinucleotides the critical DNA methyltransferase enzyme was found to become 

covalently trapped at the site of methyl donation to the azacytosine residue (Jüttermann et al., 1994; 

Santi et al., 1983). Covalent trapping of Dnmt1 at the replication fork induces an as yet 

undiscovered proteasome-mediated degradation of the protein that in some lines is independent of 

DNA replication activity (Ghoshal et al., 2005a).  

Initially we aimed to characterize the time- and dose- dependent dynamics of 5-Azacitidine 

degradation of Dnmt1. Previously reported findings were replicated and show that Dnmt1 is 

degraded over time in a dose-dependent manner, following assessment of Dnmt1 protein levels 

over a range of 5-Azacitidine doses from 0.1 µM to 10 µM (Figure 3-3), a concentration range 

found typically throughout previously published literature (Hagemann et al., 2011a; Palii et al., 

2008). Concentrations as low as 0.1 µM elicited a Dnmt1 degradation response over the 72 hour 

time period, with reductions in Dnmt1 protein levels noticeably reduced at the earliest measured 

time point of 10 hours. Previous literature using low dose treatments of 0.1 µM of 5-Azacitidine 

have established that even low dose treatments result in changes of global methylation patterns and 

re-expression of previously silenced gene sets (Ding et al., 2016).  

Although all treatment concentrations assessed reduced Dnmt1 protein to comparable levels 24 

hours post-treatment the initial time point of 10 hours indicated slight differences in Dnmt1 

degradation efficiency. A concentration of 1 µM was shown to reduce Dnmt1 protein levels most 

efficiently at this time point, with lower concentrations of 0.1 µM and 0.5 µM exhibiting slightly 

higher Dnmt1 levels. Additionally higher concentrations of 5 µM and 10 µM of 5-Azacitidine were 

not as efficient as 1 µM at degrading Dnmt1 protein levels. Higher doses of 5-Azacitidine exhibit 

cell toxicity effects, including DNA damage and cell cycle arrest, resulting in rapid cell death 

before integration of 5-Azacitidine into the DNA and the effects of its demethylating activity can 

be fully appreciated within the cell (Hagemann et al., 2011a). High dose regimens therefore effect 

cell viability before they have the chance to significantly degrade Dnmt1 protein levels. The 

highest maximal tolerated dose approach used in the initial clinical trials of 5-Azacitidine failed as 
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a result of severe side effects without full appreciation of the effects as a result of DNA integration 

of the chemical in these patients  (Quagliana et al., 1977; Weiss et al., 1977).  

 

To assess the effect of optimal Dnmt1 degradation concentrations of 5-Azacitidine on cell viability 

in in vivo culture a cell viability assay was performed (Figure 3-4). Cells were treated for 10, 24, 

or 48 hours with 1 µM or 10 µM of 5-Azacitidine and compared to control. Cell titre assay was 

performed using a known standard curve of viable cells to calculate the number of viable cells 

under treatment conditions. At all time points 10 µM of 5-Azacitidine resulted in a significant 

decrease in cell viability, even following the short treatment time of 10 hours, this concurs with 

results shown previously that high concentrations of 5-Azacitidine treatment reduced cell growth 

and viability (Hagemann et al., 2011a; Palii et al., 2008). The lower and more efficient Dnmt1 

protein degradation concentration of 1 µM induced a significant fall in cell viability 10 hours post-

treatment and well as 24 hours post-treatment, however did not result in significant changes of cell 

viability over the longer time point of 48 hours. Although both 1 µM and 10 µM concentrations 

comparably reduced cell viability at the early time point of 10 hours, there was a significant 

difference in the decrease of viability at both 24 and 48 hours post treatment. This indicates that 10 

µM of 5-Azacitidine affects cell viability to a greater extent over longer post-treatment periods than 

1 µM, and finally that a concentration of 1 µM does not significantly affect cell viability compared 

to control 48 hours post-treatment. Importantly 48 hours post 5-Azacitidine treatment is a typical 

time point used in previously published literature to measure the downstream consequences of the 

genome demethylating effects of 5-Azacitidine, suggesting that the effects show at this time point 

are independent of effects on cell viability (Hagemann et al., 2011a). The results shown here agree 

with those presented by Palii et al., (2008) who also investigated the effect of increasing doses of 5-

Azacitidine on HCT116 cells. They show that increasing doses above 1 µM result in decreased cell 

viability, reduced clonogenic survival and an increase in cells arrested in G2/M of the cell cycle.  

 

To further investigate the impact of 5-Azacitidine treatment on HCT116, cells were cultured in 1 

µM or 10 µM 5-Azacitidine supplemented media for 10 hours and then media levels of lactate 

dehydrogenase (LDH) were assessed by colorimetric assay (protocol carried out according to 

manufactures guidelines, Promega G1780). Previous literature indicates that 5-Azacitidine does 

have a cytotoxic effect that is measurable by the release of LDH, with an increase in cellular 

cytotoxicity increasing in a dose-dependent manner (Hossain et al., 1997). A time point of 10 hours 

was selected due to the cell half-life of LDH of 9 hours, and a comparable number of cells were 

lysed as a positive control of maximum LDH release. Figure 3-18 shows that 10 hours post 5-

Azacitidine treatment 1 µM has negligible effect on levels of released LDH, whereas 10 µM of 5-

Azacitidine does show an increase in cellular cytotoxicity. Maximal release of LDH as a result of 
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cell lysis was significant compared to control, with treatment using 10 µM of 5-Azacitidine just 

short of a significant amount of cytotoxicity due to variability between repeat results. This indicates 

that treatment of HCT116 cells with high doses of 5-Azacitidine elicits a cytotoxic effect; whereas 

a lower dose of 1 µM does not induce a cytotoxic response 10 hours post treatment. Taken together 

the assessment of 5-Azacitidine concentration on Dnmt1 protein degradation efficiency and the 

effect of these concentrations on cell viability and cytotoxicity indicate that 1 µM of 5-Azacitidine 

is the optimal dose with which to investigate the immediate effects of Dnmt1 degradation on the 

nuclear proteome, as well as the long term effects resulting from downstream genome methylation 

changes. 

With the aim of performing a comparative analysis of proteins affected by the degradation of 

Dnmt1 to the downstream effects as a result of Dnmt1 protein loss, two time points for quantitative 

proteomic analysis were selected. A 48 hour time period was selected following study of previous 

literature into the effects of Dnmt1 loss on downstream methylation effects on the genome. 48 

hours treatment of HCT116 cells with 1 µM of 5-Azacitidine has been reported to induce a 50% 

loss of genome-wide methylation markers, which remains consistent at the longer time point of 72 

hours (Hagemann et al., 2011a). Therefore 48 hours was deemed a suitable time point with which 

to investigate the downstream effects of 5-Azacitidine treatment and Dnmt1 protein degradation. 

To investigate the effects of 5-Azacitidine and the degradation of Dnmt1 on the proteome and 

signalling pathways within these cells a time point early enough to avoid downstream effects of 

genomic methylation changes, but sufficiently long enough to achieve a significant amount of 

Dnmt1 protein degradation must be selected. To identify this ‘early’ time point cells were treated 

with 1 µM 5-Azacitidine and Dnmt1 protein levels were quantified at 2 hour intervals until 10 

hours, and again at 24 and 48 hours for comparison (Figure 3-5). Initial Dnmt1 degradation of 

protein become noticeable 6 hours post treatment, with degradation continuing in a time-dependent 

manner, as previously reported in the literature (Hagemann et al., 2011a). 6 Hours of treatment 

resulted in a 25% reduction in Dnmt1 proteins levels, a 62% reduction at 8 hours, and a 80% 

reduction at 10 hours. 24 and 48 hour time points post treatment resulted in comparable reductions 

of protein levels by approximately 88%. These results indicate that at 10 hours there was a 

significant reduction in Dnmt1 protein levels following 5-Azacitidine treatment, which were 

similar to that measured at 24 and 48 hours post treatment. Previous research by Hagemann et al., 

(2011) indicates that treatment of HCT116 cells for 10 hours with 1 µM of 5-Azacitidine results in 

a 25% reduction in genome-wide methylation levels, half of that shown at 24 hours post-treatment. 

This ‘early’ time point of 10 hours would therefore result in a comparable decrease in Dnmt1 

protein levels within the cell, reducing the impact on genomic methylation levels, and allowing the 

investigation of the proteome immediately following 5-Azacitidine treatment, reducing the 

experimental ‘noise’ generated by downstream changes as a result of remodulation of the 

epigenome. 
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3.4.2 5-Azacitidine degradation of Dnmt1 does not affect Usp7, Beta-Catenin or GSK3β 

protein levels. 

In addition to the investigation of Dnmt1 degradation in a time dependent manner by 5-Azacitidine, 

a small network of Wnt-related interacting proteins was assessed for the effect of 5-Azacitidine and 

loss of Dnmt1 on their overall protein abundance. Usp7 and Beta-Catenin are interaction partners 

of Dnmt1 and GSK3β interacts with Beta-Catenin as part of the destruction complex in canonical 

Wnt signalling (Figure 3-21). 

3.4.2.1 Usp7 

Ubiquitin-specific-processing protease 7 (Usp7) is a de-ubiquitinating enzyme that has been shown 

to co-precipitate in complex with Dnmt1 and Uhrf1 (Du et al., 2010a). This protein interaction 

complex is thought it modulate the stability of Dnmt1 within the cell by balancing its ubiquitination 

status, with Usp7 protecting Dnmt1 from ubiquitin-mediated proteosomal degradation and Uhrf1 

promoting it (Du et al., 2010a; Felle et al., 2011b; Qin et al., 2011c). Levels of Usp7 in colorectal 

cancer tissue correlated with levels of Dnmt1 and stimulate its methyltransferase activity, and 

knockdown of Usp7 in cell line models show an identical trend (Cheng et al., 2015; Du et al., 

2010a; Felle et al., 2011b). Studies to show if this trend is reciprocal have not however been 

previously published. Figure 3-5 and Figure 3-2 shows that upon 5-Azacitidine-induced Dnmt1 

degradation, levels of overall Usp7 protein do not significantly change, indicating that the protein 

interaction between Dnmt1 and Usp7 is not required for Usp7 stability.  

However Usp7 is double banded with the strength of signal increased in the lower molecular 

weight band in the untreated samples, wheres the higher molecular weight band has a higher 

abundance in the treated samples. This could suggest that certain Usp7 isoforms are dependent on 

Dnmt1 protein abundance for stabilization of their own abundance or direct increase in abundance. 

Isoforms of Usp7 are currently uncharacterized however have been show frequently in western blot 

analysis by a range of different antibodies, and have been shown to be contituatively expressed in a 

range of cell lines (Luo et al ., 2015, Sarkari et al., 2011, Antrobus et al., 2008). 

Evidence for the protein-protein interaction between Dnmt1 and Usp7 has been shown with a wide 

variety of techniques and mediums, however it has not been substantiated in HCT116 cell lines that 

are used in this study. The closest evidence for this interaction in colorectal cancer cell lines is an 

epitope tagged Dnmt1 AP-MS study in the RKO cell line, which contains WT Beta-Catenin (Song 

et al., 2012). The lack of Usp7 response to Dnmt1 degradation indicates that the stabilization affect 

that Usp7 has on Dnmt1 is unidirectional and not reciprocated, at least in HCT116 cells.  

3.4.2.2 Beta-Catenin 

Beta-Catenin and Dnmt1 have been shown to interact and form a complex that also includes Uhrf1, 

Usp7, HDACs, Proliferating cell nuclear antigen (PCNA) (P12004), and Histone acetyltransferase 



Chapter 3 

138 

KAT5 (TIP60) (Q92993) (Du et al., 2010a). This complex coordinates the stabilization and 

degradation of Dnmt1 within a dynamic cellular context, independent of its downstream 

methylation ability.  

Beta-Catenin and Dnmt1 form a reciprocal stabilization interaction, independent of transcription,  

within the nucleus of colorectal cancer cells (Jing Song et al., 2015). This interaction increased the 

half-life of both proteins within the cell, protecting them from proteosomal degradation. The 

stabilization effect of Beta-Catenin on Dnmt1 was found to be dependent on canonical Wnt 

signalling, and was increased in Wnt-stimulated cells with WT Beta-Catenin. Loss of this 

stabilization partnership via loss of Beta-Catenin results in a reduction of methylation markers at 

CpG loci and re-expression of a previously transcriptionally repressed tumour suppressor gene, 

whereas Dnmt1 levels were found to regulate Beta-Catenin/transcription factor (TCF) signalling 

(Jing Song et al., 2015).  

Figure 3-5 and Figure 3-22 show that over 3 replicates 5-Azacitidine treatment of HCT116 cells 

does not result in a significant change in protein levels of Beta-Catenin. There has been no 

previously reported studies of the short-term effects of 5-Azacitidine on the protein levels of Beta-

Catenin, with most studies primarily focused on the downstream methylation-dependent effects of 

Dnmt1 reduction after periods of greater than 48 hours of 5-Azacitidine treatment (Zhang et al., 

2014). Treatment of pancreatic cancer cells over long periods such as these showed a significant 

reduction in both Beta-Catenin protein and transcript levels, even after 24 hours. Interestingly the 

reduced Beta-Catenin protein levels plateaued after 24 hours of 5-Azacitidine treatment, whereas 

the transcript levels continued to decrease from 60% at 24 hours to 25% at 72 hours (Zhang et al., 

2014). This could potentially indicate that Beta-Catenin degradation following 5-Azacitidine 

treatment shown in previously literature is not entirely transcript-dependent, and indicates a protein 

interaction mechanism may be responsible for the rapid degradation of the protein. The pancreatic 

cancer cell line used in this particular study, BxPC-3, has both WT Beta-Catenin alleles intact, 

whereas the HCT116 cell line used in my study contains one WT and one stabilized mutant allele 

that results in an increased amount of Beta-Catenin present in the cell compared to homozygous 

WT colorectal cancer cell lines, causing an increase in downstream Wnt transcriptional activity 

(Sadot et al., 2001). This may explain why the levels of Beta-Catenin in 5-Azacitidine treated 

HCT116 cells do not decrease even at the 24 hour treatment point, due to the overrepresentation 

and stabilization effect of the mutant allele.  

3.4.2.3 GSK3β 

Although not a direct interaction partner of Dnmt1, GSK3β (P49841) is a key signalling protein in 

the canonical Wnt signalling pathway, mediating the degradation of Beta-Catenin via a ‘destruction 

complex’, that also incorporates the tumour suppressors APC (P25054), Axin (O15169) and Casein 

kinase 1 (CK1) (P48729) (Stamos and Weis, 2013). The destruction complex phosphorylates Beta-
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Catenin, and targets it for ubiquitination and degradation, reducing the amount of Beta-Catenin 

available to translocate into the nucleus, where it promotes transcription of target genes responsible 

for proliferation and cell growth, typical downstream effectors of activated Wnt signalling 

(Marchand et al., 2015; Stamos and Weis, 2013).  

Although a key regulator of Wnt signalling GSK3β is a promiscuous serine-threonine kinase with 

over 150 interaction partners, and typically mediates the stabilization and/or degradation of 

proteins in a multitude of signalling pathways (McCubrey et al., 2014a). Increased expression of 

Dnmt1, GSK3β, and Beta-Catenin in gastric cancers have been shown to be indicators of positive 

prognosis, however the signalling dynamics between Dnmt1 and the two canonical Wnt proteins in 

this instance have yet to be elucidated (Bauer et al., 2012). 

Figure 3-5 and Figure 3-22 show that when Dnmt1 is degraded upon 5-Azacitidine treatment, 

levels of GSK3β remain stable and do not significantly change between treatment and control, or 

over the time period of 48 hours shown. Along with the absence of a change in Beta-Catenin 

expression, this would suggest, that although Dnmt1 has previously been shown to interact with 

Beta-Catenin in a stabilizing interaction (Jing Song et al., 2015), 5-Azacitidine-mediated 

degradation of Dnmt1 does not affect these two key signalling proteins of the canonical Wnt 

signalling pathway.  

3.4.3 Analysis of nuclear-enriched proteomic sample variability. 

In an effort to investigate the nuclear-specific affects of Dnmt1 degradation on the nuclear 

proteome, nuclear-enrichment cell lysis was performed, and samples analysed by western blot 

(Figure 3-17). Subcellular enrichment analysis indicated that protein lysis samples enriched for 

cytosolic proteins contained higher amounts of tubulin, a cytosolic marker, and lower levels of 

lamin A/C, nuclear protein markers. Conversly nuclear-enriched lysates indicated low levels of 

tubulin protein, and high levels of the nuclear-specific markers lamin A/C. This indicates that the 

lysis protocol used was able to enrich for nuclear proteins effectively and was therefore used to 

extract nuclear-enriched protein lysates following 5-Azacytidine treatment of HCT116 cells prior 

to proteomic analysis. 

HCT116 cells were treated with 1 µM of 5-Azacitidine or PBS control for 10 hours or 48 hours and 

nuclear-enriched samples were analysed by data independent quantitative proteomics analysis. 

Analysis was performed for 3 biological replicates, proteins were identified by comparative 

analysis of peptides to the UniProt Human reference proteome and protein quantitation performed 

by the Hi3 method.  

4,607 proteins were identified across all 18 samples. GO cellular compartment analysis of protein 

localization indicated a slight increase in nuclear-localized proteins, along with a significant 
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decrease in cytoplasmic localized proteins (Figure 3-20). The use of GO cellular compartment 

terms to approximate enrichment of subcellular compartment proteins much be considered in the 

context of the majority of proteins having multiple localizations within the cell, however will only 

be associated with a single GO term, leading to inaccuracies and misleading localization 

information on protein locations. It however must be considered that although the fraction of 

cytosol enriched proteins decreased, the nuclear enriched proteins did not increase to the same 

extent and the nuclear-enriched samples show an increase in other subcellular compartments such 

as the plasma membrane, mitochondria (other). Although the aim of this experiment was to 

analyses nuclear-specific changes in the proteome in response to Azacitidine, protein abundance 

changes were seen throughout cellular subcompartments. The results must therefore be considered 

limited to this enrichment analysis, and are not considered nuclear-specific or a proteome-wide 

analysis.   

To assess the protein abundance variation between samples within the dataset principle component 

analysis (PCA) was performed (Figure 3-6). The greatest source of variability within the dataset 

was derived from time, with both 5-Azacitidine treated and control samples clustering together. 

This temporal variable probably derives from the experimental design, where all cell samples were 

treated 24 hours post-seeding and protein lysates extracted following culture at time points of 0, 10, 

and 48 hours. This would induce variation within the culture from varied culture medium depletion 

rates, media pH changes due to cytotoxicity in treated cells, and differences in cell growth rates and 

intercellular signalling responses. This was supported by gene ontology biological function 

enrichment analysis of the proteins found to be differentially abundant in control samples over 

time, with functions involved in cell cycle, such as chromosome segregation highly enriched at 

both 10 hour (P value =1.02 x 10-3) and 48 hour (P value = 7.36 x 10-6) time points. The clustering 

of samples according to time point and regardless of treatment status of samples indicated that at 

both 10 hours and 48 hours post-treatment large scale changes in the proteome were not evident, 

independent of the protein abundance of Dnmt1.  

Analysis of Dnmt1 protein abundance change across the dataset validated previous western blot 

analysis of the effect of 1 µM of 5-Azacitidine mediated Dnmt1 degradation. Quantitative 

proteomics data showed a -3.2 log2 fold change (p value = 0.005) difference of Dnmt1 at 10 hours 

post-treatment, and a -8.3 log2 fold change (p value = 0.036) at 48 hours post treatment. Beta-

Catenin and Usp7 were both identified in the quantitative proteomics data, however neither protein 

showed a significant change in protein abundance 10 hours or 48 hours post-treatment. GSK3β was 

not identified in this dataset.  
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3.4.4 Analysis of protein abundance changes in response to 5-Azacitidine treatment 

Identification of the proteins exhibiting differential abundance in 5-Azacitidine treated samples 

independent of the changes over time in the control samples were calculated and presented 

graphically (Figure 3-7 and Figure 3-8). Log2 fold change of protein quantities was calculated for 

5-Azacitidine treated samples at 0 hours and 10 hours, this was then plotted graphically against the 

log2 fold change calculated in the untreated samples at 0 hours and 10 hours. Proteins are 

highlighted where the log2 fold change is significantly different and the log2 fold change ratio is 

significantly different between treated and untreated samples. The same calculation was used to 

account for temporal variability in differentially abundance proteins assessed as significantly 

different 48 hours post treatment.   

29 proteins showed a significant difference in their protein abundance 10 hours post treatment 

when compared to untreated samples (Table 3-2), whereas at 48 hours post treatment 493 proteins 

showed a significant difference in their protein abundance when compared to untreated samples 

(Table 3-3). The low number of differentially abundant proteins shown in 5-Azacitidine treated 

when compared to untreated samples indicates that there is a minimal effect of 5-Azacitidine on the 

proteome independent of time in this experiment. There were 21 proteins that were found to be 

differentially abundant at both time points, including Dnmt1 itself, String-db (V10.5) evidence 

based analysis of commonly dysregulated proteins did not indicate previously reported interactions 

(data not shown) (Szklarczyk et al., 2017). 

 

3.4.5 PARK7 shows increased protein abundance at both 10 hours and 48 hours post 

treatment. 

Log2 fold change analysis of proteins differentially abundant in cells treated with 5-Azacitidine 

indicated two distinct profiles of abundance changes between the 10 hour time point and the 48 

hour time point. Amongst the exceptions to this rule was an increased abundance of protein/nucleic 

acid deglycase DJ-1 (PARK7 – Q99497) which is shown to be increased 10 hours post-treatment 

and remained increased 48 hours after treatment. 

There is controversial evidence of CpG island promoter methylation mediating PARK7 expression, 

PARK7 CpG islands show no change in methylation status between control and diseased tissue or 

change in methylation status in response to 5-Azacitidine treatment (Y. Tan et al., 2016). On the 

other hand Martos et al., (2017) show that PARK7 CpG islands are hypomethylated upon loss of 

Dnmt1 protein expression, these two studies use different cell models and different Dnmt1 

knockdown approaches to elicit a response, suggesting that Dnmt1-mediated CpG island 

methylation of PARK7 is highly variable. The significant increase of abundance of PARK7 at 10 
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hours post-treatment would suggest a DNA methyltransferase independent role for Dnmt1 in the 

regulation of PARK7, that remained consistent upon degradation of Dnmt1.  

 

3.4.6 5-Azacitidine treatment induces changes in translational machinery and DNA 

damage repair processes.  

Proteins that showed differential abundance changes in 5-Azacitidine treated samples over both 10 

hours and 48 hours were combined and analysed from their enrichment of biological processes 

using GO terms. Proteins that were shown to be increased in response to 5-Azacitidine treatment 

were enriched in processes related to cellular metabolism and protein transport. Conversely 

proteins with decreased abundance in response to treatment were enriched for biological processes 

involved in RNA and CpG island binding. To further identify protein signalling pathways related to 

these processes and their change in response to 5-Azcytidine treatment protein interaction networks 

were plotted using significant differentially abundant protein data (Figure 3-10).  

 

There is a significant enrichment of proteins involved in biological processes related to RNA 

binding and translation initiation. This is unsurprising given that as well as integrating into DNA 

following intracellular metabolism to 5-aza-2’deoxycytidine triphosphate, 5-Azacitidine can be 

incorporated into RNA as a substitute for cytidine as 5-Azacitidine-triphosphate (Aimiuwu et al., 

2012). 5-Azacitidine preferentially and rapidly binds RNA over DNA, with up to 37% of cytidine 

residues substituted following 3 hours of treatment, and up to 65% substituted following extended 

treatment, even at a low dosage (Hollenbach et al., 2010; John W. Weiss and Pitot, 1975). The 

incorporation of 5-Azacitidine into RNA results in a decrease in protein synthesis via inhibition of 

translation initiation events, such as a failure of ribonucleic acid accumulation and lack of 

formation of the 80S ribosomal subunit (Hollenbach et al., 2010; Reichman and Penman, 1973; 

Reuveni and Rosenthal, 1979; John W. Weiss and Pitot, 1975). Unlike 5-Azacitidines’ effect on 

DNA, its inhibitory effect on protein synthesis is reversible, with ribosomal subunits accumulating 

and synthesizing protein as usually 20 hours after removal of treated media (Reuveni and 

Rosenthal, 1979).  

 

Here we show that following 48 hours of 5-Azacitidine treatment there is a significant reduction in 

DEAD-box helicase 51 (DDX51 – Q8N8A6) protein abundance. DDX51 is a RNA helicase that 

mediates the structural remodelling of the 28S ribosomal subunit, an early process in the formation 

of the large 60S ribosomal subunit responsible for translating mRNA. Currently knowledge of 

DDX51 signalling is limited, however knockdown models suggest that DDX51-mediated 

biogenesis of eukaryotic ribosomes is essential for ribosomal assembly and protein synthesis 
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(Srivastava et al., 2010). In non-small cell lung cancer tumours, DDX51 expression correlates with 

patient age at diagnosis, resulting in a dysregulation of multiple signalling pathways, upon 

knockdown cells arrest in S-phase and there is a significant reduction in in vivo tumour models 

(Wang et al., 2016).  

 

Ataxia telangiectasia mutated (ATM – Q13315) is a serine/threonine kinase with major roles in 

DNA repair and cell cycle regulation (reviewed in (Lindström et al., 2018). Here we show that 

ATM protein abundance is increased following 48 hours of 5-Azacitidine treatment. The dose- and 

time-dependent activation of ATM in response to 5-Azacitidine treatment has been shown 

previously, and indicates that 5-Azacitidine incorporation and its subsequent presence in DNA 

initiates ATM-mediated DNA repair pathways (Imanishi et al., 2014; Palii et al., 2008). Following 

treatment with high doses of 5-Azacitidine (10µM), activation of ATM is evident 6 hours post-

treatment, potentially as a result of covalent binding of Dnmt3A/B to 5-Azacitidine incorporated at 

unmethylated CpG sites, initiating cell cycle arrest and cytotoxic effects (Imanishi et al., 2014; 

Palii et al., 2008). Increased abundance of ATM protein is typical of the DNA damage response 

and has previously been shown to modulate the architecture of chromatin condensation in the 

immediate local of DNA abducts by promoting ubiquitination of H2A (Shanbhag et al., 2010). In 

addition to this ATM represses ribosomal transcription, via a reduction in activity of both RNA 

polymerase 1 and RNA polymerase 2, within minutes of DNA damage response pathway activation  

(Kruhlak et al., 2007). This results in a suppression of transcription, allowing the cell to repair 

DNA damage before resuming transcription from the genomic template.  

 

Taken together dysregulation of ATM and DDX51 would suggest an uncoupling of transcription 

and ribosome subunit formation in response to 5-Azacitidine treatment, resulting in alterations to 

transcription, and protein synthesis as well as activation of cell checkpoint proteins. GO analysis 

(Figure 3-9) suggests that following 48 hours of 5-Azacitidine there is a general dysregulation of 

RNA-binding, transcription, and RNA helicase function, of which ATM and DDX51 are key 

regulators.  

3.4.7 5-Azacitidine decreased PKP2 protein abundance. 

Plakophilin 2 (PKP2 – Q99959) is a critical protein in the formation of desmosomes, highly 

specialized cell-cell adhesion complexes typically found in tissue adapted to withstand intense 

mechanical stress, such as in cardiac, muscle and intestinal epithelia. Desmosomal plaques connect 

the interacting filaments of the cellular cytoskeleton to the cellular cytoskeleton of the adjacent cell 

via intercellular transmembrane protein interactions. Dysregulation or loss of desmosomal adhesion 

junctions results in severely reduced cell-cell adhesion capacity, typically leading to embryonic 

lethality as a result of cardiac catastrophe (Kerkela et al., 2008). Loss of PKP2 results in 

desmosome formation failure and restructuring of the cell cytoskeleton into a more filamentous 
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appearance, significantly reducing the strength of cell-cell adhesion(Sumigray and Lechler, 2012). 

Loss of cell-cell adhesion and tissue strength is a typical hallmark of cancer progression, aiding in 

the spread of metastatic disease (Hanahan and Weinberg, 2011). 

Interestingly PKP2 protein abundance was shown to be significantly decreased 48 hours post 5-

Azacitidine treatment (log2 fold change -6.87, P value 0.04), however protein abundance was not 

affected at the earlier time point of 10 hours. Other protein components of desmosomes such as 

Plakophilin 3 (PKP3 – Q9Y446), and Desmoglein2 (DSG2 – Q14126) also showed statistically 

significant changes in protein abundance, however log2 fold change values were minimal, -0.5 and 

-0.88 respectively. Desmosomal proteins were also detected following 10 hours of treatment, 

however they were not shown to be differentially abundant. Previous investigation of desmosomal 

proteins indicate that the loss of any one its components can result in a formation failure which 

effects cell-cell adhesion phenotypically (Chen et al., 2002; Ruiz et al., 1996). It is therefore 

possible to suggest the 5-Azacitidine treatment results in a dysregulation of desmosome as a result 

of an increase in PKP2 protein abundance. It is of interest to note that there were no significant 

changes in desmosome proteins at the earlier time point of 10 hours post treatment, suggesting that 

changes in PKP2 and other desmosomal proteins may be driven by the down stream DNA 

methylation changes induced by Dnmt1 degradation. There has been limited study of a possible 

interaction between PKP2 and Dnmt1 in the published literature, however the study of PKP2 

knockdown models by Gurha et al., (2016) found that PKP2 knockdown regulated CpG island 

methylation and transcriptional repression of miR-184, which was reversed upon 5-Azacitidine 

degradation of Dnmt1. Whether this regulation or interaction was reciprocal was not investigated.  

 

3.4.8 Brd2 – an early degradation event following Dnmt1 degradation. 

A protein of interest found to be significantly decreased 10 hours post 5-Azacitidine treatment was 

Bromodomain-containing protein 2 (Brd2 – P25440) (Log2 fold change -7.25, P value = 0.002). 

Brd2 is part of the BET-domain (bromodomain and extra-terminal) family of proteins, they contain 

conserved bromodomains which facilitate their binding to acetylated chromatin. Once bound to 

chromatin BET-domain proteins recruit regulatory proteins such as histone deacetylases, to gene 

promoter regions thereby allowing them to modulate gene expression (Fu et al., 2015). Brd2 and 

Bromodomain-containing protein 4 (BRD4) (O60885) share 80% sequence homology within their 

bromodomains, however they are not functionally redundant with Brd2 targeting the promoters of 

specific gene sets for regulation, with minimal overlap (Cheung et al., 2017). In areas of 

euchromatin Brd2 recruits Signal transducer and activator of transcription3 (STAT3 – P40763), 

Interferon regulatory factor 4 (IRF4 – Q15306), and Basic leucine zipper transcriptional factor 

ATF-like (BATF – Q16520) that are required for RNA polymerase 2 initiation of transcription 
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(Cheung et al., 2017; LeRoy et al., 2008). This leads to transcription of genes involved in cell cycle 

progression, such as Cyclin D1 (P24385), and increased growth in cancer models (LeRoy et al., 

2008; Tögel et al., 2016). Inhibition of Brd2 bromodomain function thereby results in reduced 

transcriptional activity and attenuation of tumour xenograft growth in vivo (Tögel et al., 2016). 

Over expression of Brd2 has also been explored as a potential biomarker in prostate cancer, as well 

as a contributor to the maintenance of stem cell phenotypes   (Di Micco et al., 2014; Wang et al., 

2005). Interestingly Brd2 was not found to be significant differentially abundant 48 hours post 5-

Azacitidine treatment, indicating that reductions in these proteins we an immediate response to 

treatment and/or DNMT1 protein degradation. Unfortunately validation of the response of Brd2 

protein abundance following 5-Azacitidine treatment by western blot analysis failed to verify 

changes in protein abundance both in nuclear-enriched samples and whole cell lysate samples over 

3 biological replicates due to variation between western blot results (Figure 3-12, Figure 3-23, and 

Figure 3-24). 

 

3.4.9 Protein abundance of Dnmt1 interacting protein Uhrf1, is decreased in response to 

5-Azacitidine treatment. 

Of particular interest in this dataset is the decreased in protein abundance of Uhrf1 in response to 5-

Azacitidine at the 48 hour time point (Log2 fold change = -8.5, P value 6 x 10-4). Uhrf1 is a direct 

interaction partner of Dnmt1, binding results in ubiquitination and proteosomal degradation of 

Dnmt1, a reaction that is mitigated by the stabilizing activity of Usp7, a de-ubiquitinating enzyme 

(Qin et al., 2011c).  

To validate the time point and degradation extent of Uhrf1 in response to 5-Azacitidine treatment, 

nuclear-enriched samples were analysed by western blot analysis for Dnmt1 and Uhrf1 protein 

abundance and confirmed the quantitative proteomic data result (Figure 3-11). To ensure that Uhrf1 

protein levels were indeed decreased in these cells and that the protein was not relocalized to the 

cytoplasm, whole cell proteins lysates of 1µM 5-Azacitidine treated HCT116 cells were analysed 

for Dnmt1 and Uhrf1 protein abundance, at the time points of 10, 24 and 48 hours.  

Results indicate that Uhrf1 total cell protein abundance is reduced in response to 5-Azacitidine 

treatment, however this is specific to the 48 hour time point post-treatment (Figure 3-25). The 

additional time point of 24 hours, confirms that the abundance change of Uhrf1 is a downstream 

signalling event as a result of 5-Azacitidine treatment or Dnmt1 protein degradation.  

In the light of results mentioned earlier indicating that Beta-Catenin and Usp7, also interaction 

partners of Dnmt1, were not affected by Dnmt1 degradation, this significant change in Uhrf1 
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protein abundance would suggest that degradation of Dnmt1 binding partners as a result of 5-

Azacitidine treatment is highly specific.  

 

Uhrf1, Dnmt1, and Usp7 form a dynamic protein complex responsible for the stabilization and 

degradation of Dnmt1 in vivo (Qin et al., 2011). Usp7 maintains the deubiquitination of the C-

terminal of Dnmt1, between amino acids 524 and 629, as well as the deubiquitination of Uhrf1. In 

the absence of Usp7 binding, Dnmt1 is ubiquitinated by Uhrf1, thereby tagging it for proteasomal 

degradation. Previous literature into the 5-Azacitidine degradation profile of Dnmt1 indicates a role 

for Dnmt1 and Uhrf1 in dysregulation of gene expression leading to cellular senescence (Jung et 

al., 2017). Uhrf1 knockdown induces dysregulation of genomic methylation, cellular senescence 

and G1 cell cycle arrest, and upon experimental inducement of senescence Uhrf1 transcript levels 

were reduced following just 18 hours (Myrianthopoulos et al., 2016; Xiang et al., 2017). Analysis 

of key cell cycle regulators such as P15, P16, P21 and P53 indicated that CpG methylation was not 

consistently altered between these genes indicating a DNA methyltransferase independent 

mechanism of activation (Xiang et al., 2017).  

 

P16 and P21 are Dnmt1 interaction partners shown to be deregulated in response to 5-Azacitidine 

treatment and induction of cellular senescence, however this phenotype and dysregulation was not 

identifiable in the nuclear proteomic profile presented here. Western blot analysis of prolonged 

treatment with 10µM of 5-Azacitidine did not indicate re-expression of P16 (Figure 3-19). 

P16 and P21 were not identified in the proteomic data, and there was no signification change in 

other Dnmt1 interaction partners identified as linked to the development of a role in cellular 

senescence. The differences in protein level changes between these two Dnmt1 5-Azacitidine-

mediated degradation studies however can be explained by the defences in their aims, with Jung et 

al., (2017) aiming to induce cellular senescence and impact cell viability by using higher 

concentrations (>2.5µM) of 5-Azacitidine whereas the study we present here assess cell viability 

(Figure 3-4) and uses a lower concentration of 5-Azacitidine (1µM) so as to reduce the induction of 

cellular senescence. Genome methylation levels are reduced in response to Uhrf1 knockdown to a 

level comparative to 5-Azacitidine treated cells, however the effect of 5-Azacitidine on Uhrf1 

degradation has not been studied in detail (Myrianthopoulos et al., 2016; Xiang et al., 2017). 5-

Azacitidine treatment of T cells showed a time-dependent degradation of Dnmt1, as shown in the 

data presented here, however Uhrf1 protein abundance was significantly increased in a time 

dependent manner, this indicates that the affect of 5-Azacitidine on Uhrf1 protein abundance may 

well be tissue specific (Sánchez-Abarca et al., 2010). 

 

In an effort to understand the role of Dnmt1 protein degradation versus the potential of Uhrf1 as a 

target itself of 5-Azacitidine treatment, Dnmt1 protein levels were reduced by retroviral 
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transduction of shRNA constructs in HCT116 cells, knockout cell lines were generously provided 

by Nullin Divecha (University of Southampton). Western blot analysis of shRNA ability to reduce 

Dnmt1 protein levels indicated that the constructs were effective at reducing protein levels in both 

stable (Figure 3-13) and transient (Figure 3-14) cell lines. Upon knockdown of Dnmt1, Uhrf1 

protein abundance did not show a noticeable difference, neither did Usp7 or Beta-Catenin protein 

levels change. This would suggest the decrease in Uhrf1 protein abundance shown in the proteomic 

analysis is not directly related to the decease in Dnmt1 protein abundance. Previous research in 

knockdown models of Dnmt1 has shown dysregulation of genome methylation but have not 

investigated the effect on the abundance of its interaction partner Uhrf1, (ZHOU et al., 2014).  

To confirm if Uhrf1 protein abundance is a responsive to 5-Azacitidine treatment, independent of 

Dnmt1 protein, stable shRNA Dnmt1 knockdown cells lines were treated with 1µM of 5-

Azacitidine over a period of 48 hours and whole cell protein abundance of Dnmt1 and Uhrf1 was 

analysed by western blot analysis. Interestingly 5-Azacitidine treatment of knockdown cell lines 

failed to further reduce the protein abundance of Dnmt1, this was evident in both the shRNA 

DNMT1 targeted knockdown (Figure 3-15) line as well as in the scrambled negative control 

shRNA cell line (Figure 3-26) when compared to the WT HCT116 5-Azacitidine line (Figure 

3-16). In both control and Dnmt1 targeted shRNA knockdown cell 5-Azacitidine treatment failed to 

result in a significant change in Uhrf1 protein levels when compared to WT HCT116 treated cells, 

even over the longer time period of 48 hours.  

In summary, although Dnmt1 and Uhrf1 are interaction partners which facilitate Dnmt1 binding to 

hemimethylated DNA at the replication fork in preparation for the maintenance of methylation 

markers on the DNA in daughter cells, Dnmt1 and Uhrf1 are not reliant on each other to maintain 

their protein levels. There has been no research that has investigated the affect of demethylating 

treatments on Uhrf1 or partner proteins, instead the vast majority of this research centres on the 

DNA methyltransferase proteins themselves rather than the wider protein complex machinery. It 

may be possible that upon Dnmt1 binding to 5-Azacitidine and formation of a DNA abduct that is 

identified for degradation, Uhrf1 is also degraded. In effect Uhrf1 interaction with Dnmt1 makes it 

susceptible to proteosomal degradation as a result of Dnmt1 complex identification by DNA repair 

pathwayss. 

Previous research shows that Uhrf1 binds cooperatively to hemi-methylated DNA and recruits 

Dnmt1 to cytidine, or in this case azacitidine, loss of the Uhrf1 binding sites that allow it to 

associate with hemi-methylated DNA and methylated histone 3 result in its loss of Dnmt1 binding 

(Liu et al., 2013). In order to investigate the mechanism of azacitidine-mediated loss of Uhrf1, 

mutational analysis pertaining to hemi-methylated DNA binding and subsequently Dnmt1 binding 

would allow evaluation of the theory that Uhrf1 interaction with azacitidine-bound Dnmt1 results 

in its degradation and therefore lower protein abundance following azacitidine treatment.  
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3.5 In summary and conclusion 

To summarize the data presented here; we have shown that 5-Azacitidine treatment is an affective 

mechanism with which to rapidly deplete Dnmt1 using a low dose to mitigate cell toxicity effects 

of the drug. Previously published degradation effects of 5-Azacitidine on Dnmt1 have been 

replicated and shown to occur in a dose and time dependent manner. High doses of 5-Azacitidine 

reduce cell viability and induce cytotoxic effects, also previously observed in the published 

literature. Nuclear-enriched proteomic analysis of a Dnmt1 degradation time course indicates 5-

Azacitidine induces selective changes throughout the proteome, across a range of protein signalling 

pathways in a time dependent manner. Key interaction partners of Dnmt1 are not effected by 5-

Azacitidine-mediated degradation however Uhrf1, a Dnmt1 ubiquitinating enzyme is reduced in 

response to 5-Azacitidine treatment. Through efficient stable and transient knockdown of Dnmt1 

we have showed that decreases in Uhrf1 protein abundance are independent of Dnmt1 protein 

levels and are more likely a result of an as yet unknown mechanism of 5-Azacitidine action.  

 

Interest in epigenetic remodulators as treatments for disease is growing following the greater 

understanding of how epigenetic markers change in disease pathology and development. The 

understanding of how epigenetic modifications contribute to changes in genomic architecture and 

the transcriptome is currently a thriving field of both in vitro and in vivo research. Although the 

effects of these epigenetic regulating compounds on the genome and transcriptional regulation is 

becoming more familiar, the wider implications of these compounds on the proteome in a relatively 

unknown field of understanding.  

Research presented here indicates treatment with epigenetic compounds has wide reaching and 

specific effects on the functional proteome, understanding these will be important in mitigating off 

target effects, as well as tailoring treatment to the epigenome of a disease pathology. 

 

3.6 Future work 

To further elucidate the mechanism by which 5-Azacitidine decreased Uhrf1 protein abundance in 

this instance, 5-Azacitidine treatment of a cellular system independent of Dnmt1 protein would be 

optimal. However as shown by the stable Dnmt1 knockdown cell lines presented here, cell lines 

resulting from knockdown of proteins critical for cell viability typically exhibit leaky expression of 

the protein following selection. In this instance these knockdown cells were also unresponsive to 5-

Azacitidine treatment, and retained not only their basal Dnmt1 protein abundance but the Uhrf1 
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protein abundance remained unchanged. As mentioned previously, models featuring a permanent 

knockout of Dnmt1 are unviable, and transient knockdown methods remain leaky would also not 

sustain a sufficient knockdown over the period of time necessary to also treat the cells with 5-

Azacitidine for a further 48 following efficient knockdown. Upon the generation of a rapid and 

inducible knockdown model of Dnmt1, 5-Azacitidine treatment would then allow further 

investigation of the method of Uhrf1 response to the drug. 

 

5-Azacitidine is a clinically approved drug in haematological malignancies, although results in 

solid tumour malignancies are variable (Cowan et al., 2010; Fenaux et al., 2009; Silverman et al., 

2002; Tsai et al., 2012). The effect of 5-Azacitidine on the degradation on Dnmt1, and additionally 

Dnmt3, has previously been well characterized (Cai et al., 2015; Hagemann et al., 2011a). 

Presented here is a quantitative nuclear-enriched proteomic analysis of 5-Azacitidine treatment in a 

CRC cell model, which identifies that the effects of 5-Azacitidine are limited to a relatively small 

number of proteins enriched for DNA binding and modification functions. This indicates that the 

effects of 5-Azacitidine treatment are not limited to the degradation of members of the DNMT 

family, and are in fact the result of a wider dysregulation of selected proteins involved in 

translation, DNA binding and accessibility. Greater understanding of the effects of 5-Azacitidine 

on the proteome of solid tumour malignancies, such as CRC, in tandem with its well characterized 

effects on the epigenome, will provide greater understanding of the differences between the 

treatment outcomes of these different malignancies. In addition, identification of novel 5-

Azacitidine responsive proteins such as Uhrf1, independent of Dnmt1, may elucidate Dnmt1-

independent mechanisms of 5-Azacitidine action that require further investigation. 
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Chapter 4 Proteomic analysis of Dnmt1 hypomorphic 

colorectal cancer cells reveals activation of markers of 

Epithelial-Mesenchymal transition and re-localization of 

Beta-Catenin. 

4.1 Abstract 

Dnmt1 plays a critical role in maintaining the fidelity of epigenetic markers on the genome, 

knockout of this essential protein results in cell death or embryonic lethality, consequently there are 

no viable knockout models in which to investigate this protein. 

In addition to knockdown models a particular mutant cell line (HCT116-Dnmt1∆3-5) has been well 

studied in the context of genomic methylation due to the presence of a homozygous deletion of 

exons 3,4 and 5 of Dnmt1. Originally thought to be a complete knockout model, further 

characterization showed that the mutant protein was a hypomorph and retained sufficient catalytic 

activity to maintain genomic methylation levels, although was expressed at significantly lower 

abundance than the wild type protein. The epigenetic and transcriptomic effects of the Dnmt1∆3-5 

protein have been well characterized previously, presented here is the first quantitative proteomic 

analysis of this mutant protein, resulting in the dysregulation of numerous protein signalling 

networks.  

Following initial characterization of the Dnmt1∆3-5 protein, the hypomorphic cell line was then 

quantitatively analysed in comparison to HCT116 cells by mass spectrometry techniques. Analysis 

of the proteomic profile of HCT116-Dnmt1∆3-5 cells indicated key signalling pathways in the 

epithelial to mesenchymal transition (EMT) process were dysregulated in this cell line, together 

with significant abundance changes of EMT protein markers. HCT116-Dnmt1∆3-5 cells exhibited 

dysregulation and relocalization of EMT transcriptional drivers, with attempts to recreate or rescue 

this EMT phenotype by manipulation of wild type Dnmt1 protein unsuccessful, indicating a 

significant role of the Dnmt1∆3-5 protein in the remodulation of EMT markers.  

Progressive changes in methylation levels and patterns in colorectal cancer, as well as protein 

abundance changes in the key methyltransferase Dnmt1 have been well documented. 

Understanding how the changes associated with Dnmt1-modulation of the epigenome and 

proteome during colorectal cancer progression may elucidate key mechanisms of EMT initiation 

within these cells and highlight how the EMT phenotype drives the development of a cancer stem 

cell population.    



Chapter 4 

152 

 

4.2 Introduction 

4.2.1 Development of a novel Dnmt1 knockout cell line. 

The investigation of the role of Dnmt1 in an in vivo cell model have been hampered by the 

limitations mentioned previously, due to the criticality of the protein in maintaining DNA 

methylation levels and dedifferentiation in stem cells. The use of chemicals to induce protein 

degradation, such as with the use of 5-Azacitidine to degrade Dnmt1, typically results in off target 

effects on other proteins in addition to cell cytotoxicity effects (Hagemann et al., 2011a). RNAi 

technologies on the other hand are more specific towards their target but are fully effective after a 

prolonged period of time due to interruption of translation and then cell turnover of the target 

protein, raising issues with adaptability and ‘leaky’ protein expression.  

In the year 2000 Rhee et al., (2000) engineered a cell line that seemed to solve this issue. In the 

CRC model cell line HCT116, a cell typically exhibiting transcriptional repression of genes by 

hypermethylation, they developed a Dnmt1 knockout model (Maurano et al., 2015; Suh et al., 

2002). Using homologous recombination to insert a hygromycin resistance gene flanked by loxP 

sites the group generated a homozygous knockout of exons 3, 4, and 5 of Dnmt1. Following 

validation by PCR and western blot the group determined that these cells no longer expressed 

Dnmt1, however the cells remained viable over a period of 300 passages in culture, with the only 

phenotypically obvious symptom of knockout a slower growth rate. This was the first documented 

viable Dnmt1 knockout model to be reported.  

Rhee et al., (2000) proceeded to further characterize this cell model and find that methyltransferase 

activity was reduced by 96% in this cell line compared to wild type cells, which resulted in a 20% 

decreased in overall genomic methylation. Upon investigation of the changes in genomic 

methylation patterns in response to Dnmt1 loss the group discovered that loss of hypermethylation 

was regional rather than occurring throughout the whole genome as shown by 5-Azacytidin-

mediated degradation of Dnmt1.  

Building on the model they created Rhee et al then proceeded to investigate the response of 

genome methylation levels to knockout of Dnmt3b, a de novo methyltransferase that is thought to 

share some redundant maintenance methyltransferase activity with Dnmt1. Using similar knockout 

methods the group created a Dnmt3b knockout HCT116 cell line and a double knockout model 

with homozygous deletion of both Dnmt1 and Dnmt3b (DKO1). All of the cell models they created 

were viable and knockouts were confirmed by PCR and western blot analysis as previously (Rhee 

et al., 2002). Dnmt3b knockouts reduced methyltransferase activity in the cell by 13% which 

resulted in a 3% reduction in global genome methylation levels, this is significantly less than that 
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shown in the Dnmt1 knockout cell model. This indicated that although there was some functional 

redundancy between Dnmt1 and Dnmt3b, Dnmt1 was the primary maintenance methyltransferase 

active in this cell line. Significantly the group then identified that in the double knockout cell line 

(DKO1) there was a near complete abolition of DNA methyltransferase activity that resulted in a 

97% decrease in genomic methylation levels, indicating that functional cross over between Dnmt1 

and Dnmt3b is greater than originally thought. Unlike in the single Dnmt1 or Dnmt3b knockout 

cell lines, transcription of genes that are normally repressed by hypermethylation were shown to be 

re-expressed in the DKO1 cell line, indicating that a significant decrease in genomic methylation is 

required to induce transcriptional changes (Rhee et al., 2002). This point has been further 

confirming using the same Dnmt1 and DKO1 knockout cell lines in addition to other knockdown 

methods, the findings of which suggest cells require a minimal level of DNA methyltransferase 

activity to retain suppression of genes, and a further critical level of activity to remain viable (Cai 

et al., 2017a; De Carvalho et al., 2012; Hagemann et al., 2011a). Interestingly DKO1 cells showed 

equivalent levels of reduced genomic methylation levels to that exhibited following 5-Azacitidine 

treatment, possibly reflecting the efficiency of 5-Azacitidine to target both Dnmt1 and Dnmt3b for 

degradation (Rhee et al., 2002).  

 

4.2.2 Characterization of the Dnmt1 hypomorph cell line 

The models created by Rhee et al seemed to provide ideal knockout models of Dnmt1 and Dnmt3b 

in which to study the effects of the proteins on genomic methylation, epigenetic transcriptional 

regulation and Dnmt1 protein interactions. However a group looking to build on the models created 

by Rhee et al discovered that the Dnmt1 knockout cell line created by them was not a true knockout 

and instead resulted in the expression of a mutant allele of the protein, found to naturally occur in 

in vivo models. 
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Figure 4-1 - Schematic diagram of Dnmt1 hypomorph gene and protein structure. Dnmt1 gene 

exon structure of WT protein with exons 3, 4 and 5 highlighted which are deleted in 

the Dnmt1∆3-5 protein, along with the primer sites used in experimental analysis of the 

mutant cell line. Dnmt1 WT and Dnmt1∆3-5 protein structures, with domain locations 

and active sites detailed for reference.  

Egger et al., (2006) found that the introduction of the hygromycin resistance gene into Dnmt1 gene 

had indeed ablated exons 3 to 5, however the remainder of the protein was still being transcribed, 

although at significantly lower levels than the WT protein (20%). Western blot analysis showed 

that the resulting protein displayed a reduced molecular weight compared to the WT protein in both 

Dnmt1 knockout cell lines, and the DKO1 cell line produced by Rhee et al., (2000). Egger et al 

showed that the Dnmt1 knockout exhibited a deletion of exons 3, 4, and 5, as described by Rhee et 



 

155 

 

al., (2000) therefore this cell line will be described as HCT116-Dnmt1∆3-5 for the purpose of this 

report.  

Dnmt1∆3-5 was found to be functionally active and able to bind DNA, including degradation in 

response to 5-Azacitidine knockdown and recovery of genomic methylation at resultant 

hypomethylated sites over a period of weeks, although at a reduced rate when compared to WT 

Dnmt1. The deletion of exons 3, 4, and 5 results in the deletion of two domains of the protein, the 

DMAP1 domain and the PCNA domain, indicating that the nuclear localization signalling and C-

terminal catalytic domain of the protein are still present and able to methylate DNA, termed a 

hypomorphic protein. Egger et al., (2006) also further confirmed the discovery of genomic 

methylation patterns in HCT116-Dnmt1∆3-5 cells as unique compared to DKO1 cells or 5-

Azacitidine demethylation methods. HCT116-Dnmt1∆3-5 cells showed that specific regions of the 

genome were sensitive to the reduced protein level and/or mutation of Dnmt1, with CpG-poor 

regions of the genome more susceptible to hypomethylation, and CpG-rich regions, such as CpG 

islands, maintaining their hypermethylated state (Egger et al., 2006). 

With regards to the mechanism of maintenance of DNA methylation, methylation of cytosine 

residues is thought to be a discontinuous process, as opposed to the process of DNA replication. 

The exact mechanism and dynamics of the DNA methylation maintenance process are yet to be 

fully defined, with the known speed of cytosine methylation and DNA replication currently not 

considered to be compatible. Egger et al., (2006) found that the hypomorphic Dnmt1 protein 

showed a reduced speed of cytosine methylation of newly synthesized DNA when compared to the 

WT protein resulting in an aberrant increase in hemimethylated DNA. 

 

4.2.3 Deletion of the PCNA and DMAP1 binding domains. 

Dnmt1 interacts with PCNA via its PCNA binding domain, which is deleted in the hypomorph cell 

line HCT116-Dnmt1∆3-5. The binding of PCNA, a ring domain protein that interacts with the DNA 

replication fork, to Dnmt1 facilitates binding and methylation maintenance efficiency (Iida et al., 

2002) . Although PCNA is not essential for Dnmt1’s methyltransferase activity, efficiency is 

significantly reduced but binding is still facilitated through the replication foci domain of Dnmt1 

(Garvilles et al., 2015; Schermelleh et al., 2007). Egger et al., (2006) hypothesised that the reduced 

methylation ability of Dnmt1∆3-5 was a result of loss of the PCNA interacting domain, however 

research since has showed that loss of this domain alone is not sufficient to occlude its DNA 

binding and methyltransferase activity (Pacaud et al., 2014).  
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The second domain deleted in the Dnmt1∆3-5 protein is the DNA methyltransferase 1-associated 

protein 1 (DMAP1) interaction domain. DMAP1 and Dnmt1 interact and co-localize to the nucleus 

upon replication and during S phase, via the interaction of DMAP1 with Tumour susceptibility 

gene 101 protein (TSG101) this complex is able to bind and repress transcription (Rountree et al., 

2000). This domain is also not essential for the DNA methyltransferase function of Dnmt1.  

 

4.2.4 Previous research using the Dnmt1 hypomorph model. 

HCT116-Dnmt1∆3-5 cells have continued to be used as models of reduced Dnmt1 protein levels that 

effect global genomic methylation levels. They have been an effective model in which to 

investigate Dnmt1 N-terminal binding partners and the downstream effects of these interactions. 

Sirtuin-1 (SIRT1), a histone deacetylase, localizes to areas of chromatin upon DNA damage in WT 

cells, however this localization is absent in HCT116-Dnmt1∆3-5 cells. The interaction between 

Dnmt1 and SIRT1 is though to localize the two proteins to areas of CpG-rich regions of the 

genome, including CpG island promoters to modulate histone architecture and transcription 

(Espada, 2012; O’Hagan et al., 2011). Spada et al., (2007) confirmed that, although Dnmt1∆3-5 is 

lacking the ability to interact with PCNA, the mutant protein is still catalytically active and is 

responsible for maintenance of genomic methylation, which is significantly reduced when 

Dnmt1∆3-5 is targeted by RNAi knockdown.  

Further investigations into the genomic methylation patterns in HCT116-Dnmt1∆3-5 cells have taken 

various approaches since the initial reports by Rhee et al and Egger et al. Schuebel et al., (2007) 

used a comparative analysis of HCT116-Dnmt1∆3-5 cells with DKO1 cells to investigate the 

mechanism specific effects of Dnmt1 knockdown on transcriptional repression, comparing 5-

Azacitidine degradation with trichostatin A inhibition of histone deacetylases. They proposed that 

Dnmt1 has two distinct, independent mechanisms of transcriptional repression, firstly by its 

catalytic methyltransferase activity, and secondly by its ability to recruit interaction partners via its 

N-terminal domain that mediate the access of transcriptional machinery to the DNA.  

More recently Cai et al., (2017) used HCT116-Dnmt1∆3-5 cells to investigate the minimal levels of 

genomic methylation needed to transcriptionally repress a gene, specifically in the context of 

tumour suppressor genes typically found repressed in cancer development and in the HCT116 cell 

line that the Dnmt1∆3-5 model is derived from. They confirmed that HCT116-Dnmt1∆3-5 cells 

maintained substantial global genomic methylation levels, and that any reductions in methylation 

makers were localized, and in a pattern unique to the cell line. The methylation reduction shown in 

these cells was not substantial enough to induce reexpression of hypermethylated genes in this 
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model, without further knockdown of the protein, classed as ‘deep’ reduction in Dnmt1 protein 

levels. Upon induction of a ‘deep’ (below 95%) Dnmt1 reduction genomic methylation patterns 

resembled those induced upon 5-Azacitidine treatment and resulted in a significant increase in 

reexpressed genes (Cai et al., 2017a).  

Since the discovery of the HCT116-Dnmt1∆3-5 model cell line its changes in global and promoter-

specific methylation levels have been well characterized, both in the context of Dnmt1 protein 

levels, Dnmt1 transcription repression mechanisms, and with regards to its functional redundancy 

with Dnmt3b. In addition to this, the specific loss of the DMAP1 and PCNA binding domains as 

part of the N-terminal domain of the protein has lent itself to the investigation of N-terminal 

specific interaction partners and DNA methyltransferase-independent roles of the protein. However 

the global effect of the N-terminal domain deletion, reduced protein abundance, and specific 

genomic methylation changes on cell signalling and pathways in the cellular proteome have not 

been documented. Although there is no clinically relevant mutation similar to the one documented 

in HCT116-Dnmt1∆3-5 cells, understanding of its reduced methyltransferase capacity and deleted 

protein binding domains on the cellular proteome may shed more light on the crucial role of Dnmt1 

in transcriptional regulation, particularly in a disease model.  

Presented here is a quantitative proteomic analysis of nuclear-enriched samples from HCT116-

Dnmt1∆3-5 cells in comparison to WT HCT116 cells. Deletion of exons 3, 4, and 5 were confirmed 

by PCR, genomic sequencing and western blot analysis, presenting similar results to those shown 

by Egger et al., (2006). Quantitative proteomic profiling of the nuclear proteome in these cells 

indicated significant differences across the proteome in the hypomorphic cell line, resulting in 

changes to multiple signalling pathways including proteosomal subunit formation, and cellular 

architecture. The most significant change in protein abundance between these cell lines was a 

significant increase in Vimentin protein abundance in HCT116-Dnmt1∆3-5 cells, a key indicator of 

epithelial to mesenchymal transition (EMT). Upon further investigation of EMT markers there was 

a partial induction of EMT in HCT116-Dnmt1∆3-5 cells driven by SLUG and SNAIL transcription 

factors, in addition to a cellular redistribution of the Wnt signalling protein Beta-Catenin. Induction 

of EMT markers could not be replicated by WT Dnmt1 protein knockdown or by WT Dnmt1 

protein exogenous expression in HCT116-Dnmt1∆3-5 cells, indicating that EMT induction in this 

hypomorphic cell line is not a direct result of diminished Dnmt1 protein levels.  
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4.3 Results 

 

For the purpose of this chapter the results will be presented as a paper for publication in the 

format of Journal of Proteomics. 
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ABSTRACT 

 

The methyltransferase activity of Dnmt1 to regulate the epigenome has been thoroughly 

established using both chemical degradation, RNA technology, and mutational cell models 

to modify Dnmt1 protein levels and activity. A remodulation of Dnmt1 methylation 

patterns and levels is a frequent and significant occurrence in tumourigenesis, resulting in 

targeted inhibitors of Dnmt1 becoming drugs of choice for select malignancies.  

Previously a mutant Dnmt1 cell line has been characterized and extensively studied in the 

literature resulting in key findings of Dnmt1s activity both as a DNA methyltransferase 

and well as roles independent of this function. This colorectal cancer cell line has a 

homozygous deletion of exons 3 to 5 of Dnmt1, resulting in a greatly reduced protein 

expression profile whilst still exhibiting limited functional activity and methyltransferase 

ability. Although the downstream effects on the epigenome and transcriptome have 

previously been studied in this cell model, the effects on the proteome and wider cell 

signalling are less well understood.  

 

Here we present a quantitative nuclear-enriched proteomic analysis of HCT116-Dnmt1∆3-5 

cells. We identify multiple signalling pathways and processes as well as specific proteins 

that are dysregulated in this hypomorphic Dnmt1 model. We highlight key proteins as well 

as signalling pathways involved in epithelial to mesenchymal transition to be dysregulated, 

and that subsequent analysis of Dnmt1 interaction partners identified a reduced protein 

abundance of the transcription driver Beta-Catenin as well as redistribution of this protein 

to the nucleus in HCT116-Dnmt1∆3-5 cells. We were not able to recreate or rescue the EMT 

phenotype exhibited by HCT116-Dnmt1∆3-5 cells, suggesting that the Dnmt1∆3-5 protein 

may exhibit dominant signalling activity compared to WT Dnmt1 protein.  

 

In brief we present the first comprehensive nuclear-enriched proteomic analysis of the 

widely studied Dnmt1 hypomorph Dnmt1∆3-5, and identify redistribution of Dnmt1∆3-5 and 

its interaction partner Beta-Catenin as well as the dysregulation of EMT related processes 

and signalling pathways related to the development of a cancer stem cell phenotype. 
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INTRODUCTION 

 

DNA methyltransferase 1 (Dnmt1) is a DNA methyltransferase that binds to the 5th carbon of 

cytosine residues adjacent to guanine residues, and is the most abundant DNA methyltransferase in 

somatic cells (Clements et al., 2012; Lei et al., 1996; Robertson, 2001). A primarily nuclear 

protein, it preferentially binds to hemimethylated substrates at replication foci in conjunction with 

proliferating cell nuclear antigen (PCNA), this cell cycle specific action allows it to mediate the 

fidelity of methylation patterns in newly generated daughter cells (Kanai et al., 2003; Robertson, 

2001).  

Dnmt1 plays a vital role in embryonic development, with mouse embryonic stem cells lacking the 

catalytic function of Dnmt1 arresting prior to the 8-somite stage (Lei et al., 1996). Although they 

maintain low levels of 5-methylcytosine and methyltransferase activity, probably due to functional 

redundancy with Dnmt3b, differentiation of the stem cells leads to a reduction in these levels and 

eventually cell death (Lei et al., 1996; Rhee et al., 2002). Remodelling of pluripotent stem cells 

(PSCs) has also been shown to require DNA methylation changes driven by Dnmt1 to allow them 

to remodel themselves to meet the needs of the organism throughout its lifetime (Pathania et al., 

2015).  

Epigenetic modulation allows cells to adapt to their environment, however atypical methylation can 

lead to the development of disease pathology including retention of a stem cell phenotype, in 

cancer pathology this is termed a cancer stem cell (CSC) (Hanahan and Weinberg, 2011). 

Development and maintenance of CSCs in a range of cancers is mediated by re-modulation of the 

epigenome, resulting in treatment resistance, unlimited proliferation and disease relapse (Bröske et 

al., 2009; Collins et al., 2005; Eramo et al., 2008; Liu et al., 2015; S. Ma et al., 2007; Ricci-Vitiani 

et al., 2007; Zhang et al., 2008). 

Studies of CSC populations in solid tumours and hematopoietic cancers alike have lead to the 

investigation of Dnmt1 as a mediator of the epigenome changes that promote stemness. Dnmt1 

protein and its subsequent methyltransferase function are required to maintain an undifferentiated 

and inexhaustible proliferative state, knockdown of Dnmt1 subsequently leads to premature 

differentiation of cells and eventually apoptosis as a result of loss of methylation markers (Sen et 

al., 2010). Increased protein abundance of Dnmt1 has been shown in several cancer types, and 

typically correlates with tumour progression and genomic methylation levels (el-Deiry et al., 1991; 

Pathania et al., 2015; Qu et al., 2010; Zagorac et al., 2016). Although mutations directly affecting 

Dnmt1 are rare it is increasingly evident in CRC that Dnmt1 protein levels increase throughout 
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tumour progression, in tandem with significant changes to genomic methylation patterns (el-Deiry 

et al., 1991; Issa et al., 1993; Kanai et al., 2003; Toyota et al., 1999; Vertino et al., 1996). An 

aberrant increase in methylation activity results in cancer-specific methylation-depend suppression 

of targeted gene expression, acting in a similar way to mutations that adversely affect tumour 

suppressor genes in developing tumour cells (Kanai et al., 2003; Rhee et al., 2002; Vertino et al., 

1996).  

There is increasing evidence that indicates Dnmt1 also has a range of DNA methyltransferase-

independent functions that have become evident in Dnmt1 knockdown and inhibition studies. It has 

previously been shown that genes with changes in expression in response to Dnmt1 knockdown did 

not always contain CpG islands or show changes in their methylation status (Clements et al., 2012). 

Through its interaction with E3 ubiquiting-protein ligase UHRF1 (Uhrf1), Lysine acetyltransferase 

5 (Tip60), and Histone deacetylase 1 (HDAC1), Dnmt1 can modulate acetylation, as well as 

suppress gene transcription as part of a regulatory complex with Chromodomain helicase DNA 

binding protein 4 (CHD4), and HDAC1 (Achour et al., 2009; Cai et al., 2014). Dnmt1 can function 

as a scaffold protein in transcription repression complexes independent of its methyltransferase 

catalytic domain, though its interaction with lysine demethylase 1A (LSD1). Previous literature 

also indicates a role for Dnmt1 stabilization of Beta-Catenin, the central signalling molecule in 

canonical Wnt signalling, via interaction with Dnmt1’s central domain (Jing Song et al., 2015). 

Mutual stabilization between these proteins in the nucleus results in activated Wnt signalling and 

maintenance of CpG island promoter methylation of Dnmt1-target genes, which were re-expressed 

upon knockout of Beta-Catenin (Jing Song et al., 2015). Canonical Wnt signalling is a key 

signalling pathway in the development and renewal of intestinal epithelial cells, responsible for the 

controlled arrest of proliferation, and terminal differentiation of cells as they migrate up the colonic 

villi (Clements et al., 2012).  

Dnmt1 loss is embryonically lethal, leading to premature differentiation and eventually cell death, 

even in experiment stable cell lines complete knockout of Dnmt1 results in G2/M cell cycle 

checkpoint arrest followed by apoptosis (Chen et al., 2007a; Lei et al., 1996).  

The study of Dnmt1 protein function is therefore restricted by its essential role to life, meaning 

there are no viable whole organism models, and in vitro cell models are restricted to chemical 

inhibition, transient knockdown methods, or Dnmt1 mutational analysis.  

Most knockdown and Dnmt1 ablation studies have focused on the role of Dnmt1 as a mediator of 

the epigenome, typically studying the downstream effects of Dnmt1 loss on the resulting proteome 

or transcriptome following methylation changes (Cai et al., 2017a).  

Due to the critically of Dnmt1, viable models of gene knockout and protein knockdown are limited. 
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Chemical-mediated degradation of Dnmt1 is usually induced by treatment with the cytosine 

chemical analog 5-Azacitidine or its deoxy analog decitabine, which integrate into DNA as a 

substitute for cytosine, inhibiting Dnmt1 ability to donate its methyl group. This results in the 

formation of a Dnmt1 abduct, which is recognised by DNA repair pathways and Dnmt1 is targeted 

for proteosomal degradation (Schermelleh et al., 2005b; Stresemann and Lyko, 2008).  

RNA-mediated knockdown technologies typically require a prolonged period of time to reach the 

optimal point of protein degradation, due to their mechanistic disruption of translation, as well as 

having the limiting factor of having a transient effect (Robert et al., 2003; Weiss et al., 2007). 

To circumvent the issue of Dnmt1 criticality, mutant alleles have been studied to elucidate the role 

of Dnmt1 and its domains in cancer models. Rhee et al., (2000) generated a series of Dnmt1 mutant 

cell models derived from the colorectal cancer cell line HCT116, although designated Dnmt1-/- 

cells, Egger et al., (2006) further characterized these cell lines as expressing a lower abundance 

(20%) of truncated hypomorph protein (Dnmt1∆3-5) approximately 17kDa smaller than the WT 

protein. This homozygous HCT116-Dnmt1∆3-5 cell line has the DMAP1 interaction domain and the 

PCNA interaction domain deleted at the N-terminus by the insertion of a hygromycin resistance 

gene (Rhee et al., 2000). This mutant protein results in a 96% decrease in methyltransferase 

activity, however it retains its catalytic domain, DNA binding ability and genomic methylation 

levels are only decreased by approximately 20% (Egger et al., 2006; Rhee et al., 2000; Spada et al., 

2007). These mutant cell lines have been used as models to study the effect of Dnmt1 on global 

methylation levels and the reactivation of CpG island promoter controlled gene expression. In 

addition Espada et al., (2011) found that HCT116-Dnmt1∆3-5 cells showed reduced Ca2+-dependent 

cell adhesion, indicating dysregulation of E-Cadherin cell-cell adhesion junctions, this effect was 

independent of Dnmt3b signalling. Further characterization indicated a reduced abundance of E-

Cadherin protein, and a relocalization of Beta-Catenin away from the plasma membrane, resulting 

in activated canonical Wnt signalling. This phenotype was specific to HCT116-Dnmt1∆3-5 cells 

suggesting a DNA-methyltransferase-independent role for the N-terminal domain of Dnmt1 in cell-

cell adhesion maintenance (Espada et al., 2011). 

Here we present a proteomic analysis of the HCT116-Dnmt1∆3-5 cell line to investigate the effects 

of mutant Dnmt1 on the nuclear protein environment.  

Following characterization of the HCT116-Dnmt1∆3-5 cells, nuclear-enriched protein fractions were 

extracted and used in a quantitative proteomic analysis of the nuclear-enriched proteome, with the 

aim of identifying proteins and signalling networks perturbed in cells expressing the hypomorphic 

Dnmt1 allele. Following analysis of signalling networks that were dysregulated in the HCT116-

Dnmt1∆3-5 nuclear proteomic profile, protein signalling networks involved in proteasome 

complexes, cell adhesion junctions, cytoskeletal architecture and EMT were identified. A strong 

and significant differential signature of EMT activation in the hypomorphic Dnmt1 cells was 
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analysed by Western blot. To understand whether induction of the EMT markers was a result of 

lower levels of Dnmt1 protein or as a direct result of the mutant Dnmt1∆3-5 protein, shRNA 

knockdowns of WT Dnmt1 were performed. These experiments showed that reducing Dnmt1 

protein levels did not result in the induction of EMT marker proteins as observed in Dnmt1 

hypomorphic cells. In addition, expression of wild-type Dnmt1 protein in hypomorphic Dnmt1 

cells was not able to alter the EMT signature seen in these cells, suggesting that the EMT marker 

signature in Dnmt1 hypomorphic cells is a result of the presence of the hypomorphic protein rather 

than reduce protein abundance. In summary, we present the first in-depth proteomic analysis of a 

key model of Dnmt1 function and show that Dnmt1 hypomorphic cells show distinct proteomic 

signatures consistent with Dnmt1-independent functions of the Dnmt1 mutant protein. 

  



Chapter 4 

166 

 

 

RESULTS 

 

HCT116-Dnmt1∆3-5 cells developed by Rhee et al., (2000) and characterised by Egger et al., (2006) 

were grown in culture and Dnmt1 status of the hypomorph cell line was confirmed by PCR for 

primers specific to exons 1 and 6 of genomic WT Dnmt1 (Table 4-1). Amplification of the 

endogenous Dnmt1 in WT HCT16 cells and HCT116-Dnmt1∆3-5 cells confirms a product of 

reduced size in the HCT116-Dnmt1∆3-5 cells as described by Egger et al., (2006) (Fig1A/B). Further 

characterization of the endogenous protein was carried out by western blot analysis (Fig1C), 

HCT116-Dnmt1∆3-5 cells showed a signal with reduced protein size and abundance compared to 

WT Dnmt1 in WT HCT116 cells, as previously shown by Egger et al., (2006) using Cell signalling 

antibody D59A4 which binds to amino acid residue 980. Further western blot analysis of Dnmt1 

interaction partners Usp7 and Beta-Catenin indicated that there was no effect on overall Usp7 

protein abundance, however there was an evident decrease in Beta-catenin abundance in the 

HCT116-Dnmt1∆3-5 cell line (Fig1C). Nuclei from HCT116 and HCT116-Dnmt1∆3-5 cells were 

extracted and prepared for proteomic profiling by mass spectrometry analysis as described. These 

samples were analysed for nuclear-enrichment (lamin A/C) and Dnmt1 protein abundance by 

western blot (Fig1D) using Cell Signalling antibody D63A6, further confirming the reduced protein 

size and abundance of the hypomorphic protein. These samples showed high abundance of the 

nuclear marker Lamin A/C, and replicated the abundance and size differences between the two cell 

lines of the Dnmt1 protein signal, as mentioned previously.  

 

Quantitative proteomic analysis 

Data independent quantitative mass spectrometry analysis identified a total of 3,678 proteins, of 

which 383 were found to be significantly differentially abundant (Benjamini-Hochberg corrected P 

value = <0.05, FDR 5%). Initial analysis of the nuclear proteome profile of HCT116-Dnmt1∆3-5 

cells in comparison to WT HCT116 cells was carried out by Gene Ontology (GO) analysis of 

biological processes that were statistically enriched for in differentially expressed genes, present in 

all samples or only one sample population with a minimum Log2 fold change of 1. GO terms that 

were enriched for by proteins shown to have increased abundance in the nuclear proteome of 

HCT116-Dnmt1∆3-5 cells indicate that there is a dysregulation of cell architecture and mRNA 

splicing (Fig2A). GO terms that were enriched for by proteins shown to have decreased abundance 

in the nuclear proteome of HCT116-Dnmt1∆3-5 cells indicate that there is a dysregulation in 

proteosomal degradation processes and cellular adhesion complexes (Fig2B).  

 

The protein with the largest increased abundance in HCT116-Dnmt1∆3-5 cells was Vimentin (Log2 
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FC = 4.50), an intermediate filament protein with key roles in cytoskeletal architecture and cell 

signalling. In addition to this the top 50 proteins with increased differential abundance were 

enriched for proteins involved in amino acid metabolism, such as ACAT1, and DECR1, confirming 

the proposed dysregulation of amino acid metabolism in HCT116-Dnmt1∆3-5 cells.  

The protein with the largest decrease in abundance in HCT116-Dnmt1∆3-5 nuclear proteome 

included KRT19, and KRT8 that are involved in cellular developmental processes, several 

members of the catenin protein family that enrich for the dysregulation of cell adhesion signalling, 

and members of the proteasome (prosoma, macropain) family that constitute proteosomal protein 

complexes. Large differential abundance changes in these proteins confirm the proposed 

dysregulation of protein ubiquitination-mediated degradation, cell adhesion, and cellular 

development as identified in GO biological process analysis.  

 

 

Network analysis 

 

Network analysis of differentially abundant proteins in the HCT116-Dnmt1∆3-5 cells showed 

multiple connections throughout the dataset, of particular notice was a set of 14 proteins that co-

complex that all showed varying levels of decreased protein abundance in HCT116-Dnmt1∆3-5 cells 

(Fig2C). Present are 8 proteins that co-complex to form the core 20S proteasome, five proteins that 

complex with the 20S proteasome to form the 26S proteasome, and Psme3 which is a regulator of 

immunoproteasome function. Together the dysregulation of these proteins would suggest a 

reduction in ubiquitin-dependent proteosomal degradation (reviewed in Sorokin et al., 2009).  

 

Of particular interest is a group of 6 proteins that co-complex at the cell membrane forming cell-

cell adhesion contacts via adherens junctions, Beta-catenin has previously been shown to be an 

interaction partner of Dnmt1 in a mutual stabilization interaction (Song et al., 2015). Alpha-

Catenin, Delta-Catenin, and E-Cadherin form adherens junctions, connecting intracellular actin 

filaments to adjacent cells as one of the primary forms of cell-cell contact in epithelial cells 

(Fig2D) (reviewed in Goldenberg and Harris, 2013). Protein abundance change of Delta-Catenin 

was confirmed using western blot analysis of whole cell and nuclear-enriched protein lysates 

validating that protein abundance levels are lower in HCT116-Dnmt1∆3-5 cells (Fig2E). These form 

an interconnecting protein network with Vimentin, a key maker of EMT, additional node 

connections of SNAIL1, SNAIL2, and ZEB1, which were not identified in the mass spectrometry 

analysis, indicate potential dysregulation of EMT processes. 

 

EMT characterization 

The protein found to be the most differentially abundant between the HCT116 and HCT116-
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Dnmt1∆3-5 cells was shown to be Vimentin (P08670) with a log fold change of 4.50 (P value = 1 x 

10-3). To confirm this significant protein abundance difference between the cell lines, nuclear-

enriched and whole cell protein extracts were analysed by western blot analysis for Vimentin 

protein abundance (Fig 3A). Western blot analysis indicated that there was negligible Vimentin 

protein present in HCT116 cells, and significant expression of Vimentin in both the nuclear-

enriched and whole cell protein samples extracted from HCT116-Dnmt1∆3-5 cells, shown previously 

by Espada et al., (2011). Vimentin protein levels have previously reported to be minimal in WT 

HCT116, with western blot analysis with some antibodies producing negligible protein bands (Pino 

et al., 2010). 

 

Vimentin is an intermediate filament protein, responsible for cell motility, organelle and 

membrane-associated protein organization (reviewed in Lamouille et al., 2014). Significantly 

increased Vimentin expression is reminiscent of the typical phenotype shown by the process of 

epithelial to mesenchymal transition (EMT), western blot analysis of two other key EMT protein 

markers; E-cadherin and N-cadherin was carried out. HCT116-Dnmt1∆3-5 cells shown decreased E-

cadherin protein abundance in both nuclear and whole cell protein extracts when compared to 

HCT116 cells, which has been shown previously by Espada et al., (2011) (Fig3A), with a 

negligible change in N-cadherin protein abundance. Mass spectrometry data analysis of the EMT 

markers Vimentin, E-cadherin, and N-cadherin (Fig3B) confirms the decrease in protein abundance 

of E-Cadherin in HCT116-Dnmt1∆3-5 cells, with no E-Cadherin peptides detected in the nuclear-

enriched proteome of these cells. N-Cadherin protein was not detected in either cell line.  

 

Following identification of the dysregulation of key phenotypic drivers of the EMT process we 

investigated its known transcriptional drivers, Slug, Snail, Zeb1 and Twist (Fig3C). Western blot 

analysis of these transcription factors showed that Slug was increased in HCT116-Dnmt1∆3-5 cells 

compared to HCT116 cells, however Snail, Zeb1 and Twist do not replicate this result, suggesting 

that Slug is the transcriptional driver of EMT in HCT116-Dnmt1∆3-5 cells. Slug and Snail have been 

shown to induce EMT signalling in TGFß treated CRC cell lines in tandem with Zeb1 and Twist 

signalling, however these transcription factors can act independently of one another to induce EMT 

transformation (Pino et al., 2010). Increased protein expression and nuclear localization of Snail 

mediates the cadherin switch, resulting in the EMT phenotype of decreased E-Cadherin and 

increase N-Cadherin abundance (H. Wang et al., 2013). E-Cadherin transcription can also be 

repressed by the binding of Slug, Zeb1, and Twist to its promoter, resulting in decreased protein 

abundance, these transcription factors also promote the increase in protein abundance of N-

Cadherin, facilitating the progression of EMT (Wheelock et al., 2008). We have therefore shown 

that an increase in Slug protein abundance in HCT116-Dnmt1∆3-5 cells may repress the transcription 

of E-Cadherin that is evident in these cell lines.  
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Redistribution of Beta-Catenin in HCT116-Dnmt1∆3-5 cells. 

 

An additional transcriptional driver of EMT and Vimentin has been shown to be Beta-Catenin, a 

key signalling molecule of the canonical Wnt signalling pathway and interaction partner of Dnmt1 

(Gilles et al., 2003; Song et al., 2015). To analyse the subcellular distribution of Dnmt1 and Beta-

Catenin in HCT116-Dnmt1∆3-5 cells nuclear and cytosolic enriched protein lysates were analysed 

for Dnmt1 and Beta-Catenin protein abundance (Fig4A). In HCT116 cells Dnmt1 protein 

abundance was significantly higher in nuclear enriched protein samples than in the cytosolic 

fraction, this has been described previously (Peng et al., 2011). Interestingly a similar ratio of 

Dnmt1 protein localization was not observed in HCT116-Dnmt1∆3-5 cells, although there is an 

overall lower protein expression of Dnmt1∆3-5 in these cells, there was approximately the same 

amount of protein present in both the nuclear enriched and cytosol enriched protein samples. This 

would suggest that even though the Dnmt1∆3-5 protein retains its nuclear localization signal the 

distribution of the protein throughout the cellular compartments is modified in response to the loss 

of exons 3 to 5. As shown in Fig 1C protein levels of Beta-Catenin are reduced in HCT116-

Dnmt1∆3-5 cells, which is confirmed in the nuclear-enriched proteomic profile of these cells with a 

log fold change decrease in Beta-Catenin of -2.2 (P value 1 x10-3). To confirm this we analysed the 

localization of Beta-Catenin in these cell lines using western blot analysis of cytosolic and nuclear 

enriched protein lysates. Results show that in WT HCT116 cells Beta-Catenin is distributed 

through out the cell, but a higher proportion of the protein is localized in the nucleus, whereas in 

HCT116-Dnmt1∆3-5 cells Beta-Catenin distribution is more diffused with a larger proportion of the 

protein residing in the cytosol (Fig4A). 

 

To confirm the redistribution of Beta-Catenin and Dnmt1∆3-5 protein in HCT116-Dnmt1∆3-5 cells we 

performed confocal microscopy analysis of the localization of the proteins. Results confirm that 

there is a lower protein abundance of Dnmt1 in HCT116-Dnmt1∆3-5 cells, as well as a more diffuse 

localization of Dnmt1 in this cell line (Fig 4B). The redistribution of Beta-catenin has been 

associated with the process of EMT previously, as well as with a more aggressive cancer phenotype 

in a range of tumours and tissues (Chaw et al., 2012; Holthoff et al., 2015, 2016; Mahmood et al., 

2017). To investigate the potential interaction of Dnmt1 and Beta-Catenin we performed co-

localization analysis, which indicates that Dnmt1 and Beta-Catenin co-localize within the nucleus 

of both cell lines, although there is a larger amount of ‘free’ Dnmt1 protein present in the nucleus 

of the HCT116 cell line. In addition to this, co-localization analysis of the HCT116-Dnmt1∆3-5 cell 

line indicates that Dnmt1 present in the cytosol of these cell lines also co-localizes with Beta-

Catenin, indicating that this interaction is not exclusive to the nucleus in this cell line. In 
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confirmation of western blot analysis (Fig4A) immunofluorescent imaging indicated that Beta-

Catenin distribution was more diffuse through out the HCT116-Dnmt1∆3-5 cell line, with a larger 

proportion of the protein present in the cytoplasm compared to the WT HCT116 cell line. Previous 

localization analysis of Beta-Catenin in this hypomorphic cell line however yielded different 

results, suggesting that Beta-Catenin preferentially localizes to the nucleus in HCT116-Dnmt1∆3-5 

cells, and that protein abundance of Beta-Catenin is not affected in this cell line (Espada et al., 

2011). 

 

 

Knockdown of Dnmt1 fails to induce EMT protein profile in HCT116 cells. 

 

In order to investigate the mode of EMT induction in these cells shRNA knockdown of Dnmt1 in 

WT HCT116 cells was performed, this would allow us to deduce if the EMT induction was due to 

lower levels of Dnmt1 protein in the HCT116-Dnmt1∆3-5 cells or due to the presence of the 

Dnmt1∆3-5 mutant protein. WT endogenous Dnmt1 protein levels were reduced following 

transduction with 5 individual shRNA constructs as well as a mix of all 5 of these shRNA 

constructs (1-5), using a transduced scrambled shRNA construct as a control. Samples were 

analysed by western blot with WT HCT116 and HCT116-Dnmt1∆3-5 protein samples as reference 

controls and a GFP plasmid transduced cell line as an independent transduction control. Whole cell 

protein lysate samples were analysed by western blot to determine any changes in protein 

abundance of the EMT markers Vimentin, and E-Cadheren in response to decreased Dnmt1 

(Fig5A/B). All shRNA constructs resulted in a decreased protein abundance of Dnmt1, apart from 

construct 1 (shDNMT1-1), the transduction protocol did not effect Dnmt1 protein abundance 

levels, as shown by the shDNMT1 – (-ve) construct and GFP plasmid transduced HCT116 cell line 

(Fig5A). Reduction of Dnmt1 by shRNA knockdown (1-5 mixed constructs) failed to induce 

Vimentin expression in WT HCT116 cell lines, this was not a result of antibody failure as 

HCT116-Dnmt1∆3-5 cell lysate continued to show a signification abundance of Vimentin on the 

western blot. In the same samples E-Cadherin protein abundance was not reduced by the shRNA-

mediated KD (1-5 mixed constructs) of Dnmt1 protein (Fig5B)  

 

 

Overexpression of WT Dnmt1 protein in HCT116-Dnmt1∆3-5 cells fails to rescue 

vimentin protein abundance. 

 

In an effort to determine if the increased Vimentin protein abundance shown in HCT116-Dnmt1∆3-5 

cells could be rescued to levels similar to that shown in WT HCT116 cells a full length Dnmt1 
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plasmid construct was transfected into HCT116-Dnmt1∆3-5 cells (Dnmt1 recovery) and the resulting 

protein lysates analysed for Vimentin protein abundance (Fig5C). Expression of the full length 

Dnmt1 construct was identifiable in the HCT116-Dnmt1∆3-5 cells on the western blot as a separate 

band with increased kDa, comparable to the size of the WT Dnmt1 protein band shown in WT 

HCT116 cells. The plasmid was expressed in the HCT116-Dnmt1∆3-5 cells however showed a lower 

protein abundance than the endogenous protein in WT HCT116 cells. Protein samples from the 

Dnmt1 recovery experiment failed to show a reduction in Vimentin protein abundance when 

compared to HCT116-Dnmt1∆3-5 cells. Similar rescue experiments by Espada et al., (2011) indicate 

that E-Cadherin expression can be reversed following expression of exogenous WT Dnmt1, 

however this paper did not stipulate the duration of WT Dnmt1 expression required to show this, 

nor did they investigate the effect of WT Dnmt1 on the ability to repress Vimentin protein 

expression. 
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DISCUSSION 

 

Here we present the first nuclear-enriched proteomic profiling comparison between WT 

endogenous Dnmt1 protein, and a mutant hypomorph protein (Dnmt1∆3-5) that retains a reduced 

level of methyltransferase catalytic activity (Egger et al., 2006; I Rhee et al., 2000). Studies of 

Dnmt1 by knockdown or knockout methods are typically limited due to the criticality of the 

protein, therefore this HCT116-derived cellular model with reduced mutant Dnmt1 protein 

abundance and activity has allowed the elucidation of downstream Dnmt1 targets typical of its role 

as a methyltransferase (Cai et al., 2017a). Studies of the effects of this mutant Dnmt1 on protein 

signalling networks however is less well understood. Here we show multiple signalling pathways 

are altered in the nucleus of HCT116-Dnmt1∆3-5 cells, which include key changes in cell-cell 

adhesion, proteasome complex organization, and cellular architecture. These networks are typically 

dysregulated in tumourigenesis and CSC phenotypes, in addition to this key regulators of the EMT 

process were amongst the most differentially expressed proteins in the dataset. Further 

investigation of the EMT process shown to be dysregulated in the nuclear proteomic profile of 

HCT116-Dnmt1∆3-5 cells indicate changes in Vimentin, and E-Cadherin, which have been 

previously observed in this cell line (Espada et al., 2011; H. Wang et al., 2013; Wheelock et al., 

2008). We also show an increase in abundance of the EMT transcriptional driver Slug, known to 

repress transcription of E-Cadherin. In addition to this HCT116-Dnmt1∆3-5 cells show decreased 

overall protein abundance of Beta-Catenin and redistribution of the protein to the cellular cytosol, 

in contradiction of previous research in this cell line by Espada et al., (2011), who show that there 

is no change in Beta-Catenin protein expression, and that Beta-Catenin is redistributed to the 

nucleus, this redistribution of the protein is considered a contributing factor to the EMT phenotype 

and tumour reoccurrence in clinical models (Holthoff et al., 2016). The EMT molecular phenotype 

shown by us could not be recreated either by knockdown of endogenous WT protein or 

reintroduction of a WT Dnmt1 construct into HCT116-Dnmt1∆3-5 cells failed to repress Vimentin 

expression, indicating that the role of the mutant Dnmt1∆3-5 protein in the induction of these EMT 

markers is independent of Dnmt1 proteins levels.  

 

Induction of EMT and dysregulation of proteasomal activity has been linked to the development of 

the CSC phenotype in a range of cancers, increased understanding of how this process is driven in 

malignancies will allow identifications of key EMT drivers and targeted development of novel 

therapeutic targets (Banno et al., 2016; Fan et al., 2012; Mani et al., 2008; P. Zhu et al., 2016). 

Progressive changes in methylation levels and patterns in CRC, as well as protein abundance 

changes in the key methyltransferase Dnmt1 have been well documented (el-Deiry et al., 1991; 
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Pathania et al., 2015; Qu et al., 2010; Zagorac et al., 2016). Understanding how the changes 

associated with Dnmt1-modulation of the epigenome and proteome during CRC progression may 

elucidate key mechanisms of EMT initiation within these cells and highlight how the EMT 

phenotype drives the development of CSC population.   

 

Finally we show that in addition to investigations into Dnmt1s role as a methyltransferase, the 

hypomorphic cell line HCT116-Dnmt1∆3-5 can be used to elucidate dysregulation of protein 

signalling networks in the nucleus, indicating that this model exhibits redistribution of Beta-

Catenin as well as a molecular EMT phenotype across multiple signalling networks. 

 

 

  



Chapter 4 

174 

 

 

MATERIALS AND METHODS 

 

Cell line culture and sample extraction 

Colorectal cancer cell lines HCT116 and HCT116-Dnmt1∆3-5 were regularly maintained in McCoy-

5A media (Life Technologies, 16600-108, Carlsbad, CA) containing 10% fetal bovine serum (Life 

Technologies, 10438-026, Carlsbad, CA) and 1% streptomycin-penicillin (Life Technologies, 

15140-148, Carlsbad, CA) at 37°C in CO2 incubator (5% CO2, 100% H2O). Cells were washed 

with warm PBS and then cells were detached using TrypLE express 1X (ThermoFisher). Detached 

cells were then washed with ice cold PBS, and lysed according to the following protocols. 

 

PCR analysis of Dnmt1 cDNA in HCT116 and HCT116-Dnmt1∆3-5 cells. 

RNA was extracted from HCT116 and HCT116-Dnmt1∆3-5 cells using TRIzol™ Reagent 

(Invitrogen) according to the manufactures protocol and stored at -80oC until required. Reverse 

transcriptase of RNA was perform using GoScript™ Reverse Transcription System (Promega) 

according to the manufacturers protocol. cDNA was stored at -20oC until analysed by polymerase 

chain reaction using GoTaq®G2 DNA polymerase (Promega) according to the manufacturers 

protocol. Annealing temperature was calculated on Tm of primer set (custom oligos, IDT) detailed 

in Table 4-1. PCR products were then analysed using gel electrophoresis, on a 0.9% agarose gel 

using GelRed® Nucleic Acid Gel Stain (Biotium) and imaged using a G:BOX Ef imaging system 

(Syngene) and analysed using SnapGene software.  

 

Protein sample preparation 

Cell pellets were re-suspended in RIPA buffer (50mM Tris-HCl pH8, 150mM NaCl, 0.1% SDS, 

0.5% Deoxycholic acid, 1% NP-40.) supplemented with 1x Protease inhibitor cocktail 

(ThermoFisher Scientific). Lysate was incubated for five minutes at room temperature before 

centrifugation at 16,000 x g at 4oC for 10 minutes (Eppendorf 5415R microcentrifuge, Fisher 

Scientific), supernatant was then removed and stored at -20oC or at -80oC for long term storage. 

Nuclear protein sample extract from washed cell pellets was carried out according to the 

manufactures protocol using cell fraction kit – standard (Abcam, ab109719). Nuclear pellets were 

resuspended in 100mM ammonium bicarbonate and lysed by sonication at 26 joules. Cell protein 

lysates were quantified using the manufactures protocol, PierceTM BCA protein assay kit 

(ThermoFisher Scientific). Colour change was read and protein quantifications calculated using 

PolarStar Omega (BMG Labtech) and Mars-data analysis software (BMG Labtech). 
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SDS-PAGE & Immunoblotting  

15μg of protein lysate, was incubated in a heating block (Benchmark) at 95oC for five minutes with 

Tris-glycine sample buffer (252mM Tris-HCl ph 6.8, 40% glycerol, 8% SDS, 0.01% bromophenol 

blue) and 1M DTT. Samples were then loaded and run on an 8% acrylamide gel (4ml of 2x gel 

buffer (160mM Tris-HCl pH7.4, 0.2M serine, 0.2M asparagine, 0.2M glycine),1.6ml of 40% 

acrylamide, 2.4ml H2O, 32µl 10% ammonium persulfate (APS), 16µl of 

tetramethylethylenediamine (TEMED)) with 1x Tris-glycine running buffer (25mM Tris, 192mM 

Glycine, 0.1% SDS). The gel was run for ten minutes at 100 volts (BioRad), then one hour and 

twenty minutes at 120 volts (BioRad) at 4oC. Proteins were transferred (XCell2 blot module, 

Invitrogen) to a nitrocellulose membrane (Amersham Protran 0.45m NC) at 80 volts, 0.4 

amps (BioRad) for three hours at 4oC in 1x Towbin transfer buffer (0.25M Tris pH8.6, 1.92M 

glycine, 0.025% SDS) using a XCell2 module (Invitrogen). Nitrocellulose membrane was then 

washed with 1xTBST twice and blocked for thirty minutes in 5% 1xTBST milk solution at room 

temperature. Membrane was then washed twice more in 1xTBST and incubated for two hours with 

primary antibody at 4oC on a rocker (Table 4-2). Membrane was then washed twice, for five 

minutes at room temperature, with 1xTBST, before incubating for one hour at room temperature 

with secondary LI-COR antibody (1xTBST 5% milk solution) (Table 4-2). Membrane was then 

washed three times for five minutes at room temperature with 1xTBST before imaging on a LI-

COR Odyssey® CLx and analysing with Image Studio Lite V5.2 software. 

 

Proteomic sample preparation and mass spectrometry 

Nuclear pellets were lysed (0.1M TEAB, 0.1% SDS) with pulsed sonication, samples were 

centrifuged for 10 minutes, 13,000 x g, and supernatant protein quantified as described previously. 

Methanol/chloroform extraction was performed on 100µg of protein for each lysate and pellet 

finally re-dissolved in 100ul of 6M Urea (Sigma), 2M thiourea (Sigma), 10mM HEPES buffer 

(Sigma), ph7.5. Samples were reduced (1M DTT), alkylated (5.5M iodoacetamide) then diluted in 

400µl of 20mM ammonium biocarbonate (Sigma) and digested with trypsin (Promega) (1/50 w/w) 

overnight. Each fraction was acidified to <3.0 using trifluoroacetic acid (TFA) (Sigma) and solid 

phase extraction performed using Empore C18 96-well solid phase extraction plate (Sigma). 

Samples were eluted in 150µl of 80% acetonitrile, 0.5% acetic acid, lyophilised and then stored at -

20C until re-suspension in 10µl 98% dH2O/acetonitrile and 0.1% formic acid with an internal 

quantification standard of 100 fmol of enolase (Saccharomyces cerevisiae) (Waters) and Hi3 

Escherichia coli standard (Waters) added to each sample prior to use. Nano-LC separation was 

performed using the nanoAcquity UPLC 2G Trap column system (Waters) at a rate of 5µl per min 
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and washed with buffer A (98% dH2O/acetonitrile + 0.1% formic acid) for 5 minutes. Peptides 

were separated on an 50cm Acquity UPLC Peptide BEH C18 column (130Å, 1.7µm, 2.1mm x 

150mm, 1/pkg (Waters)) over a 140 minute linear gradient of 5% to 40% with a flow rate of 

0.3µl/min with buffer B (80% acetonitrile/dH2O + 0.1% formic acid) and completed with a 5 

minutes rinse with 85% buffer B, at a flow rate of 300nl/min. Mass Spectrometry analysis was 

performed on a Waters Synapt G2-S HDMS system (Waters). Samples were sprayed directly using 

positive mode-ESI, and data was collected in MSE acquisition mode, alternating between low (5v) 

and high (20-40V) energy scans. Glu-fibrinopeptide (m/z = 785.8426, 100 fmol/µl) was used as 

LockMass, and was infused at 300 nl/min and sampled every 13 seconds for calibration. Raw data 

files were processed using ProteinLynx Global Server (PLGS, Waters) version 3.0.2, and optimal 

processing parameters were selected by Threshold Inspector software (Waters). Data-base search 

(Human Uniprot reference database July 2017 + yeast enolase P00924) was carried out using the 

Ion-accounting algorithm in PLGS (Waters), parameters included a false discovery rate of 4%, a 

maximum protein size of 500,000 Da, and trypsin cleavage with an allowable error of 1 missed 

cleavage with oxidation of methionine, and carbamidomethylation of cysteine modifications. Each 

sample replicate was merged into a single file to include the protein accession number (UniProt), 

protein description, and femtomoles on column. For protein quantification, the Hi3 calculation 

method of using the top 3 most intense tryptic peptides of both the internal standards and of each 

protein was used. Only proteins with recorded quantification in at least 3 samples (1,413 proteins) 

were further analysed for a cut off value of a 1 log2 fold change and a significance value of <0.05 

as calculated by Benjamini-Hochberg corrected Student’s t-test, FDR was set at 5%. 

 

Gene Ontology and protein interaction network analyses 

Protein abundance (femtomoles on column) was used to identify significantly differential proteins 

(Benjamini-Hochberg corrected Student’s t-test, FDR was set at 5%.) log2 ratio (hypomorph: wild-

type) was computed. Graphical analysis of normalized mass spectrometry nuclear proteomic 

profiles was analysed using the R package ggplot2 (Gould, 2018; Wickham, 2016). Gene Ontology 

(GO) term enrichment was computed for the sets of significant (p<0.05 Benjamini-Hochberg 

corrected Student’s t-test, FDR was set at 5%.) proteins using the Pathway Studio database 

(Elsevier), version 9.0. The most significantly differential GO terms were identified using the Rank 

Mobility Index for ranked terms between the hypomorph and wild-type datasets. Pathway Studio 

database network nodes and edges were supplemented by addition of STRING database 

interactions. Differentially abundant proteins were analysed using String DB, interaction networks 

were modified using internal settings for evidence-based interaction sources, and interactions 

represented based on their molecular action (Szklarczyk et al., 2017). Interaction networks were 
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than manually adapted to represent differential protein abundance as shown in nuclear proteomic 

profiling data of HCT116 and HCT116-Dnmt1∆3-5 cells. 

 

Immunofluorescence microscopy 

Cells were grown in 6 well plates (corning) and cell fixed using 4% paraformaldehyde and 

quenched using 50mM NH4Cl2. Cells were then permeabilise with 0.1% Triton100 and blocked in 

10% normal goat serum for 30 minutes. Slides were then incubated with primary antibodies 

overnight at a dilution of 1:100 (see table 2 for antibody details). Slides were then incubated with 

secondary antibodies for 30 minutes at a dilution of 1:15,000 (Anti-Rabbit IgG 488 (Sigma 

SAB4600234) and Anti-Mouse IgG 555 (SAB4600068)). Coverslips were then mounted overnight 

at 4oC using ProLongTM Gold antifade mountant with DAPI (ThermoFisher P36931). Slides were 

then visualized using a Leica TCS SP8 microscope, aquired using LAS X Core software (V3.3.0) 

and analsyed using Fiji (released May 2017) with MBF “ImageJ for Microscopy” plugin (Dec 2009 

release). 

 

Generation of shRNA-containing lentivirus.  

One million HEK293 FT cells were plated per well in a 6 well culture plate (Corning) and 

transfected 2 hours post-seeding with a 4-2-1 ratio of Plasmid: gagpol:vsvg using 

polyethyleneimine (3µg:1µg DNA) in 100µl serum-free DMEM (LifeTech). Cells were transfected 

overnight, and media was replaced the following morning with 2ml DMEM, 10%FCS, and 5% 

PenStrep. Cells were incubated for a further 24 hours before lentiviral-containing media was 

removed, filtered through a 0.45µm filter and lentiviral-containing media was stored at -80oC until 

required. For shRNA details see Table 4-3. 

 

Transduction of cells with shRNA lentivirus 

1 x 105 HCT116 cells were plated per well in a 6 well culture plate (Corning). Once adhered   

culture medium was removed and replaced with lentiviral particles diluted in media (500µl viral 

media, 1.5ml DMEM, 10% FCS, 5% PenStrep, 8µg Polybrene (Sigma)). Cells were incubated with 

virus-containing media overnight and then grown for a further 24 hours in fresh culture medium 

(DMEM, 10% FCS, 5% PenStep).  Stable cell lines were selected with puromycin (2µg/ml) over 

five day.  
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Dnmt1 recovery experiment 

Transfection of HCT116 and HCT116-Dnmt1∆3-5 cells was performed using Lipofectamin 3000 

Reagent (ThermoFisher) according to manufacturers protocol, transfection culture media was 

removed from cells 4 hours following transfection, and replaced with fresh complete culture 

medium. 

HCT116-Dnmt1∆3-5 cells were transfected with pcDNA3 vector containing WT full length Dnmt1 

(36939, AddGene) and empty pcDNA3 vector as a transfection control (10792, AddGene). 48 

hours following transfection cells were lysed and analysed by western blot.  
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Figures 

 

Figure 4-2. (Figure1A) Schematic diagram of Dnmt1 exons and protein domains of HCT116 

and HCT116-Dnmt1∆3-5 cells. Exon configuration of WT Dnmt1, with annotation of 

primer sites used for analysis of Dnmt1∆3-5, and highlighted region of genomic 

deletion in this cell line. Protein domain schematic based on Pfam sites in Dnmt1 and 

Dnmt1∆3-5. 



Chapter 4 

180 

 

Figure 4-3 (Figure1B) Analysis of genomic Dnmt1 status in HCT116-Dnmt1∆3-5 cells. 

Polymerase chain reaction analysis of Dnmt1 in HCT116-Dnmt1∆3-5 cells in 

comparison to the endogenous WT gene in HCT116 cells. mRNA was extracted from 

cells, converted to cDNA by reverse transcription and cDNA analysed by PCR using 

primers specific to Dnmt1 exons 1 and 6 (Table 4-1). Control PCR reaction was empty 

plasmid Pc3DNA construct. PCR products were then analysed by gel electrophoresis 

resulting in a reduced Dnmt1 product size in HCT116-Dnmt1∆3-5 cells, second lighter 

band in in HCT116-Dnmt1∆3-5 cells was due to unspecific binding of primer set, 

however sequence was still derived from Dnmt1. 

  



 

181 

 

 

Figure 4-4 (Figure1C) Western blot analysis of Dnmt1 and interaction partners in HCT116 

and HCT116-Dnmt1∆3-5 cells. 15µg of whole protein lysates from HCT116 and 

HCT116-Dnmt1∆3-5 cells were loaded onto a single phase 8% SDS gene and analysed 

by western blot analysis for protein expression of Dnmt1, Usp7, and Beta-Catenin. 

Tubulin protein abundance was used as a loading control. N=3. 

 

Figure 4-5 (Figure1D) Nuclear-enriched protein samples of HCT116 and HCT116-Dnmt1∆3-5 

cells prepared for mass spectrometry analysis of their nuclear proteomic profile. 

15µg of nuclear-enriched protein lysates from HCT116 and HCT116-Dnmt1∆3-5 cells, 

three replicates of each, were loaded onto a single phase 8% SDS gene and analysed 

by western blot analysis for protein expression of Dnmt1. Lamin A/C protein 

abundance was used as a loading control for the nuclear-enriched lysate. These 
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samples were then taken forward and prepared for nuclear proteomic analysis by data 

independent mass spectrometry analysis. 

 

 

Figure 4-6 (Figure2A/B) Gene Ontology terms enriched in the proteome from HCT116-Dnmt1∆3-5 

cells. Gene Ontology terms from the set of significantly (p<0.05) differentially 

increased (A) and significantly differentially decreased (B) proteins in hypomorph 

cells. Selected GO terms where p-value <0.05 (t-test with Bonferroni correction) and 

the rank difference between hypomorph and wild-type GO terms are shown. Results 

are presented graphically using GraphPad Prism. 
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Figure 4-7 (Figure2C) Proteasome network analysis of proteins with differential abundance 

in HCT116-Dnmt1∆3-5 cells. Proteasome protein interaction networks were identified 

using String DB (V10.5), using evidence-based directional interaction search settings. 

Networks were then extracted and manually pseudo-coloured to articulate differential 

protein abundance change in the nuclear proteomic profile of HCT116-Dnmt1∆3-5 cells 

using Cytoscape (V3.6.1) String DB app. 

 

Figure 4-8 (Figure2D) Catenin-EMT network analysis of proteins with differential 

abundance in HCT116-Dnmt1∆3-5 cells. Network nodes are coloured according to 

mutant/wild-type abundance ratio, red = increased abundance, = green decreased 

abundance. Nodes in grey indicate proteins not identified in the mass-spectrometry 

datasets but analysed by Western blot. Protein interaction networks were identified 
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using Pathway Studio and String DB, using evidence-based directional interaction 

search settings. Networks were then extracted and manually pseudo-coloured to 

articulate differential abundance change in the nuclear proteomic profile of HCT116-

Dnmt1∆3-5 cells. *= JUP protein abundance not significantly different in the proteomics 

data. 

 

 

 

Figure 4-9 (Figure 2E) Graphical analysis of nuclear enriched and whole cell protein lysates 

for protein abundance of Delta-Catenin. 15µg of nuclear-enriched or whole cell 

protein lysates from HCT116 and HCT116-Dnmt1∆3-5 cells were loaded onto a single 

phase 8% SDS gene and analysed by western blot analysis for protein expression of 

Delta-Catenin. ß-Actin protein abundance was used as a loading control for the whole 

cell protein lysate and Histone H3 protein abundance was used as a loading control for 

the nuclear-enriched lysate. N=3. Signal was normalized to respective loading controls 

and plotted graphically (GraphPad Prism) * = P value <0.05 (Student’s t-test) 
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Figure 4-10 (Figure3A) Analysis of nuclear enriched and whole cell protein lysates for protein 

abundance of EMT markers. 15µg of nuclear-enriched or whole cell protein lysates 

from HCT116 and HCT116-Dnmt1∆3-5 cells were loaded onto a single phase 8% SDS 

gene and analysed by western blot analysis for protein expression of Vimentin, N-

Cadherin, and E-Cadherin. Tubulin protein abundance was used as a loading control 

for the whole cell protein lysate and Histone H3 protein abundance was used as a 

loading control for the nuclear-enriched lysate. N=3. 
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Figure 4-11 (Figure3B) Mass spectrometry protein quantification of Dnmt1 and key EMT 

protein markers. Graphical analysis (GraphPad Prism) of normalized average fmol 

on column quantification of Dnmt1, Vimentin, and E-Cadherin. N-Cadherin was not 

identified in the dataset, and Dnmt1 and E-Cadherin were identified only in HCT116 

samples. * = p value <0.05 (Student’s t-test adjusted for Benjamini-Hochberg 

correction). 
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Figure 4-12 (Figure 3C) Western blot analysis of transcriptional drivers of EMT in HCT116-

Dnmt1∆3-5 cells. 15µg of nuclear-enriched protein lysates from HCT116 and HCT116-

Dnmt1∆3-5 cells were loaded onto a single phase 8% SDS gene and analysed by 

western blot analysis for protein abundance of Dnmt1, Zeb1, Slug, Snail, and Twist. 

Lamin A protein abundance was used as a loading control. Western blot signal was 

normalized to loading control and presented graphically using GraphPad Prism. N=3. 

* = P value <0.05. (Student’s t-test) 
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Figure 4-13 (Figure4A) Analysis of nuclear and cytosolic enriched protein lysates for Dnmt1 

and Beta-Catenin localization. 15µg of nuclear-enriched or cytosol-enriched protein 

lysates from HCT116 and HCT116-Dnmt1∆3-5 cells were loaded onto a single phase 

8% SDS gene and analysed by western blot analysis for protein expression of Dnmt1 

and Beta-Catenin. Lamin B1 protein abundance was used as a loading control for the 

nuclear-enriched lysate. N=3.  

 

 

 .
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Figure 4-14 (Figure 4B) Immunofluorescence analysis of Beta-Catenin and Dnmt1 

localization in HCT116 and HCT116-Dnmt1∆3-5 cells. Localization of Dnmt1 and 

Beta-Catenin protein was assessed using fluorophore conjugated secondary antibodies 

and DAPI fixing agent. Channels are presented separately in addition to merged. Co-

localization of Dnmt1 and Beta-Catenin was analysed, areas of co-localization of 

Dntm1 (red) and Beta-Catenin (green) are highlighted in white. Anti-Dnmt1 antibody 

images were brightened for image presentation purpose.
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Figure 4-15 (Figure 5A) Dnmt1 shRNA knockdown analysis on Vimentin protein abundance. 

15µg of whole cell protein lysates from shRNA knockdown HCT116 cells, HCT116-

GFP controls cells and HCT116-Dnmt1∆3-5 cells were loaded onto a single phase 8% 

SDS gene and analysed by western blot analysis for protein expression of Vimentin. 

A-Tubulin and Lamin A/C protein abundance were used as a loading control. N=3. 

 

Figure 4-16 (Figure 5B) Dnmt1 shRNA knockdown analysis on E-Cadherin protein 

abundance.15µg of whole cell protein lysates from shRNA knockdown HCT116 

cells, HCT116-GFP controls cells and HCT116-Dnmt1∆3-5 cells were loaded onto a 

single phase 8% SDS gene and analysed by western blot analysis for protein 

expression of E-Cadherin. A-Tubulin protein abundance was used as a loading 

control. N=3. 
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Figure 4-17 (Figure 5C) The effect of wild type Dnmt1 protein expression rescue in HCT116-

Dnmt1∆3-5 cells on Vimentin protein abundance. 15µg of whole cell protein lysates 

from HCT116 cells, HCT116-Dnmt1∆3-5 cells, and HCT116-Dnmt1∆3-5 cells transfected 

with either a full length WT Dnmt1 expression vector or an empty control were loaded 

onto a single phase 8% SDS gene and analysed by western blot analysis for protein 

expression of Dnmt1. Tubulin protein abundance was used as a loading control. N=2. 
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Supplementary figures 

 

 

Figure 4-18 Cellular architecture network analysis in HCT116-Dnmt1∆3-5 cells. Cellular 

architecture protein network was identified using String DB (V10.5), using evidence-

based directional interaction search settings. Networks were then extracted and 

manually pseudo-coloured to articulate decreased protein abundance change in the 

nuclear proteomic profile of HCT116-Dnmt1∆3-5 cells. Red = increased. Green = 

decreased (* = differential change in abundance is statistically significant <0.05 

FDR=5% Benjamini-Hochberg corrected t-test). 
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Figure 4-19 Dnmt1 shRNA knockdown analysis on N-Cadherin protein abundance. 15µg of 

whole cell protein lysates from shRNA knockdown HCT116 cells, HCT116-GFP 

controls cells and HCT116-Dnmt1∆3-5 cells were loaded onto a single phase 8% SDS 

gene and analysed by western blot analysis for protein expression of N-Cadherin. A-

Tubulin protein abundance was used as a loading control. N=3. Credit; Alex Smith-

Vidal. 
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TABLES 

Table 4-1 Dnmt1 primers for sequencing of the HCT116-Dnmt1∆3-5 hypomorph cell line. 

Primers used to amplify a section of the Dnmt1 gene to allow identification of the missing exons 

(3-5) in the HCT116-Dnmt1∆3-5 cell line via PCR and gel electrophoresis.  

Primer Sequence 5’-3’ Tm (oC) 

Dnmt1 Exon 1 Forward ATCTCGCTGCCCGACGA 60 

Dnmt1 Exon 6 Reverse GCGCGTTCCTGATTTTGCTC 60 
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Table 4-2 Antibodies used for analysis of HCT116-Dnmt1∆3-5 cells.  

Antibody Company ID Dilution Host species 

Actin Abcam 8H10D10 1:1000 Rabbit 

Β-Catenin ThermoFisher MA1-301 1:1000 Mouse 

δ-catenin Cell signalling 4989S 1:1000 Rabbit 

Dnmt1 Cell signalling D63A6 and D59A4 1:1000 Rabbit 

E-Cadherin BD Transduction Laboratories 610182 1:1000 Mouse 

Histone H3 Cell signalling D18C8 1:1000 Rabbit 

Lamin A/C Cell signalling 2032S 1:1000 Rabbit 

Lamin B1 US Biological L1220-21A 1:1000 Mouse 

N-Cadherin Cell signalling D4R1H 1:1000 Rabbit 

Slug Cell signalling C19G7 1:1000 Rabbit 

Snail Cell signalling L70G2 1:1000 Mouse 

Tubulin Cell signalling 2144S 1:1000 Rabbit 

Twist Cell signalling 46702 1:1000 Rabbit 

Uhrf1 Invitrogen PA5-29884 1:1000 Rabbit 

Usp7 Santa Cruz Biotechnology Sc-30164 1:1000 Rabbit 

Vimentin Cell signalling D21H3 1:1000 Rabbit 
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Zeb1 Santa Cruz biotech Sc-25388 1:1000 Rabbit 
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Table 4-3 shRNA containing vectors used to specifically knockdown Dnmt1 protein 

expression, shRNA’s are specific to NM_001379. 

shDNMT1 ID Product ID Company Clone name Sequence 5’-3’ Vector 

shDNMT1-1 TRCN0000232748 Sigma-Aldrich NM_001379.1-

1714s21c1 

CCCGAGTATGCGCCCATATTT pLKO_TRC005 

(AddGene) 

shDNMT1-2 TRCN0000232747 Sigma-Aldrich NM_001379.1-

373s21c1 

TTGAATCTCTTGCACGAATTT pLKO_TRC005 

(AddGene) 

shDNMT1-3 TRCN0000232749 Sigma-Aldrich NM_001379.1-

2340s21c1 

CGATGAGGAAGTCGATGATAA pLKO_TRC005 

(AddGene) 

shDNMT1-4 TRCN0000232750 Sigma-Aldrich NM_001379.1-

3209s21c1 

ACCGAATTGGCCGGATCAAAG pLKO_TRC005 

(AddGene) 

shDNMT1-5 TRCN0000232751 Sigma-Aldrich NM_001379.1-

5229s21c1 

GAGGTTCGCTTATCAACTAAT pLKO_TRC005 

(AddGene) 
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Results not included in paper for publication; 

 

 

Figure 4-20 GO cellular localization enrichment analysis of nuclear-enriched Dnmt1 

hypomorph proteomic dataset. Proteins IDs from Dnmt1 hypomorph proteomic 

analysis dataset and a comparable whole cell proteomic dataset were searched for their 

GO localization term using Ingenuity Pathway Analysis (IPA) (QIAGEN). Results 

were plotted graphically using GraphPad Prism. 
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Figure 4-21 - Gene ontology analysis of cell compartment enrichment in nuclear-enriched 

proteomics samples from HCT116 cells. Total proteins identified in each replicate 

sample were searched for their cell compartmentalization association using Gene 

Ontology (Ashburner et al, 2000). Generalized compartments were selected that 

represented the higher orders of subcellular compartment localization, results were 

presented as the number of proteins associated with a compartment as a percentage of 

the total. The category ‘Other’ includes cytoskeleton, ribosome, and endoplasmic 

reticulum. Results are presented graphically using GraphPad Prism. 
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Figure 4-22 - Gene ontology analysis of cell compartment enrichment in nuclear-enriched 

proteomics samples from HCT116-Dnmt1∆3-5 cells. Total proteins identified in each 

replicate sample were searched for their cell compartmentalization association using 

Gene Ontology (Ashburner et al, 2000). Generalized compartments were selected that 

represented the higher orders of subcellular compartment localization results were 

presented as the number of proteins associated with a compartment as a percentage of 

the total. The category ‘Other’ includes cytoskeleton, ribosome, and endoplasmic 

reticulum. Results were presented graphically using GraphPad Prism. 
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4.4 Discussion 

 

4.4.1 Confirmation of the Dnmt1 hypomorph protein. 

The hypomorphic Dnmt1 mutant cell line HCT116-Dnmt1∆3-5 was created by Rhee et al., (2000) 

initially as a knockout HCT116-derived cell line. HCT116 cells were chosen in which to develop a 

Dnmt1 knockdown as there is evidence that this cell line displays transcriptional repression of 

genes via promoter hypermethylation (Maurano et al., 2015; Suh et al., 2002). In addition, despite 

the frequent and numerous structural aberrations typically accumulated by cancer-derived cell 

lines, HCT116 cells show a stable diploid karyotype with which to engineer (Roschke et al., 2002). 

The HCT116- Dnmt1∆3-5 cell line was further characterized by Egger et al., (2006) and shown to 

express a mutant protein that retained the catalytic functional domain and methyltransferase ability 

of the WT protein, termed a hypomorph. Presented here is confirmation of the the deletion of exons 

3, 4, and 5 initially described by Rhee et al., (2000) in the hypomorphic Dnmt1∆3-5 cell line. PCR 

analysis of deleted exons showed similar results to those found by Egger et al., (2006), with 

expression of a mutant Dnmt1 protein with a PCR product of reduced size (Figure 4-3). Sequencing 

analysis of the bands showing reduced size in the Dnmt1∆3-5 cell line indicated the presence of the 

Dnmt1∆3-5 mutation in addition to minor unspecific binding of primers to Dnmt1∆3-5.  Western blot 

analysis of Dnmt1 protein abundance in this cell line indicated the presence of a protein of reduced 

size by approximately 17kDa (Figure 4-4) This mutant protein showed significantly lower 

abundance compared to the WT cell line,  confirming expression of the mutant catalytically active 

Dnmt1 protein, Dnmt1∆3-5, as shown by Egger et al., (2006). 

4.4.2 Mass spectrometry analysis of the HCT116-Dnmt1∆3-5 cell line. 

Following confirmation of the Dnmt1 hypomorphic allele in the Dnmt1∆3-5 cell line, nuclear-

enriched lysates were extracted (Figure 4-5), and analysed using quantitative, data independent 

mass spectrometry in triplicate. 3,678 proteins were identified across the dataset, of these 1,274 

proteins were found in all samples, 58 proteins were found exclusively in HCT116-Dnmt1∆3-5 cell 

and 52 proteins were found exclusively in HCT116 cells. Of these 273 proteins were found to show 

a significant difference in protein abundance in HCT116-Dnmt1∆3-5 cells, 187 proteins showed 

increased abundance in HCT116-Dnmt1∆3-5 cells, and 86 proteins showed decreased abundance in 

HCT116-Dnmt1∆3-5 cells. 
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GO cellular compartment analysis of protein localization indicated an increase in nuclear-localized 

proteins, along with a significant decrease in cytoplasmic localized proteins (Figure 4-20). The use 

of GO cellular compartment terms to approximate enrichment of subcellular compartment proteins 

much be considered in the context of the majority of proteins having multiple localizations within 

the cell, however will only be associated with a single GO term during GO cellular compartment 

enrichment analysis, potentially leading to inaccuracies and misleading localization information on 

protein locations.  

Dnmt1’s role as a DNA methyltransferase indicates that it’s site of action is the nucleus, nuclear-

enriched analysis of the hypomorph cells would therefore facilitate analysis of the changes in the 

nucleus not just as a result of any altered affects on the methylome, but also as a result of the 

altered protein structure due to the deletion of exons 3, 4, and 5. Due to the lack of an optimized 

ultracentrifigation protocol in our lab or in associated lab groups a detergent-based method of 

subcellular enrichment was chosen. Comparison of the subcellular enrichment between the proteins 

found in the nuclear-enriched HCT116- Dnmt1∆3-5 proteomic samples compared to the whole cell 

protein extraction utilized for the samples in Chapter 5 indicted that this method enriched for 

membrane-bound proteins at the expense of proteins typically localized to the cytoplasm (Figure 

4-20). Subsequent analysis of the reproducibility of the enrichment method using cell compartment 

GO analysis indicated that the lysis and enrichment method used was reproducible between 

replicates as well as between cell lines, indicating that although there was still a sizeable amount of 

non-nuclear associated proteins present the enrichment procedure was reproducible Figure 4-21 

and Figure 4-22.  

Amongst the top 50 proteins with significant protein abundance changes were nuclear localized 

proteins such as DECR1, KRT18, KRT19, Alpha-Catenin, Beta-Catenin, Delta-Catenin, E-

Cadherin, and Vimentin, and although all of these proteins have roles within the wider cell 

environment all have previously been identified in the nucleus. Vimentin is an intermediate 

filament protein responsible for cellular architecture, however has also been shown to be expressed 

in the nucleus (Traub et al., 1992). Evidence indicates that nuclear vimentin can bind DNA and act 

as a chromatin scaffold protein, enabling it to influence transcriptional regulation (Lian et al., 2009; 

Shoeman et al., 2001; Traub et al., 1992). In addition Beta-catenin as well as other Catenin family 

members can translocate between the nucleus and other cellular compartments, in this case nuclear-

enrichment analysis of Beta-Catenin protein abundance indicated that there was a significant 

decrease in abundance of the protein in the nucleus of HCT-116-Dnmt1∆3-5 cells. This finding was 

then verified following immunofluorescence analysis of Dnmt1 and Beta-Catenin localization in 

HCT-116-Dnmt1∆3-5 cells. Although the lysate enrichment protocol did not precisely isolate for 

nuclear-specific proteins, as shown by the GO subcellular compartment analysis, many of the top 

significantly differentially abundant proteins have previously be found to be localized to the 
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nucleus. Analysis of this nuclear-enriched lysate may well have aided in the identification of 

changes in protein abundance that would not have otherwise been identified in a whole cell lysis 

proteomics analysis.  

 

4.4.2.1 Multi-protein networks of proteasomal proteins are dysregulated in HCT116-

Dnmt1∆3-5 cells. 

In addition to this, a multi-protein network of interacting proteins that comprise components of the 

20S and 26S proteasomal subunits exhibit decreased protein abundance. Together these subunits 

form the functional proteasome that facilitates degradation and natural turn over of proteins in the 

cell, both via ubiquitination dependent and independent mechanisms. Proteomic profiling of 

HCT116-Dnmt1∆3-5 cells indicated that proteolysis processes including proteasomal complex 

proteins show reduced protein abundance, however proteasomal components and activity are 

typically upregulated at the transcriptional level in invasive patient cancer tissues and cell lines 

(Arlt et al., 2009). This allows the cell to remodulate various signalling pathways via protein 

degradation, such as cell cycle check points, and metabolism as well as avoid immunological 

detection (Arlt et al., 2009; Chen and Madura, 2005; Chondrogianni et al., 2005; Lecker et al., 

2006; Tsvetkov et al., 2018). In addition increased proteasome activity has been shown to be used 

by cancer cells to degrade key tumour suppressor proteins, typically involved in cell cycle 

regulation, such as P53 (Asher et al., 2005; Kalejta and Shenk, 2003; Kehn et al., 2005).  

The data shown here highlights several key proteasome complex proteins (Figure 4-7) that have 

been previously highlighted in the literature. Proteasome subunit alpha type-5 (PSMA5) which 

shows decreased protein abundance (Log2 fold change = -1) in HCT116-Dnmt1∆3-5 cells has 

previously been shown to exhibit increased protein abundance in colorectal cancer tissues and cell 

lines, this is thought to be transcriptionally driven by the transcription factors Nuclear factor 

erythroid 2-related factor 2 (Nrf2) and STAT3 (Arlt et al., 2009; Vangala et al., 2014). Likewise 

Proteasome subunit beta type-7 (PSMB7) shows a decreased protein abundance in HCT116-

Dnmt1∆3-5 cells however has previously been shown to be increased in patient samples of colorectal 

cancer, thought to be in response to neoplastic hypoxia adaptions, additionally PSMB7 has also 

been shown to be up regulated in hepatic carcinoma (Rho et al., 2008). 

The widespread increase in proteasome complex proteins found in numerous cancer tissues has led 

to the investigation of proteasomal inhibitors as treatment for the disease, Bortezomib and 

vorinostat treatment induce cell cycle arrest and apoptosis in cells showing aberrant over 

expression of proteasomal proteins (Pitts et al., 2009). However, results on response and efficiency 

in the clinic have been disappointing, leading to the investigation of subpopulations of tumour cells 
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which exhibit lower proteasome activity compared to the surrounding cells in a heterogenic tumour 

mass. In addition to proteasome inhibitor resistance it was found that small subpopulations exist 

that are also resistance to chemo- and radio-therapy, these subpopulations of low proteasomal 

activity correlated with poor patient prognosis and increased tumour growth and renewal capacity, 

hallmarks of cancer stem cells (Della Donna et al., 2012; Lagadec et al., 2014). Further 

investigation into this subpopulation of low proteasomal activity indicated hallmarks of cancer 

stem cells, including increased pluripotency, cell surface stem cell markers, increased self-renewal 

capacity in xenograph models and metastatic spread  (Munakata et al., 2016; Stacer et al., 2015; 

Vlashi et al., 2010). Interestingly inhibition of proteasomal activity has been shown to induce EMT 

and CD44+ CSC phenotype in a breast cancer cell model, via the modulation of transcription 

factors (Banno et al., 2016).  

 

4.4.2.2 Dysregulation of cell-cell adhesion networks 

Further indicators of dysregulation of cellular processes typical of hallmarks of cancer are cellular 

structure and cell-cell adhesion, key proteins in networks associated with these were shown to be 

dysregulated in HCT116-Dnmt1∆3-5 cells (Figure 4-8 and Figure 4-18). Although the specific 

processes and regulation of myosin proteins, and their role in carcinogenesis are yet to be defined, 

POTEE, a cancer biomarker shown to be increasingly expressed in various cancerous tissues has 

been positively correlated with disease and dysregulation of the cytoskeletal architecture in 

oncogenic cells (Bera et al., 2002; Cine et al., 2014; Fu et al., 2015; Komaba and Coluccio, 2010). 

The identification of the catenin-cadherin network that facilitates cell-cell adhesion would suggest 

dysregulation of cell-cell adhesion junctions, a process vital for tissue integrity and prevention of 

metastasis (Hanahan and Weinberg, 2011). All the proteins in this network were shown to be 

significantly reduced in the nuclear-enriched proteomic profile of HCT116-Dnmt1∆3-5 cells, 

however these proteins are known to have multiple sites of localization within the cell, Beta-

Catenin itself can be found at the cell membrane, in the cytosol or in the nucleus.  

 

4.4.2.3 Validation of EMT marker dysregulation. 

Following identification of Vimentin, a key EMT marker as the most significantly differentially 

abundant protein in the dataset (Log2 fold change = 4.5), in conjunction with protein abundance 

changes of Beta-Catenin (Log2 fold change = -2.2), and E-Cadherin (Log2 fold change = -7.0) 

further validation of these markers was performed. Protein abundance changes in E-Cadherin and 

Vimentin were validated by western blot analysis (Figure 4-10), however N-Cadherin, a further 
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EMT marker and protein not identified as part of the proteomic dataset, was not shown to exhibit a 

change in protein abundance. An increase in Vimentin protein abundance and a decrease in E-

Cadherin protein abundance have previously been shown to be characteristic of EMT induction and 

invasive cancer progression, whereas increases in N-Cadherin are a marker of EMT and metastatic 

tumour progression (ElMoneim and Zaghloul, 2011; Myong, 2012). Based upon the above 

observations, we further explored the abundance profiles of typical transcription factors associated 

with the induction of EMT processes. An increase in the abundance of SLUG and SNAIL1 in 

HCT116-Dnmt1∆3-5 cells was observed (Figure 4-12), which have previously been shown to drive 

the EMT process (reviewed in Barrallo-Gimeno and Nieto, 2005). SLUG and SNAIL1 are both 

transcriptional repressors of E-Cadherin by their binding to proximal E-boxes and recruitment of 

HDACs respectively, and their induction triggers the development of an EMT phenotype (Bolós et 

al., 2003; Peinado et al., 2004).  

 

In addition, the decreased abundance of Beta-Catenin in HCT116-Dnmt1∆3-5 cells which in addition 

to its role as a cell junction protein also drives gene transcription as the principle signalling protein 

in the canonical Wnt pathway. Western blot analysis indicated that Beta-Catenin protein abundance 

was indeed reduced in HCT116-Dnmt1∆3-5 cells, with a higher proportion in the cytosol of these 

cells, as opposed to the nuclear-rich distribution shown in WT HCT116 cells. This was confirmed 

by confocal microscopy, Dnmt1 localization was also confirmed as being diffused in HCT116-

Dnmt1∆3-5 cells compared to the nuclear enrichment observed in WT HCT116 cells. The co-

localization of Dnmt1 and Beta-Catenin observed in the nucleus of WT HCT116 cells was lost in 

HCT116-Dnmt1∆3-5 cells represented by a more diffuse pattern throughout the cell (Figure 4-13) 

The reduction in nuclear-enriched Beta-Catenin could have consequences on downstream Wnt 

signalling and cell adhesion processes due to the location-defined roles of the protein. Nuclear 

Beta-Catenin is typically associated with active Wnt signalling, resulting in an increased Beta-

Catenin protein abundance in the cell, which is subsequently translocated to the nucleus and acts as 

a transcriptional driver of Wnt target genes. Cytoplasmic Beta-Catenin is sequestered to the plasma 

membrane as part of the cadherin-mediated adherens junction and regulates cell-cell adhesion 

between cells. In HCT116-Dnmt1∆3-5 cells there is an overall decrease in Beta-Catenin protein 

levels, and loss of nuclear Beta-Catenin in favour of a more cytosolic localization, this would 

indicate a reduced Wnt-driven transcriptional activity. Loss of nuclear Beta-Catenin in favour of a 

more cytosolic distribution has previously been shown to be linked to a high tumour grade and 

overall adverse outcome in breast cancer tissues (López-Knowles et al., 2010). There is however a 

significant number of reports that suggest the nuclear localization of Beta-Catenin is associated 

with advanced disease, recurrence, and overall poor patient prognosis (Aamodt et al., 2008; Z. 

Chen et al., 2013; Lai et al., 2011). In addition to this, increased nuclear Beta-catenin has been 
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found in tumours resistant to radiotherapy, and increased proliferative capacity, along with other 

indicators associated with the development of a CSC phenotype (Herencia et al., 2012; Lai et al., 

2011; L. Wang et al., 2013). In CRC elevated nuclear Beta-catenin is correlated with advanced 

tumour stage, and is found in invasive and metastatic tumours, but not typically in familial 

instances of the disease (Z. Chen et al., 2013; Kobayashi et al., 2000).Although other reports 

suggest that the distribution of Beta-Catenin and its association with a cancerous phenotype is 

tissue specific (Pai et al., 2016). 

4.4.3 Knockdown of Dnmt1 and WT Dnmt1 recovery experiments fail to remodulate the 

expression of EMT markers. 

In an effort to understand the role of the hypomorph protein Dnmt1∆3-5 and its effect on EMT 

markers, Dnmt1 protein levels were reduced by transient transduction of shRNAs specific to 

Dnmt1 (Figure 4-15, Figure 4-16, and Figure 4-19). shRNA knockdown resulted in a significant 

reduction in Dnmt1 protein levels compared to those shown in WT HCT116 cells, the result of this 

reduction in Dnmt1 was then assessed in EMT marker proteins shown to be dysregulated in 

HCT116-Dnmt1∆3-5 cells. Vimentin, which was the protein with the most significant abundance 

change in the proteomics dataset as well as in western blot analysis, did not show increased 

abundance in shDNMT1 knockdown cells, indicating the Dnmt1 protein levels over a 48 hour 

period did not impact Vimentin protein abundance. Additionally the affect of Dnmt1 abundance on 

the EMT markers E-Cadherin and N-Cadherin were also assessed; a decrease in E-Cadherin is 

associated with a progressive EMT phenotype and was shown to be decreased in HCT116-

Dnmt1∆3-5 cells both by proteomics analysis and by western blot. A reduction in WT Dnmt1 protein 

levels by shRNA knockdown did not result in a change of E-Cadherin protein abundance. 

Increased N-Cadherin protein abundance is a marker of the EMT phenotype, typically occurring in 

aggressive or metastatic tumours from various lineages (Nakajima et al., 2004). Although N-

Cadherin was not detected in the proteomics dataset, and did not show a change in abundance in 

HCT116-Dnmt1∆3-5 cells via western blot, in an effort to characterize and understand the dynamics 

of Dnmt1 protein abundance on classical EMT protein markers, N-Cadherin was also assessed via 

western blot in shRNA knockdown cells (Figure 4-19). Knockdown of Dnmt1 did not show a 

change in N-Cadherin protein abundance, similarly to that shown by HCT116-Dnmt1∆3-5 cells in 

comparison to WT HCT116 cells (Figure 4-10). This indicates that N-Cadherin does not experience 

protein abundance changes as a result of Dnmt1 knockdown or mutation, as is the case in the 

HCT116-Dnmt1∆3-5 cells, in addition the changes in E-Cadherin and vimentin protein abundance in 

these cells is independent of Dnmt1 protein level. 

In an effort to recover the EMT phenotype shown in hypomorph cells full length Dnmt1 protein 

was transfected into HCT116-Dnmt1∆3-5 cells, however Vimentin protein abundance could not be 
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reduced over the time period measured. The inability of Dnmt1 knockdown and recovery methods 

to replicate or recover the EMT phenotype shown in HCT116-Dnmt1∆3-5 cells could indicate that 

Dnmt1∆3-5 has a unique effect on the cellular signalling network that has induced an EMT-like 

phenotype. It should however be noted that due to the nature of these experiments’ transient 

expression of shRNA and WT Dnmt1 protein required that protein abundance changes be assessed 

48 hours following transduction or transfection, to ensure maximum efficiency.  

However, 48 hours would not allow the effective experimental measurement of downstream effects 

caused by potential changes in genomic methylation as a result of Dnmt1 degradation, due to the 

delay between maximal Dnmt1 protein knockdown, resulting genomic methylation changes, and 

subsequent changes to transcriptional regulation. Previous research has shown that although 

maximal knockdown of Dnmt1 is achieved over hours, the maximum effect on genomic 

methylation levels is not shown until 72 hours post-Dnmt1knockdown (Hagemann et al., 2011a; 

Yamanaka et al., 2011). There will then be an additional delay during which transcription of 

previously silenced genes is then initiated and protein abundance changes become measurable. This 

will also be the case with cellular adaptions that have developed over a prolonged period of 

passages during the development and growth of the cell line in culture. 

It could also be possible that the induction of EMT protein markers shown in HCT116-Dnmt1∆3-5 

cells is a result of a protracted adaption of the cell to lower levels of Dnmt1 or the presence of the 

mutant protein, as a result of unknown downstream adaptions. Dnmt1 and Beta-Catenin have 

previously been shown to be interaction partners, however this interaction is dependent on the 

central portion of the protein rather than the N-terminal domain that is lost in the HCT116- 

Dnmt1∆3-5 cell line (Jing Song et al., 2015). So although the interaction between these two proteins 

is not thought to be dependent on the N-terminal of Dnmt1 there is obviously a redistribution of 

both proteins throughout the cell sub-compartments in this model, even though the nuclear 

localization signal of Dnmt1∆3-5  is intact (Egger et al., 2006).…………………………………… 

 

4.4.4 Comparison of results to previously published literature. 

Previous investigation of HCT116-Dnmt1∆3-5 cells by Espada et al., (2011) has also indicated a 

reduced cell-cell adhesion phenotype in these cells, specifically Ca2+-dependent cell-cell junctions. 

These are typically mediated by cadherin cell junctions and involve the localization of Beta-

Catenin and E-Cadherin at the cell membrane. Espada et al., (2011) also showed that E-Cadherin 

protein abundance was decreased in HCT116-Dnmt1∆3-5 cells, however did not show the decrease 

in protein abundance of Beta-Catenin that we find in this study. There are key experimental 

differences between the data presented here and the data published by Espada et al., (2011), firstly 
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different antibodies were used for both Beta-Catenin and Dnmt1 which may affect the detection 

efficiency between studies. However the decrease in protein abundance data of Beta-Catenin by 

western blot analysis was confirmed in the nuclear proteomic profile of HCT116-Dnmt1∆3-5 cells. 

Espada et al., (2011) did not further characterize the HCT116-Dnmt1∆3-5 cell line, although they 

identify it as the Dnmt1 hypomorphic cell line produced by Rhee et al., (2000) they do not analyse 

the Dnmt1 deletion of exons 3 to 5, and further they do not compare HCT116-Dnmt1∆3-5 cells to 

WT HCT116 cells by western blot for Dnmt1 protein expression. The data presented in this report 

uses two different C-terminal Dnmt1 antibodies (D59A4 and D63A6 (Cell Signalling)) to 

characterize the expression of the hypomorphic Dnmt1 protein. Following discussions with Cell 

Signalling the exact epitopes that these antibodies bind to are were not shared as that information is 

proprietary; however, they did release the approximate area of binding. D59A4 binds to the area 

around amino acid residue 980, whereas D63A6 binds to the area around amino acid residue 985, a 

section of the protein not effected by the N-terminal mutation and present in both the WT and 

Dnmt1∆3-5 protein. Both antibodies show that the Dnmt1∆3-5 protein is a smaller molecular weight, 

as analysed by western blot, and showed significantly decreased protein abundance compared to 

the WT protein expression in HCT116 cells. In addition Dnmt1protein could not be detected by 

quantitative mass spectrometry analysis in the nuclear-enriched samples from HCT116-Dnmt1∆3-5 

cells, but were identified in all three replicates from HCT116 cells, confirming a significant 

decrease in Dnmt1 protein abundance in HCT116-Dnmt1∆3-5 cells, which has previously been 

reported by Egger et al., (2006). The only comparison of Dnmt1 protein abundance between 

hypomorphic and WT cells presented by Espada et al., (2011) was in relation to an anti-

Dnmt1immunoprecipitation, where the hypomorphic cell line experiment produced a reduced 

abundance of Dnmt1 protein output ((Espada et al., 2011)SupFig6a). However, 

immunoprecipitation efficiently of the hypomorphic protein could have been affected by differing 

antibody binding affinities in comparison to the WT protein, it could also be a direct reflection on 

the reduced Dnmt1 protein abundance in the cell line. Espada et al., (2011) did however show a 

comparable increase in the protein abundance of Vimentin in HCT116-Dnmt1∆3-5 cells, in 

agreement with the western blot and quantitative proteomic data presented here.  

Further investigation of cell-cell adhesion by Espada et al., (2011) indicates that Beta-Catenin is 

significantly relocalized to the nucleus in Dnmt1 hypomorphic cells, and results in an activated 

canonical Wnt phenotype, as assessed by TopFLASH reporter assay. However HCT116 cells 

possess constitutively activated Wnt signalling due to a heterozygous deletion mutation resulting in 

loss of Ser45, the phosphorylation of which is critical for the degradation of the protein by the 

destruction complex (Morin et al., 1997). Activation of Wnt signalling by Wnt3a ligand stimulation 

has been shown previously to be significantly attenuated in HCT116 cells due to the unusually high 

basal levels of the protein present in the cell, it is unknown if higher canonical Wnt signalling is 

possible in this cell line, given that Espada et al., (2011) show no increase in Beta-Catenin protein 
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abundance in HCT116-Dnmt1∆3-5 cells (Song et al., 2014). The immunofluorescence data presented 

here indicates, in contrast to findings by Espada et al., (2011), that Beta-Catenin is localized 

preferentially in the cytosol of HCT116-Dnmt1∆3-5 cells which was confirmed by western blot 

analysis of nuclear and cytosol enriched lysates, in addition to a reduction of Beta-Catenin 

abundance shown in the nuclear-enriched proteomic profile of these cells. Immunofluorescence 

data presented here also shows a more disperse distribution of Dnmt1 protein throughout the cell, 

in contrast to the significant nuclear localization of the protein shown in HCT116 cells. Deletion of 

exons 3 to 5 in HCT116-Dnmt1∆3-5 cells results in the deletion of the DMAP1 and PCNA binding 

domains, however the nuclear localization signal is considered to be intact (Egger et al., 2006;  

Rhee et al., 2000). it is therefore unknown if the effects shown here are a result of the lower 

abundance of Dnmt1 protein, loss of the DMAP1 and PCNA binding domains, or an as yet 

undetermined perturbation of the ability of the protein to localize to the nucleus.   

 

Espada et al., (2011) then go on to hypothesise the cause of decreased E-Cadherin protein in 

HCT116-Dnmt1∆3-5 cells, and analysed SNAIL1 protein abundance. They show that SNAIL1 

protein abundance does not change in HCT116-Dnmt1∆3-5 cells, similar to data shown here. An 

increase in SNAIL1 abundance would suggest that the decrease in E-Cadherin protein abundance is 

a result of SNAIL1 binding to the E-Cadherin promoter thereby suppressing gene transcription. 

SNAIL1 knockdown experiments by Espada et al., (2011) indicate that a reduction in SNAIL1 

protein results in reexpression of E-Cadherin proteins levels, however the results do not show an 

experimental control of SNAIL1 knockdown in HCT116 cells that would indicate if SNAIL1 

repression of E-Cadherin in HCT116-Dnmt1∆3-5 cells is the mechanism of cell-line specific 

repression. ChIP assay of SNAIL1 binding to the E-Cadherin promoter in results presented by 

Espada et al., (2011) indicate that this is the mechanism of SNAIL1-mediated E-Cadherin 

repression, however again there are no published results by this group that suggest this isn’t the 

case in WT HCT116 cells.  

Interestingly, results of full- length WT Dnmt1 protein ‘recovery’ assays also differ. Results 

presented here show failure to return abundance of Vimentin protein to nominal abundance levels 

shown in HCT116 cells, however Espada et al., (2011) indicate phenotype reversal following 

expression of exogenous WT Dnmt1. There are however key differences in the assessment of this 

outcome, namely the proteins that were analysed. Vimentin, as the largest differentially regulated 

protein in the nuclear-enriched proteomic dataset was chosen as the target for recovery analysis due 

to the significant abundance change shown in HCT116-Dnmt1∆3-5 cells. Whereas Espada et al., 

(2011) focused on E-Cadherin as the indicator of phenotype reversal. Methodologically the data 

presented here represent analysis of Dnmt1 recovery assay following 48 hours of exogenous full 

length Dnmt1 expression, whereas Espada et al., (2011) do not state the time period of which the 
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recovery experiment was carried out. Data presented here shows that exogenous expression of full 

length Dnmt1 in transfected HCT116-Dnmt1∆3-5 cells results in expression of a protein band 

equivalent to that shown in HCT116 cells, however at a lower protein abundance than that shown 

in HCT116 cells. It is unknown what transfection efficiency and resulting expression of full length 

Dnmt1 protein was achieved by Espada et al., (2011) as part of their rescue experiment, and if this 

is comparable to that presented here, as they do not present Dnmt1 protein abundance data for this 

experiment.  

In summary although there are relatable findings between the data presented here and the published 

work by Espada et al., (2011), namely the decreased protein abundance of E-Cadherin and 

increased protein abundance of Vimentin in HCT116-Dnmt1∆3-5 cells, there are many points of 

contention potentially as a result of differing methodologies, and missing cell line comparison 

controls presented by Espada et al., (2011). Further analysis of long-term rescue of full length 

Dnmt1 might further elucidate the mechanisms by which E-Cadherin and Vimentin protein 

abundance change in this cell line, although regulation of E-Cadherin transcription by SLUG is a 

potential candidate considering the increased abundance in HCT116-Dnmt1∆3-5 cells presented 

here.   

Characterization of the genomic methylation changes in HCT116-Dnmt1∆3-5 cells have shown that 

changes are restricted to defined regions and do not reduce the overall level of global genomic 

methylation (Egger et al., 2006). This being said EMT markers such as E-cadherin have previously 

been shown to be mediated by methylation of their promoters, and a change in this methylation 

status has given rise to EMT in pathological tissues (Pistore et al., 2017; Tahara et al., 2014). It is 

possible that these select regions of methylation effected by Dnmt1∆3-5 include those associated 

with the EMT process, such as SLUG and SNAIL1, which have previously been shown to be 

sensitive to Dnmt1 knockdown (Y. Chen et al., 2013). On the other hand reduction of proteasome 

activity in cells has also been shown to induce an EMT phenotype, independent of a change in 

DNA methyltransferase activity (Banno et al., 2016). It is possible that the induction of EMT 

markers is a result of the Dnmt1∆3-5 protein by an as yet undetermined mechanism of effect, on the 

proteasome, and is in fact a secondary effect as part of the development of the CSC phenotype 

typical of cancer cells exhibiting reduced proteasomal activity (Voutsadakis, 2017). To determine if 

methylation changes resulting from the presence of the hypomorphic protein are the drivers of 

EMT dysregulation, or indeed the reduced abundance of proteasome complex proteins, further 

targeted genomic methylation studies should be undertaken. 

This report highlights a widely used research model of Dnmt1 mutagenesis based in a colorectal 

cancer cell line. The nuclear proteomic profile of HCT116-Dnmt1∆3-5 cells was used to highlight 

multiple protein networks that were dysregulated in this cell line that had not previously been 

elucidated by methylome characterization. Indication of the development of an EMT phenotype 
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and dysregulation of the proteasomal machinery, typically characteristics of cancer stem cells in 

patient samples, may help to shed light on the drivers of the development of cancer stemness. 

Further research is needed to determine the exact role of Dnmt1∆3-5 in the regulation of the protein 

networks highlighted here, and if this mechanism is driven by its activity as a DNA 

methyltransferase, or by its missing interactions resulting from the deletion of the N-terminal 

domain. 

 

4.4.5 Future work.  

To further define the mechanism of Dnmt1∆3-5 induction of EMT markers and relocalization of 

Beta-Catenin in the hypomorphic cell line the limitations of the ‘rescue’ and knockdown models 

must first be defined.  

The transient shRNA Dnmt1 knockdown experiments only provided assessment of EMT marker 

response over a period of 48 hours, therefore not taking into account the effects of longer term 

reduced Dnmt1 protein abundance that is shown in the hypomorphic cell line. In addition, 

generation of stable shRNA knockdown cell lines result in ‘leaky’ cell lines that exhibit a higher 

protein abundance of Dnmt1 when compared to their transient counterparts, this is typical in 

knockdown models of proteins that are critical to cell viability, due to the lethality of complete 

knockdown of the protein. ‘Leaky’ stable cells lines would also confound results not only due to 

protein abundance levels but also the adaption period, the time between transduction of the shRNA 

and the point of maximal effective knockdown, potentially allowing the cells to adapt to gradually 

decreasing protein levels. The Dnmt1 ‘rescue’ experiment by which WT Dnmt1 was exogenously 

expressed in HCT116-Dnmt1∆3-5 cells was also assessed for EMT markers 48 hours following 

transfection, potentially overlooking longer-term effects of WT Dnmt1 expression. Although the 

duration of this ‘rescue’ experiment was limited by the transient transfection of the WT Dnmt1 

construct, retroviral transduction followed by selection of a stable HCT116-Dnmt1∆3-5 expressing 

WT Dnmt1 cell line would allow the assessment of WT Dnmt1 expression over an extended period 

of time, albeit at exogenous levels. Examination of the relocalization of Beta-Catenin in response to 

Dnmt1 shRNA knockdown or extended ‘rescue’ experiments in HCT116-Dnmt1∆3-5 cells may help 

define the role of Dnmt1∆3-5 or decreased Dnmt1 protein abundance in Beta-Catenin subcellular 

compartmentalization.  

Although characterization of E-cadherin, Vimentin, and N-Cadherin suggest a partial induction of 

the EMT process, further cellular assays to determine the induction of the EMT phenotype as well 

as antigen presentation to determine potential development of a CSC phenotype would help to 
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define the development of these hallmarks of malignancy. An example would be assessment of 

CD133 and CD44 markers for CSCs, cell migration assay, secretion of matrix metalloproteases and 

apical-basal cell polarity for EMT processes (Sahlberg et al., 2014).  

The induction of a partial EMT phenotype in HCT116-Dnmt1∆3-5 cells has previously been shown 

by Espada et al., (2011), with the exception of opposing evidence for Beta-Catenin localization in 

these cells. Espada et al., (2011) suggest that EMT in this instance is driven by the transcription 

factor SNAIL1, however SNAIL1 protein abundance is shown by Espada et al to remain consistent 

between the Dnmt1 hypomorph and WT HCT116 cells, similar to the data presented here. There 

were also key differences in controls and comparisons, as well as protocol differences in the results 

presented here and those by Espada et al., (2011), suggesting that results are not directly 

comparable.  

The involvement of Dnmt1 in the development of EMT and a CSC phenotype has been linked to its 

DNA methyltransferase ability, with loss of Dnmt1 resulting in reduction of genomic methylation 

markers and re-expression of previously suppressed genes, causing premature differentiation of 

stem cells and subsequent cell death (Lei et al., 1996; Pathania et al., 2015). However the limited 

genomic methylation changes seen in Dnmt1 hypomorph cells and the subsequent changes in EMT 

markers; a key process in the development of CSCs, indicates a DNA methyltransferase 

independent role for Dnmt1 in the EMT process. Further characterization of this role and its 

mechanism may help us to understand the drivers behind the CSC phenotype, a distinct 

subpopulation of cancerous cells thought to be responsible for treatment resistance, unlimited 

proliferation, and disease reoccurrence.  

Although this analysis has shown some interesting findings with regards to the role of the Dnmt1 

hypomorph protein in EMT, the nuclear-enrichment of the proteomics sample could have 

potentially limited the findings, considering that the majority of the phenotypic changes that occur 

during EMT are driven by proteins who’s sites of action are not typically within the nucleus. 

Further analysis using whole cell proteomics analysis would benefit the understanding of the effect 

of Dnmt1∆3-5 on the EMT phenotype and the wider cell. 
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Chapter 5 Integrated analysis of the functional GSK3β 

interactome 

5.1 Abstract 

Although Wnt signalling is considered a principle driver pathway in colorectal cancer, with 

evidence of mutations and aberrant signalling from an early stage of tumour development, the 

wider role of GSK3β, a key component of the Beta-Catenin destruction complex, is less well 

understood.  

GSK3β is a promiscuous serine-threonine kinase, with over a hundred different protein partners, it 

functions in numerous signalling pathways in the cell. GSK3β has roles in many pathologies, 

however its role in cancer is controversial, with loss of GSK3β embryonically lethal and transient 

knockdown models hampering research efforts. In an effort to understand the changes that occur on 

the functional protein network independent of GSK3β’s role in Wnt signalling we analyse isogenic 

GSK3β knockout cells in an activated Wnt signalling colorectal cancer model. These cell lines are 

both viable, and sustain stable GSK3β genotypes. Analysis of the canonical Wnt signalling pathway 

shows that knockout of GSK3β does not affect proteins upstream of the destruction complex, Beta-

Catenin protein abundance or downstream Wnt-driven transcription factors. 

Functional proteomic profiling reveals dysregulation of multiple protein signalling networks, 

including Beta-Catenin destruction complex components, and key specialized cell-cell adhesion 

junctions; desmosomes. Further analysis and validation confirmed dysregulation of a number of 

proteins involved in desmosome formation and maintenance, phenotypic analysis confirmed that 

cell-cell adhesion was significantly decreased, along with an increased migratory ability in GSK3β 

knockout cells. Comparative analysis of GSK3β interacting proteins with quantitative proteomic 

profile data identifies dysregulation of known GSK3β interaction partners in response to GSK3β 

knockout, in addition to the identification of a novel GSK3β interaction partner TBC1 domain 

family member 4 (TBC1D4).  

Functional proteomic profiling of GSK3β knockout cell lines in combination with interaction 

analysis provides a comprehensive approach to understanding the role of GSK3β, independent of 

its function in the Beta-Catenin destruction complex. Understanding of the functional proteome of 

GSK3β in addition to the phosphoproteome provides a more comprehensive view of the 

downstream effects of this critical kinase. Allowing identification of not just its immediate 

substrates but also the downstream effects and resultant changes in protein signalling networks 

elicited by GSK3β knockout. 
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5.2 Introduction 

5.2.1 Glycogen synthase kinase 3 beta 

 

Figure 5-1 - Schematic representation of the protein structure of GSK3β. 

46.7kDa protein with a large protein kinase domain between residues 56 and 340, key 

phosphorylation sites for regulation and auto-inhibition are identified 

Glycogen synthase kinase 3 beta (GSK3β) is a 46.7 kDa protein (UniProt ID P49841), comprised 

of 420 amino acids. The protein is transcribed from the GSK3β gene located on chromosome 3 

((119,821,321-120,094,417 (GRCh38/hg38)) consisting of 273,097 bases over 12 exons. GSK3β 

expression is ubiquitous in adult human tissues, with particularly high expression shown in 

subsections of the brain, which include the hippocampus (Thul et al., 2017). GSK3β expression is 

not significantly transcriptionally regulated, however the protein is typically regulated by post-

translations modifications of either itself or of its substrates (Medina and Wandosell, 2011). 

GSK3β can be found throughout many of the cellular sub compartments, including the nucleus, 

golgi, and cytosol (Adachi et al., 2010). GSK3β is a serine/threonine kinase with a protein kinase 

domain that is highly conserved throughout numerous species (Figure 5-1) (Xu et al., 2009). 

Glycogen synthase kinase has two isoforms, transcribed from independent genes, GSK3α and 

GSK3β, the isoforms share 85% sequence homology, with this rising to 98% in the catalytic protein 

kinase domain. GSK3α (51kDa, UniProt ID P49841) differs in its extended glycine-rich N-terminal 

domain, and reduced sequence homology in the final 76 C-terminal amino acids (Woodgett, 1990). 

Although the proteins share high sequence homology, their functions are only partially redundant, 

evidence first obvious by creation of mouse knockout models, which confirms GSK3β knockout is 

embryonically lethal, and GSK3α homozygous mice are viable with low phenotypic abnormalities 

(Hoeflich et al., 2000). Although both isoforms are ubiquitously expressed the ratios of isoform 

expression is tissue-specific, even in tissues enriched for GSK3 expression such as the brain (Yao 

et al., 2002). 
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GSK3β is constitutively active within the cell, with regulation of its kinase activity and interaction 

partners regulated by post translation modification of GSK3β itself or ‘pre-priming’ of substrates. 

GSK3β has a series of PTM sites at which the activity of the enzyme can be modulated. Ser9, a 

conserved phosphorylation site of RAC-alpha serine/threonine-protein kinase (AKT) inhibits the 

binding and therefore phosphorylation activity of GSK3β by competitively inhibiting the binding 

of pre-primed substrates to Arginine (Arg) 96 (Cross et al., 1995; Frame et al., 2001; Saito et al., 

1994; Sutherland et al., 1993). Tyrosine (Tyr) 216 is an autophosphorylation site, phosphorylation 

of which stabilises the protein and enhances its catalytic activity (Cole et al., 2004). C-terminal 

inhibition of GSK3β is mediated through Mitogen-activated protein kinase (MAPK) 

phosphorylation of Thr390, a process independent of other phosphorylation sites on GSK3β, 

inactivation by phosphorylation of Thr390 results in activation of the canonical Wnt pathway, 

explained in detail later (Thornton et al., 2008). Lys15 is an acetylation site which is 

hyperacetylated in the protein inactive form, deacetylation by NAD-dependent protein deacetylase 

sirtuin-3 (SIRT3) results in protein activation (Sundaresan et al., 2015).  

Regulation of GSK3β activity by pre-priming of its substrates requires an understanding of its 

consensus sequence; -S/TxxxpS/pT- which typically occur in pentadrepeats with the serine or 

threonine residues phosphorylated by GSK3β sequentially in a carboxy- to amino- terminal 

direction (Fiol et al., 1987; Harwood, 2001; Xu et al., 2009). However initial binding of GSK3β to 

its substrates requires a ‘pre-priming’ step, defined as prior phosphorylation of the substrate by 

another kinase three or four residues C-terminally of the initial GSK3β phosphorylation site (Fiol et 

al., 1987). GSK3β then sequentially phosphorylates residues as part of the consensus sequence by 

up to 1,000 times more efficiently that if the substrate had not been pre-primed (Thomas et al., 

1999). This mechanism was initially established by pre-priming of a synthetic substrate matching 

that of glycogen synthase by Casein Kinase 2, which then increased the binding and 

phosphorylation activity of GSK3β to subsequent recognition sites. (Fiol et al., 1987). 

 

5.2.2 A key component of the Beta-Catenin destruction complex.  

In addition to its role as a negative regulator of glycogen synthase and glucose homeostasis, 

GSK3β has a critical role in mediating the regulation of canonical Wnt signally via its involvement 

with the destruction complex (Pramanik et al., 2015; Rayasam et al., 2009).  

The key signalling molecule in canonical Wnt signalling is Beta-Catenin, an accumulation of which 

results in its translocation to the nucleus where it activates transcription of Wnt target genes. Upon 

activation of Wnt signalling by binding of Wnt ligands to receptors, such as Frizzled, GSK3β and 

CK1 phosphorylate LDL receptor related protein 6 (LRP6) at conserved S/TxxxpS/pT motifs, 
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which then initiates the recruitment of the scaffold protein Axin. It is this interaction with the 

Axin/LRP6 complex that surrounds GSK3β with phosphorylated residues, sequesters the complex 

to the plasma membrane, and directly inhibits its ability to phosphorylate Beta-Catenin (Piao et al., 

2008; Wu et al., 2009).  

 

5.2.2.1 Destruction complex and Wnt ‘off’ mechanism.  

In the absence of receptor-bound Wnt ligands cytosolic Beta-Catenin is targeted for proteasomal 

degradation by a multi-protein ‘destruction’ complex consisting of scaffold proteins that facilitate 

the binding of protein kinases.  

Beta-Catenin is first pre-primed by phosphorylation of Ser45 by casein kinase 1 alpha (CK1α), this 

reaction is enhanced by the binding of scaffold proteins Axin and Adenomatous polyposis coli 

(APC) (Amit et al., 2002). Phosphorylation of Ser45 forms the initial recognition sight for GSK3β-

mediated phosphorylation also facilitated by Axin. 

Axin harbors adjacent binding domains for Beta-Catenin and GSK3β that facilitates close 

proximity of the two proteins. GSK3β binds to Axin through its C-terminal helical domain, and 

Beta-Catenin binding is mediated by its Armadillo repeats, interaction of GSK3β with the Axin 

scaffold enhances phosphorylation of Beta-Catenin by up to 20,000 fold (Dajani et al., 2001; Ikeda 

et al., 1998). GSK3β sequentially phosphorylates Thr41, Ser37, and Ser33, the key residues that 

form the S/TxxxpS/pT of the GSK3β consensus sequence, phosphorylation of Ser37 and Ser33 

form a binding site on Beta-Catenin for the interaction with β-TrCP, an E3 Ubiquitin ligase (Liu et 

al., 2002; Winston et al., 1999; Xu et al., 2009). β-TrCP recruits Cullin1 and S-Phase kinase-

associated protein 1 (SKP1) to form a SCF complex which polyubiquitinates Beta-Catenin, thereby 

targeting it for proteasomal degradation (Winston et al., 1999; Xu et al., 2009). An in-frame codon 

deletion of Beta-Catenin resulting in loss of the Ser45 residue,  inhibits further phosphorylation by 

GSK3β, and mutation of Ser37 or Ser33 abolish the binding of β-TrCP, both mechanism results in 

a Beta-Catenin protein resistant to degradation, it therefore accumulates in the nucleus resulting in 

aberrant activation of Wnt signalling (Morin et al., 1997; Winston et al., 1999).  

The circumvention of the breakdown of Beta-Catenin by the destruction complex is an effective 

method of constituently activating the canonical Wnt signalling pathway. Investigations into the 

mechanism and consequences of Wnt signalling activation in disease have revealed roles for 

aberrant activation in many types of cancer, idiopathic pulmonary fibrosis, familial tooth agenesis, 

and aortic valve calcification amongst others  (Abedin et al., 2004; Königshoff et al., 2008; Lammi 

et al., 2004; Morin et al., 1997). There is however mixed literature of GSK3β’s role in 
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tumourigenesis, with some evidence suggesting a role as a tumour suppressor, and other evidence 

suggesting that GSK3β functions as an oncoprotein. 

 

5.2.3 GSK3β; oncoprotein or tumour suppressor? 

Levels of GSK3β have been shown to be expressed at lower levels in skin cancer tumours when 

compared to normal controls, and in breast cancer mammary models, knockdown of GSK3β results 

in activation of Wnt signalling and ultimately results in the formation of adenosquamous 

carcinomas (Dembowy et al., 2015; C. Ma et al., 2007). Formation and proliferation of tumours in 

these breast models were attenuated by simultaneous knockdown of Beta-Catenin, suggesting that 

activated Wnt signalling was the instigator of tumour development (Dembowy et al., 2015).  

On the other hand, protein levels of GSK3β have be shown to be significantly increased in non-

small cell lung cancer patient samples when compared to normal controls, and following five year 

patient follow-up positive tumour expression of GSK3β correlated with a poor long-term 

prognosis. When GSK3β was subsequently knocked down in these samples, tumour cell 

proliferation was arrested in the G0/G1 phase and apoptosis was induced, an affect independent of 

Beta-Catenin (Zeng et al., 2014). In ovarian cancer cell lines and in vivo xenograft models 

inhibitors increased the levels of deactivated GSK3β (phosphorylated Ser9 GSK3β) and induced 

apoptosis via the caspase cascade. Inhibitors also attenuated overall progression of xenografts 

tumours in a mouse model (Hilliard et al., 2011).  

It is unsurprising that there is evidence for opposing roles of GSK3β in cancer and tumourigenesis 

given that it currently has over 350 known interaction partners in multiple signalling pathways, 

with wide-ranging cellular functions (McCubrey et al., 2014a; Orchard et al., 2014). In colorectal 

cancer, where activation of the Wnt signalling pathway is commonly found in patient tumours and 

stable cell lines, there is also opposing evidence as to the role of GSK3β.  

Increased cellular levels of GSK3β have been linked to tumour development as well as progression 

to clinical stage 4 in advanced patients (Palaniappan et al., 2016; Shakoori et al., 2005). GSK3β 

was more frequently found at higher levels in its activated form in chemo-resistant tumour samples, 

however in tumours with advanced levels of epithelial to mesenchymal transition, higher levels of 

the inactive protein have been found to correlate with more advanced tumours (Grassilli et al., 

2013; Zheng et al., 2013). Interestingly levels of GSK3β are not always linked to Beta-Catenin 

levels or localization within cells and tumour samples, suggesting the involvement of other 

signalling pathways known to interact with GSK3β (Yoshino and Ishioka, 2015).  
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In colorectal cancer Cellular tumour antigen p53 (P53) is often mutated and confers chemotherapy 

resistance, making this form of cancer difficult to treat unless diagnosed at an early stage, and often 

has a poor long-term prognosis. Interestingly in tumours and cell lines that are resistant to therapy 

due to P53 loss of function, loss or knockdown of GSK3β re-sensitizes cells to therapy, stunts 

tumour growth, and in some instances invokes spontaneous cell death independent of Wnt 

signalling (Grassilli et al., 2013; Shakoori et al., 2007, 2005).  

This evidence suggests that the role of GSK3β in cancer is complex and multifaceted, with the 

protein being able to adapt its connections to diverse signalling pathways in response to a wide 

range of stimuli and situations. 

5.2.4 Experimental modelling of GSK3. 

The study of GSK3β substrates, its direct roles in signalling pathways, and its indirect effects on 

downstream effectors has been hampered by the limited models available in which to study it. 

Homozygous knockout of GSK3β in mice models is embryonically lethal in late gestation, however 

heterozygous models are viable indicating that a minimal threshold of GSK3β is required for 

normal phenotypic development (Hoeflich et al., 2000; Liu et al., 2007). In the absence of complete 

knockout models chemical inducible models have been produced with mixed success. The insertion 

of a drug inducible degradation tag to form a GSK3β chimeric protein has proven an effective 

method, dependent on the location of the tag and its effect on viable protein at the developmental 

stage (Liu et al., 2007; Stankunas et al., 2003). In successful degradation tag models rapamycin 

induces rapid proteosomal degradation of the protein, resulting in an effective and reversible 

degradation of the endogenous protein. This has resulted in the discovery of a role for GSK3β in 

osteogenesis, cleft palette formation, and midline development in embryogenesis following 

maternal treatment with rapamycin at 13 days of gestation (Liu et al., 2007). However the purpose 

for which this inducible knockout was designed for is inherently limited by the requirement of 

rapamycin to stimulate protein degradation. Rapamycin is teratogenic if used to treat embryos or 

their mothers before day 10 of gestation, thereby limiting the availability of this method for 

investigation of GSK3β’s role in early embryogenesis.  

Early use of lithium as a treatment for psychiatric disorders led to the discovery of GSK3β as an 

important kinase in phosphorylation of neuronal proteins (Stambolic et al., 1996). Lithium acts to 

inhibit GSK3β via phosphorylation of Ser9 resulting in inactivation of the protein, and reduction of 

cellular phosphorylation levels, confirmed by an accumulation of Beta-Catenin in WT Wnt 

signalling environments (Abdul et al., 2017; Stambolic et al., 1996). Although there are various 

inhibitors of GSK3β, some of which are approved for clinical use, there are currently no known 

chemicals or small molecules which can distinguish between GSK3β and GSK3α, potentially as a 
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result of the significant sequence homology shared between the two proteins. In addition most 

GSK3 inhibitors have significant off target effects on other kinases, such as MAPK and AKT, 

which can in turn have indirect effects on GSK3β itself (Freland and Beaulieu, 2012,). The most 

selective inhibitor of GSK3 is CT 99021, which shows limited effects on other kinases at 

concentrations that are significantly effective on GSK3, however even this inhibitor cannot 

distinguish between the two homologs (Bain et al., 2007).  

Potentially one of the most comprehensive studies of GSK3β phosphorylation targets by knockout 

analysis is a double knockout of both GSK3α and GSK3β in mouse embryonic stem cells (Shinde 

et al., 2017). The cell lines are viable, however are unable to differentiate into defined cell lineages 

unlike their parental cells lines (Doble et al., 2007). Phosphoproteomic analysis of double knockout 

embryonic stem cells (ESCs) revealed 185 proteins required GSK3 for phosphorylation, the 

majority of which were serine residues, however only 29% of these were found in GSK3 pre-

primer consensus sequences (Shinde et al., 2017). This research also highlighted a number of 

proteins that showed increased phosphorylation in double knockout cells, indicating indirect 

regulation by GSK3. Phosphorylation targets of GSK3 were enriched for alternative splicing 

regulatory processes, including altered activity of RNA-binding proteins, and changes in 

transcription factors. Unlike the study presented here this double knockout model in ESCs also has 

a WT Wnt signalling pathway, therefore double knockout of GSK3 resulted in an accumulation of 

Beta-Catenin, and activation of Wnt target genes such as Zinc finger protein SNAI1 (SNAIL1) and 

Dickkopf-related protein 1 (DKK1) (Shinde et al., 2017). 

The complex issue of functional redundancy between GSK3α and GSK3β, which is not yet 

characterized, limits viable knockout models, particularly in organismal models, due to critical 

roles in development. The high sequence homology between the two proteins, in particular of the 

catalytic kinase domain, also confounds the specific inhibition of GSK3β by chemical or small 

molecule mechanisms. Current knockout studies have focused on GSK3 as a whole rather than the 

specific role of each homolog, with the exception of an inducible GSK3β knockout model in mice 

(Liu et al., 2007). As a result, key substrates and proteins regulated directly and indirectly by GSK3 

have been established, however have not been fully characterized. Phosphoproteomics is a useful 

tool for the identification GSK3 target substrates, and the wider effect on the phosphorylation 

activity within a model, however this does not characterize the effects that these changes have on 

protein abundance, cell signalling or phenotype. Quantitative proteomic profiling has the advantage 

of accurately identifying protein abundance changes in response to experimental perturbation, such 

as the knockout of a protein. Quantitative profiling of GSK3β knockout would allow the analysis of 

the functional response to changes in the phosphoproteome, and highlight remodulated signalling 

pathways effected by such changes.  
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5.2.5 An isogenic GSK3β knockout cell model. 

The loss of GSK3β’s ability to phosphorylate Beta-Catenin results in constitutive activation of Wnt 

signalling via the cytosolic accumulation of Beta-Catenin protein, subsequent nuclear translocation, 

and activation of downstream Wnt-driven transcription. Activation of Wnt signalling results in 

dysregulation of a multitude of cellular pathways, including proliferation, differentiation, cell cycle 

regulation, and stemness. In order to assess the effects of GSK3β knockout on the functional 

proteome, independent of its effects on Wnt-driven downstream signalling events, GSK3β 

knockout will be assessed in a Wnt-activated environment.  

HCT116 cells, a model colorectal cancer cell line, contains a heterozygous deletion of Beta-

Catenin Ser45 resulting in loss of the CK1α phosphorylation site and consequently efficient 

phosphorylation of Beta-Catenin by GSK3β (Morin et al., 1997). This results in an aberrant build-

up of cytosolic Beta-Catenin and activation of downstream Wnt signalling (Kaler et al., 2012). 

Isogenic HCT116-derived cells were obtained from Cellectis SA that contained a homozygous 

knockout of GSK3β via Transcription activator-like effector nucleases (TALEN) integration of a 

single-stranded DNA (ssDNA) oligonucleotide containing numerous stop codons at the GSK3β 

locus.  

GSK3β homozygous knockout cell line (HCT116-GSK3β-KO), and their isogenic WT counterparts 

(HCT116-GSK3β-WT) were first assessed for their Wnt signalling activity along with Wnt 

pathway protein abundances. Following this, whole cell proteomics analysis defined multiple 

protein signalling networks as dysregulated in HCT116-GSK3β-KO cells. Further validation of 

dysregulated protein networks indicated that cell-cell adhesion capacity was reduced stemming 

from dysregulation of desmosomal proteins. Previous literature indicates a role for GSK3β in the 

phosphorylation of Desmoplakin (DSP), a desmosome protein responsible for the connection of the 

cell-cell junction to the intracellular cytoskeletion, a key factor in desmosome strength (Sumigray 

and Lechler, 2012). This would suggest that in addition to key roles in metabolism GSK3β plays a 

key role in cell-cell adhesion strength, potentially indicating a role for GSK3β in the metastasis of 

invasive CRC tumours. 
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5.3 Results 

For the purpose of this chapter the results will be presented as a paper for publication in the 

format of Molecular and Cellular proteomics. 
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ABSTRACT 

 

 

Glycogen-specific kinase (GSK3β) is an integral regulator of the Wnt signalling pathway as well as 

other diverse signalling pathways and processes. Dys-regulation of GSK3β is implicated in 

many different pathologies, including neurodegenerative disorders as well as many different 

tumour types. An important GSK3β mechanism of action is phosphorylation of substrates with 

consequent inhibition or degradation. In the context of tumour development, GSK3β has been 

shown to play both oncogenic and tumour suppressor roles, depending upon tissue, signalling 

environment or disease progression. Although multiple substrates of the GSK3β kinase have 

been identified, wider GSK3β protein-protein interaction networks and the consequences of 

these interactions are not well understood. In this study LC-MS/MS expression analysis of 

knock-out GSK3β colorectal cancer cells is used in conjunction with AP-MS analysis of GFP-

tagged GSK3β cells to identify new GSK3β interaction partners as well as to understand the 

consequences on these interaction partners of GSK3β deletion from the cell system. 
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Introduction 

 

Glycogen synthase kinase-3 beta (GSK3β) is a serine/threonine kinase in the glycogen synthase 

kinase subfamily with diverse roles and interaction partners in a wide range of signalling pathways 

and cellular functions (McCubrey et al., 2014b).  

Although Wnt signalling is considered a principle driver pathway in colorectal cancer, with 

evidence of mutations and aberrant signalling from an early stage of tumour development, the 

wider role of GSK3β, a key component of the Beta-Catenin destruction complex, on the cellular 

protein environment is less well understood. 

In Wnt in-active cell environments following pre-phosphorylation of the substrate by casein kinase 

1 alpha (CK1α) and as part of this multi-protein complex, GSK3β phosphorylates Beta-Catenin at 

serine residues Ser33, Ser37, and Thr41 which targets Beta-Catenin for proteosomal degradation 

(Pramanik et al., 2015). When Wnt signalling is activated by the family of Wnt ligands binding to 

receptors, such as Frizzled, GSK3β and CK1α phosphorylate LRP6 at conserved PPSPxS motifs, 

which then initiates the recruitment of the scaffold protein Axin. It is this interaction with the 

Axin/LRP6 complex that surrounds GSK3β with phosphorylated residues and directly inhibits its 

ability to phosphorylate Beta-Catenin (Piao et al., 2008; Wu et al., 2009). Following inhibition of 

GSK3β, Beta-Catenin accumulates in the cytosol and then undergoes nuclear import where it 

activates target transcription factors and gene transcription (Wu et al., 2009).  

Whether GSK3β plays primarily an oncogenic or tumour suppressor role appears to dependent on 

the cellular context and tumour type. Levels of GSK3β have been shown to be expressed at lower 

levels in skin cancer tumours and knockdown of GSK3β in breast cancer mammary models results 

in activation of Wnt signalling and the formation of adenosquamous carcinomas (Dembowy et al., 

2015; C. Ma et al., 2007). On the other hand, protein levels of GSK3β have been shown to be 

significantly increased in non-small cell lung cancer patient samples and expression of GSK3β 

correlated with a poor long-term prognosis ((Zeng et al., 2014). Knockdown of GSK3β in these 

samples arrested tumour cell proliferation and promoted apoptosis. 

In cancerous tumours, particularly of the colon, Wnt pathway activation is primarily caused by 

mutually exclusive mutagenesis of either APC, a component of the destruction complex, or by a 

mutation of the Ser45 residue of Beta-Catenin (Sparks et al., 1998). HCT116 is an adherent 

epithelial stable cell line, original isolated from a primary colorectal tumour (Brattain et al., 1981). 

The cells are predominantly diploid and carry a homozygous wild type allele for APC, encoding for 

the full length and functional protein (Ilyas et al., 1997; Morin et al., 1997). The cell line does 
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however have constitutively active Wnt signalling due to a dominant heterozygous triple base-pair 

deletion in exon 3. This results in the loss of serine 45, a conserved residue across species, and key 

binding site for CK1α. Ser45 is outside of the Armadillo repeat region allowing for the 

maintenance of Beta-Catenin binding to partner proteins such as TCF-4, and downstream activation 

of the Wnt signalling pathway (Ilyas et al., 1997; Sakanaka, 2002). This mutation developed within 

the initial clinical tumour sample and has been conserved in the cell line, making this a clinically 

relevant model of colorectal cancer (Morin et al., 1997). Mutation of Ser45 has also been seen in 

other clinical cancers, such as melanoma, prostate, and uterine (Polakis, 1999). 

CK1α phosphorylates Ser45 either in conjunction with an Wnt-specific Axin-mediated scaffold or 

independently and acts as a pre-priming step before GSK3β-mediated phosphorylation (Sakanaka, 

2002). GSK3β phosphorylates Beta-catenin sequentially from the C-terminus, loss of 

phosphorylation at Ser45 prevents the GSK3β-mediated phosphorylation of Thr41, Ser37, and 

Ser33 via loss of the initial consensus binding sequence (Hagen et al., 2002). Degradation of Beta-

catenin is mediated by β–TrCP recognition of phosphorylated Ser33 and Ser37, lack of 

phosphorylation at these residues results in stabilization of Beta-Catenin and activated Wnt 

signalling (Sakanaka, 2002). 

Interestingly levels of GSK3β are not always linked to Beta-Catenin levels or localization within 

cells and tumour samples, suggesting the involvement of other signalling pathways known to 

interact with GSK3β (Yoshino and Ishioka, 2015).  

In this study, we utilize two complementary systems to analyse GSK3β protein-protein interaction 

networks. First, an isogenic pair of colorectal cancer cell-lines (HCT116-GSK3β-WT and 

HCT116-GSK3β-KO) were analysed using label-free LC-MS/MS. Second, affinity-purification 

mass-spectrometry (AP-MS) was applied to a GFP-trap HEK293 GSK3β cell-line to recover and 

analyse GSK3β protein complexes. We show that integrating these two systems allows the 

detection of both novel interaction partners of GSK3β as well as the resulting alteration of 

interaction partner levels in the HCT116-derived cell line.  

We show that knock-out of GSK3β in HCT116 cells has no detectable effects on the levels of Wnt 

pathway components including β-catenin and multiple TCF transcription factors. In the Beta-

Catenin stabilized cell line HCT116, we show that there are no additional downstream effects of 

GSK3β knockout on Wnt/β-catenin signalling. Label-free LC-MS/MS enabled the detection of 

6,282 proteins, and identification of differentially expressed proteins in several pathways and 

processes. 

AP-MS analysis detected several known and novel GSK3β interaction partners, including 

TBC1D4. Several of these proteins were also detected as differentially abundant in comparison 

analysis of HCT116-GSK3β-WT and HCT116-GSK3β-KO cell lines. 
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Methods 

 Culture of cell lines and extraction of whole cell lysates. 

HCT116-GSK3β-KO and paired isogenic control cell line HCT116-GSK3β-WT were obtained 

from Cellectis SA (CanCELL) HCT116-GSK3β-KO cell-lines were obtained by integrating a 

ssDNA oligonucleotide containing several stop codons at the GSK3β locus with TALEN 

technology. 

HCT116-GSK3β-WT and HCT116-GSK3β-KO cell lines were culture in McCoys 5A culture 

medium (Gibco) supplemented with 10% FBS (Gibco) and 1% PenStrep (Gibco). Cultures were 

maintained in 5% CO2 at 37oC and passaged twice weekly.  

For passaging, cells were disassociated from flask following washing with warm DPBS (Gibco) 

using 0.5ml of warm TrypLE Express enzyme 1X (ThermoFisher Scientific), and incubated for 

five to ten minutes. Disassociated cells were then centrifuged at 1,000 x g for five minutes before 

reconstitution in warm McCoys 5A (Gibco) medium before seeding a tenth of the culture 

population in a fresh culture flask.  

Whole cell protein lysate extract was performed by resuspension of cells in 0.1M TEAB, 0.1% 

SDS and lysed by sonification on ice, Suspension was then centrifuged at 13,000 x g, for 20 

minutes at 4oC, supernatant was then removed and protein concentration measured by a 

DirectDetect® spectrometer.  

 

SDS-PAGE and western blot analysis 

Equal amounts (15µg) of proteins from different samples were loaded on 8% acrylamide gel and 

subjected to electrophoresis (120 volts, 90 minutes). Afterwards, proteins were transferred to 

nitrocellulose membrane (80 volts, 0.4 Amps, 3 Hours) (Whatman 10402594, Dassel, Germany) 

and blocked for 30 minutes using a 5% milk solution. Membranes were then incubated at 4oC with 

the following primary and loading control antibodies, for antibody specifications see Table 5-1. 

Proteins were identified using near-infrared fluorescent secondary antibodies (Li-Cor) and imaged 

using a Li-Cor Odyssey® CLx with Image studio Lite V5.2 software,  
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Table 5-1. Details of  primary and secondary antibodies used in the analysis of HCT116-

GSK3β -KO cells. 

 

  

Antibody Product	
code

Company Host	
species

Dilution

Primary	antibodies

Actin 6H10D10 Cell	signaling Rabbit 1:1000

Β-Catenin MA1-301 ThermoFisher Mouse 1:1000

Dvl2 3126S Cell	signaling Rabbit 1:1000

Dvl3 3218S Cell	signaling Rabbit 1:1000

Gsk3β 27C10 Cell	signaling Rabbit 1:1000

Jup 75550S Cell	signaling Rabbit 1:1000

Pkp2 PA5-53144 ThermoFisher Rabbit 1:1000

Pkp3 35-7600 ThermoFisher Mouse 1:1000

Tbc1d4 2447S Cell	signaling Rabbit 1:1000

Tcf3 2883S Cell	signaling Rabbit 1:1000

Tcf4 2569S Cell	signaling Rabbit 1:1000

Secondary antibodies

Rabbit 680CW 925-68021 Li-Cor - 1:10,000

Rabbit	800CW 925-32211 Li-Cor - 1:10,000

Mouse	680CW 925-68020 Li-Cor - 1:10,000
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TopFlash assay measurement of Wnt signalling activity. 

Cells were seeded in 24 well plates at a density of 10 x 104 cells per well, and cultured for 24 hours 

in McCoys 5A culture medium (Gibco) supplemented with 10% FBS (Gibco) and 1% PenStrep 

(Gibco) in 5% CO2 at 37oC. Transfection was then carried out by Lipofectamin® 3000 

(ThermoFisher) according to manufacturers protocols. TopFLASH assay constructs used; M50 

Super 8x TOPFlash (AddGene), M51 Super 8x FopFLASH (AddGene), and pcDNA3.1-ccdB-

Renilla (AddGene). Cells were cultured in transfection media for 6 hours before transfection media 

was removed and fresh growth media was added to cells. Cells were then cultured overnight before 

measurement of luciferase and renilla reporter signals using a Dual-Luciferase® Reporter assay 

system (Promega) and a GloMax® Discover Microplate reader (Promega) according to 

manufacturers protocols. Results were then normalized to renilla internal transfection control, and 

then plotted graphically using Graphpad Prism V7. 

 

Metabolic profiling of HCT116-GSK3β-WT and HCT116-GSK3β-KO cells. 

Metabolism profiling was carried out by Agilent Seahorse XFp Cell Energy Phenotype test kit on a 

Seahorse XFp analyser (Agilent). Protocols were carried out according to manufacturer guidelines 

and data was analysed using Agilent Seahorse Wave desktop V2.5.   

 

Cells were seeded at a density of 4 x 104 in XFp cell culture miniplate (Agilent) and cultured 

overnight in McCoys 5A culture medium (Gibco) supplemented with 10% FBS (Gibco) and 1% 

PenStrep (Gibco) in 5% CO2 at 37oC. Following overnight culture remove growth medium and 

wash cell monoloayer with 37oC assay medium (Agilent Seahorse XF base medium, 1mM 

pyruvate, 2mM glutamine, 10mM glucose pH 7.4). Then add 180µl of assay medium to each well, 

culture for 1 hour prior to assay in a 37oC non-CO2 incubator. 

 

The Cell Energy Phenotype test was then run on the Agilent Seahorse XFp analyser (Agilent), 

using the following concentration of metabolic stressors. 1µM of Trifluoromethoxy 

carbonylcyanide phenylhydraxone (FCCP) which act as an uncoupler of oxidative phosphorylation 

in mitochondria, a measure of oxygen consumption rate (OCR). 1µM of oligomycin which inhibits 

ATP synthase, and allows the measurement of extracellular acidification rate (ECAR). Analysis of 

OCR and ECAR data was then used to plot the metabolic phenotype overview of the HCT116-

GSK3β-KO cell line. 
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Growth curve analysis of HCT116-GSK3β-WT and HCT116-GSK3β-KO cells. 

1 x 105 HCT116-GSK3β-WT and HCT116-GSK3β-KO cells were seeded in 6 well plates 

(Corning) on day 0, and maintained in McCoys 5A culture medium (Gibco) supplemented with 

10% FBS (Gibco) and 1% PenStrep (Gibco), 5% CO2 at 37oC. Cells were disassociated using warm 

TrypLE Express enzyme 1X (ThermoFisher Scientific) and counted using a haemocytometer 

counting chamber (Neubauer improved) every 24 hours. Results were plotted graphically using R 

(V3.5.1) and ggplot2.  

 

Soft agar colony growth assay. 

5 x 103 cells were seeded per well (12 well plate (Corning)) in a total of 500µl of 0.35% agar 

supplemented complete McCoys 5A medium (10% FBS, 1% PenStrep), the cultures were 

incubated at room temperature for 3 minutes and then incubated for 5 minutes at 4oC before 

continued culture at 37oC, 5% CO2 (Thermo scientific) as described previously. 

Cell colonies were counted manually following visualization of the cultures using a light 

microscope (EVOS XL, ThermoFisher Scientific). Cell counts were recorded every 24 hours for 6 

days following seeding, and plotted graphically using GraphPad Prism V7. 

 

Proteomic profiling of HCT116-GSK3β-WT and HCT116-GSK3β-KO cells. 

Cell pellets (3 x 106) were lysed (0.1M TEAB, 0.1% SDS) with pulsed sonication. 

Methanol/chloroform extraction was performed on 100µg of protein for each lysate and pellet 

finally re-dissolved in 100ul of 6M Urea (Sigma), 2M thiourea (Sigma), 10mM HEPES buffer 

(Sigma), ph7.5. Samples were reduced (1M DTT), alkylated (5.5M iodoacetamide) then diluted in 

400µl of 20mM ammonium biocarbonate (Sigma) and digested with trypsin (Promega) (1/50 w/w) 

overnight. As an internal quantification standard, 150 fmol of enolase (Saccharomyces cerevisiae) 

(Waters) and Hi3 Escherichia coli standard (Waters) were added to each sample. Samples were 

12xfractionated (Agilent 3100 OFFGEL fractionator) in IPG buffer, pH 3-10 (GE Healthcare) 

diluted 1:50 in 5% glycerol, in 13cm IPG strips, pH 3-10 (GE Healthcare) and peptides focused for 

20 kVh. Each fraction was acidified to <3.0 using trifluoroacetic acid (TFA) (Sigma) and solid 

phase extraction performed using Empore C18 96-well solid phase extraction plate (Sigma). 

Samples were eluted in 150µl of 80% acetonitrile, 0.5% acetic acid, lyophilised and then stored at -

20oC until re-suspension in 10µl 98% dH2O/acetonitrile and 0.1% formic acid prior to use.  

 

Mass spectrometry analysis 
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Nano-LC separation was performed using the nanoAcquity UPLC 2G Trap column system 

(Waters) at a rate of 5µl per min and washed with buffer A (98% dH2O/acetonitrile + 0.1% formic 

acid) for 5 minutes. Peptides were separated on an Acquity UPLC Peptide BEH C18 column 

(130Å, 1.7µm, 2.1mm x 150mm, 1/pkg (Waters)) over a 90 minute linear gradient of 5% to 40% 

with a flow rate of 0.3µl/min with buffer B (80% acetonitrile/dH2O + 0.1% formic acid) and 

completed with a 5 minutes rinse with 85% buffer B, at a flow rate of 300nl/min. Mass 

Spectrometry analysis was performed on a Waters Synapt G2-S HDMS system (Waters). Samples 

were sprayed directly using positive mode-ESI, and data was collected in MSE acquisition mode, 

alternating between low (5v) and high (20-40V) energy scans. Glu-fibrinopeptide (m/z = 785.8426, 

100 fmol/µl) was used as LockMass, and was infused at 300 nl/min and sampled every 13 seconds 

for calibration.  

Raw data files were processed using ProteinLynx Global Server (PLGS, Waters) version 3.0.2, and 

optimal processing parameters were selected by Threshold Inspector software (Waters). Database 

search (Human Uniprot reference database July 2017 + yeast enolase P00924) was carried out 

using the Ion-accounting algorithm in PLGS (Waters), parameters included a false discovery rate of 

4%, a maximum protein size of 500,000 Da, and trypsin cleavage with an allowable error of 1 

missed cleavage with oxidation of methionine, and carbamidomethylation of cysteine 

modifications. 

Data analysis 

Processed and searched data in a .csv file was converted to Microsoft Excel .xlsx format, and then 

preliminary data analysis performed in Microsoft Excel (Microsoft Corp). Each sample replicate 

was merged into a single file to include the protein accession number (UniProt), protein 

description, and femtomoles on column.  

For protein quantification, the Hi3 calculation method of using the top 3 most intense tryptic 

peptides of both the internal standards and of each protein was used. Only quantified proteins were 

included in further analysis, therefore all had at least 3 peptides present, indicating confidence in 

the identification of the protein from the spectra.  

Protein quantification was normalised by total fmol on column, the total sum of each protein 

intensity values was then computed as a log2 ratio HCT116-GSK3β-WT / HCT116-GSK3β-KO. 

Only proteins with recorded quantification in all 6 samples were further analysed for a cut off value 

of a 1 log2 fold change and a significance value of <0.05 as calculated by Benjamini-Hochberg 

corrected Student’s t-test, FDR was set at 5%. 
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Gene ontology (GO) analysis was performed using the Gene ontology consortium and KEGG 

terms, to visualize significant enrichment of the datasets against the entire human proteome 

(The Gene Ontology Consortium, 2017).  

 

Dispase mechanical stress assay  

Cell-cell adhesion strength was assessed using dispase cell-substrate detachment enzyme on cell 

monolayers followed by mechanical stress test, integrity of cell monolayer was then assessed via 

light microscopy.  

HCT116-GSK3β-WT and HCT116-GSK3β-KO cells were seeded in 6-cell culture plates  

(Corning) and grown to confluence. Media was removed from cultures and cell monolayer washed 

with Hanks balanced salt solution (HBSS) (14025092 ThermoFischer Scientific). Cell monolayers 

were then incubated with dispase enzyme (2.5 Units/ml in HBSS) (D4693 Sigma) at 37oC for 30 

minutes or until monolayers detached from plate bottom. Detached monolayers were then imaged 

before mechanical stress test with a Leica M2 16 F microscope and S Viewer V3.0.0 software. 

Mechanical stress was then induced used an orbital shaker (Labscale) for 3 minutes at 300rpm 

(orbit of 16mm). Cell monolayer following mechanical stress was then assessed for intactness. 

 

Cellular migration assay 

HCT116-GSK3β-WT and HCT116-GSK3β-KO cells were seeded in 6-cell culture plates  

(Corning) and grown to confluence. Cell were then treated with 2mM thymidine (Sigma) 

supplemented media for 24 hours prior to initiation of scratch assay. Following scratch of cell 

monolayer, media was aspirated and cell debris was removed by washing twice with 2mM 

thymidine supplemented media. Culture of cells was then continued in 2mM thymidine 

supplemented media with migration into scratch assessed at time points over a period of 22 hours 

via imaging using an EVOS XL core cell imaging system (ThermoFisher), and migration into 

scratch area measured by ImageJ software. 

 

GSKβ-GFP Co-Immunoprecipitation AP-MS/MS 

GFP-GSK3β tagged HEK293 and an isogenic GFP-only cell line were generated previously by Jo 

Forde (PhD University of Cardiff), briefly GSK3β-GFP fusion protein plasmid (pcDNA5/FRT/TO) 

was co-transfected with pOG44 into Flp-in T-Rex HEK293 cell lines resulting in integration of a 

tetracyclin-inducible GSK3β-GFP fusion protein at a genomic FRT site. Stable cell lines were 



Chapter 5 

234 

 

generated via selection with hygromycin B treatment. Expressed of GFP-GSK3β was induced by 

treatment with 2ng/ml doxycycline for a period of 24 hours before affinity purification of GFP-

GSK3β associated complexes. Cells were then lysed with a detergent-based buffer (150mM NaCl, 

50mM Tris, 0.5% NP-40, 10% glycerol) and insoluble fraction removed via centrifugation at 1,000 

x g. The proteins were then immunoprecipitated by a 1 hour, 4oC incubation with anti-GFP coupled 

Protein-G sepharose beads (ChromoTek). Elution was performed by increased concentration of 

NaCl buffers. Elution samples were run on a 4-12% gradient Bis-Tris cell, excised and dehydrated 

with acetonitrile for 10 minutes at room temperature. Gel was then rehydrated with a reducing 

solution (10mM DL-Dithiothritol in 100mM ammonium bicarbonate) for 30 minutes at 56oC. Gel 

was then dehydrated with acetonitrile for 10 minutes before rehydrating with alkylation solution 

(55mM Iodoacetamide) for 20 minutes at room temperature. Samples were neutralized with 

100mM ammonium bicarbonate and then gel pieces were dehydrated with acetonitrile for 10 

minutes at room temperature. Proteins were then digested overnight at 37oC in 0.2µg/µl trypsin 

solution (Promega, PR-V5111). Peptides were then extracted using 2% acetonitrile and 1% formic 

acid extraction buffer. Samples were acidified to <3.0 pH using trifluoroacetic acid (Sigma) and 

solid phase extraction performed using Empore C18 96-well solid phase extraction plate. Tryptic 

peptides were separated by online reverse phase nanoscale capillary liquid chromatography (nano-

LC, Dionex Ultimate 3000 series HPLC system) coupled to electro spray injection (ESI) tandem 

mass spectrometer (MS-MS) with octopol collision cell (Thermo-Finnegan LTQ Orbitrap). Loaded 

peptides were eluted on nano-LC with 90 min gradients ranging from 6% to 73% acetonitrile in 

0.5% formic acid with a flow rate of 300 nl/min. Data dependent acquisition was performed on the 

LTQ-Orbitrap using Xcalibur software (version 2.0.6, Thermo Scientific) in the positive ion mode 

with a resolution of 60,000 at m/z range of 325.0-1800.0 and using 35% normalized collision 

energy up to five most intensive multiple charged ions were sequentially isolated, fragmented and 

further analysed.  

For GFP immunoprecipitation experiments, data were searched using the X! Tandem search engine 

(http://human.thegpm.org), with fragment ion mass tolerance of 0.8Da and parent ion tolerance of 

20ppm and Ensembl database (version 38). Proteins were selected with P value of < 0.05, and with 

these parameters the estimated False Positive Rate computed by the GPM was an average of 1.88% 

across the study. Proteins were excluded that occurred in either GFP or HEK293 control samples 

(for proteins where expect P value < 0.1) or in greater than 20% of the 40 control experiments 

using GFP tagged proteins in HEK293 cells (version 1.0 crapome.org). 
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Results 

 

Characterization of Wnt signalling in mutant β-catenin isogenic HCT116-GSK3β 
cells. 

 

To first characterize the isogenic HCT116-GSK3β cells, we analysed several key components of 

the Wnt signalling pathway (Fig1A). As shown in Figure 1, western blot analysis was performed to 

confirm the knockout of GSK3β in HCT116-GSK3β-KO cells (Fig1B). β-catenin protein levels 

were analysed alongside GSK3β, and no detectable differences were found in cells lacking GSK3β 

(Fig1B/C). We also tested several TCF transcription factors, the downstream nuclear signalling 

targets of β-catenin in Wnt signalling. None of these showed differences in protein abundance 

level, showing that in HCT116 colorectal cancer cells, β-catenin is essentially independent of any 

regulation by GSK3β (Fig1D). Dishevelled proteins (Dvl2/3), found upstream of Beta-Catenin in 

the Wnt signalling pathway were also found to be uneffected by GSK3β knockout (Fig1E). In 

addition, although GSK3β is known to regulate Wnt/β-catenin signalling via phosphorylation-

induced degradation of β-catenin, no alternative mechanisms by which GSK3β can alter Wnt 

signalling activity were revealed in this cell model. 

To further confirm that canonical Wnt signalling is not effected by knockout of GSK3β, TopFlash 

reporter assay of basal levels of Wnt activity were assessed (Fig1F), which showed that there was 

no significant difference in downstream Wnt reporter activity in HCT116-GSK3β-KO cells. It has 

previously been reported in embryonic stem cells (WT Beta-Catenin signalling environment) that 

complete knockout of GSK3β did not effect downstream Wnt signalling, as shown by TopFLASH 

assay, due to the functional redundancy of GSK3α  and GSK3β  (Doble et al., 2007). 

 

Growth and metabolism characterization of HCT116-GSK3β-WT and HCT116-GSK3β-KO 

cells. 

Knockout and knockdown of GSK3β have previously been shown to have wide ranging effects on 

cellular metabolism, to assess the effects of GSK3β knockout on cellular metabolism in our cell 

model a cell growth assay and metabolism phenotype assay was carried out (Howard et al., 2012; 

Kerkela et al., 2008; Theeuwes et al., 2017). 

Cultured HCT116-GSK3β-WT and HCT116-GSK3β-KO cells showed that knockout of GSK3β 

did not effect cell viability in vitro, however growth assays indicated that HCT116-GSK3β-KO 
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cells exhibited a reduced growth rate and growth potential when grown in adherent cell culture 

conditions (Fig2A). Cell energy phenotype assay (Agilent Seahorse XFp) indicated that HCT116-

GSK3β-KO cells have a reduced oxygen consumption rate (OCR) and extracellular acidification 

rate (ECAR) when compared to HCT116-GSK3β-WT cells at both the basal level and under 

stressed conditions (Fig2B). OCR was used as an indicator of mitochondrial respiration and ECAR 

was used as an indicator of glycolysis, the reduced rates of which when taken together indicate 

HCT116-GSK3β-KO cells have a more quiescent metabolism phenotype when compared to 

HCT116-GSK3β-WT cells.  

 

Proteomic profiling of HCT116-GSK3β-KO cells.  

To understand the role of GSK3β knockout in a Wnt activated (β-Catenin mutant) environment we 

carried out whole cell proteomic profiling of HCT116-GSK3β-WT and HCT116-GSK3β-KO cells. 

LC-MS/MS analysis identified 6,282 proteins, of which 440 where differentially abundant in 

HCT116-GSK3β-KO cells in all six samples, 217 were statistically different. 

We first analysed Gene Ontology terms for all 217 proteins that were found to be significantly 

differentially abundant between HCT116-GSK3β-WT and HCT116-GSK3β-KO cells (GO 

consortium), using the complete set of 6,282 identified proteins as the background dataset for 

enrichment analysis (Table 5-2). Differentially abundant proteins showed enrichment in biological 

processes associated with, RNA processing, and protein localization. Of particular interest in this 

study are the protein abundance changes found in cell-cell adhesion structures. 

 

Table 5-2 - Gene ontology terms associated with proteins identified as differentially abundant 

and with quantitation in all samples. 

GO Term Description P-value 

GO:1901363 Heterocyclic compound binding 2.98E-10 

GO:0003723 RNA binding 1.27E-10 

GO:0003824 Catalytic activity 2.71E-03 

GO:0003779 Actin binding 2.93E-03 

GO:0045296 Cadherin bindin 4.65E-03 
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It has previously been documented that GSK3α shares functional redundancy with GSK3β in vivo 

owing to the conserved kinase domain between the two proteins. With regards to Wnt signalling, 

complete knockout of GSK3β in an WT Beta-Catenin cellular environment does not effect 

downstream Wnt activation, protein levels, or Wnt-driven transcription either in basal or Wnt-

stimulated conditions (Doble et al., 2007). Cells displayed no alteration of phosphorylated Beta-

Catenin levels or localization, as well as no compensatory increase in abundance of GSK3α as 

previously reported (Doble et al., 2007). Upon examination of the proteomic profile of HCT116-

GSK3β-KO cells it is of particular interest to note that there is no significant change in abundance 

of GSK3α or Beta-catenin protein.  

 

Proteomic profiling indicates a role for GSK3β in the dysregulation of the Beta-

Catenin destruction complex. 

Targeted analysis of the proteomic profile of HCT116-GSK3β-KO cells of proteins involved in the 

Beta-Catenin destruction complex indicate that key Beta-Catenin destruction complex proteins 

APC, Casein kinase 1 isoform alpha (CK1α), and Dapper homolog 1 (DACT1) (Fig3A) show 

abundance changes, however these were not statistically significant and not found to be quantitated 

in all samples. In addition, no change in abundance of SKP1, a member of the SCF complex that 

poly-ubiquitinates Beta-Catenin and targets it for proteasomal degradation (Fig3B). 

Although APC was identified in one HCT116-GSK3β-WT cell sample, however no protein was 

detected in HCT116-GSK3β-KO cells. APC is a phosphorylation target of GSK3β, 

phosphorylation of APC increases it binding affinity to Beta-Catenin facilitating its recruitment to 

the destruction complex and increasing Beta-Catenin degradation, oppositely this phosphorylation 

inhibits APC’s ability to stabilize microtubules (Pronobis et al., 2015; Zumbrunn et al., 2001). 

There is currently no role for GSK3β in the regulation of protein abundance of APC however in the 

presence of GSK3β protein, abundance of APC and Axin have been shown to be positively 

correlated with Beta-Catenin phosphorylation, ubiquitination and subsequent degradation (Pronobis 

et al., 2015). Decrease in APC protein abundance in HCT116-GSK3-KO cells does not effect Beta-

Catenin protein abundance or Wnt signalling activity, as described in Figure 1.  

Typically DACT1 is an antagonist of Wnt signalling, forming part of the Beta-Catenin destruction 

complex, however in cancer models DACT1 has been shown to act as an agonist of Wnt signalling, 

increasing the abundance of Beta-Catenin and Wnt-driven transcription, and serving as an 

oncogenic driver of the cancer phenotype (R. Li et al., 2017; Yuan et al., 2012). Its role as an 

agonist of Wnt signalling has also linked it to a GSK3β regulatory role, increasing the proportion of 
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inactive phosphorylated Ser9 GSK3β present in the cell, here we show that DACT1 role as a Wnt 

regulator protein is dependent on the presence of GSK3β (Yuan et al., 2012).  

CK1α, as part of the Axin scaffold complex is responsible for pre-priming phosphorylation of Beta-

Catenin at Ser45, which mediates further phosphorylation by GSK3β at residues Thr41, Ser37 and 

Ser33 (Orford et al., 1997; Stamos and Weis, 2013). Phosphorylation of these residues results in 

the creation of a binding site for the E3-ligase β-TrCP, aiding in the formation of a ubiquitin ligase 

complex containing SKP1 and Cullin A (CUL1) that polyubiquitinate Beta-Catenin, targeting it for 

degradation by the 26S proteasome (Latres et al., 1999). Knockdown of CK1α has previously been 

shown to result in an increase in Beta-Catenin protein stability, via lack of phosphorylation which 

mediates its binding to the ubiquitin complex.  

As shown previously a reduction in CK1α protein abundance has no effect on downstream Wnt 

signalling. The lack of dysregulation of destruction complex member in HCT116-GSK3β-KO cells 

indicates that GSK3β does not have a major role in the regulation of destruction complex proteins 

independent of its role in Wnt signalling. 

 

Dysregulation of desmosome cell-cell adhesion complexes 

Quantitative proteomic profiling indicates that a key desmosomal junction protein, Plakophilin 2 

(PKP2), has significantly increased protein abundance in HCT116-GSK3β-KO cells. Plakophilins 

form essential protein interactions that connect the inner dense plaque and outer dense plaque with 

extracellular membrane-spanning proteins in desmosomes (Fig4A) (Gerull et al., 2004; Grossmann 

et al., 2004). Desmosomes are specialized intracellular junctions that provide adhesion between 

adjacent cells and the internal cellular cytoskeleton, they’re typically found in tissues that undergo 

intense mechanical stress (Chen et al., 2002). Desmosomes are enriched in cardiac muscle, and 

epithelial of the gastrointestinal tract, amongst other tissues (Ruiz et al., 1996). Although PKP2 

protein expression is the only significant protein abundance change of the desmosomal proteins 

identified by proteomic profiling, other proteins do show slight, if statistically insignificant, 

differences of abundance (Fig4B). Western blot validation of desmosomal protein abundance 

indicates that PKP2, PKP3 and Junction plakoglobin (JUP) are all dysregulated in HCT116-

GSK3β-KO cells (Fig4B).  

Complete loss of GSK3β at the organismal level results in embryonic lethality, linked to cardiac 

developmental defects, caused by abnormal cellular proliferation and tissue strength (Kerkela et al., 

2008; Ruiz et al., 1996). Likewise knockout of JUP in mice models prove embryonically lethal 

with the tissue integrity degraded to such an extent that cardioventricular muscle contraction results 
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in rupture and oedema (Ruiz et al., 1996). Knockdown of PKP2 and PKP3 indicates that they both 

play crucial roles in desmosome formation and strength, which also correlate with cell migration, 

and a metastatic phenotype (Grossmann et al., 2004; Kundu et al., 2008; Sklyarova et al., 2008).  

Further examination of cell-cell adhesion strength, by mechanical stress assay (Fig4C) indicated 

that following mechanical agitation of a detached monolayer of HCT116-GSK3β-KO cells the cell 

monolayer fragmented into numerous pieces. This result mirrored a similar assay result performed 

following PKP2 knockout as a positive control for desmosomal integrity loss performed by Leo-

Macias et al., (2016), whereas the HCT116-GSK3β-WT cells overwhelmingly remained intact.  

Previous literature has shown that loss of PKPs, and subsequent disruption of desmosomal plaques 

also resulted in an increased migratory ability of cells (Kundu et al., 2008; Sklyarova et al., 2008). 

Migration assay over a period of 24 hours on cell cycle arrested cells indicated that HCT116-

GSK3β-KO did indeed exhibit a noticeable increase in migration potential (Fig4D). To investigate 

if this also effected the cells ability to form colonies from single cells, a soft agar colony growth 

assay was performed and colony number over 6 days recorded (Fig 4E). Results indicate that loss 

of GSK3β did not incur any colony-forming advantage to HCT116-GSK3β-KO cells. These results 

are similar to those shown in the literature that have disrupted members of the desmosome 

complex, incurring a selective advantage on cells for migration following disruption of the primary 

culture, which translates into an increased metastatic ability in cancer models (Bailey et al., 2012). 

It should also be considered that as well as desmosomes, GSK3β has been shown to play a role in 

the strength of tight junctions via the dysregulation of protein turn over pathways (Ramirez et al., 

2013), and in cellular adherens junctions in its role as an Protein Kinase C alpha regulator 

(Colosimo et al., 2010).  

 

GSK3β interaction partners as determined by AP-MS/MS of GSK3β-GFP fusion 

protein. 

To elucidate the functional interaction partners of GSK3β, AP-MS/MS of GSK3β-GFP fusion 

protein interaction partners was performed. It should be noted that these samples were derived from 

a HEK293 cell background and not a HCT116 cell line background. AP-MS/MS GFP-tagged pull 

downs of GSK3β facilitated identification of novel and known GSK3β interaction partners, these 

proteins were then analysed in the quantitative proteomic profile of HCT116-GSK3β-KO cells to 

elucidate potential interaction affects of loss of GSK3β (Figure 5-17). 

 

Of the proteins that were identified, the top thirty potential interactors were significantly enriched 

with known GSK3β interaction partners as indicated by identification in BioGrid interaction 
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database search (Table 5-3 and Fig5A (Figure 5-18)). Of the top 10 interaction partners found to 

co-complex with GSK3β, TBC1D4 and E3 ubiquitin-protein ligase UBR5 (UBR5) were found to 

show differential abundance in HCT116-GSK3β-KO cells. 

UBR5 is a E3-ubiquitin ligase, and is a key regulator of the ubiquitin-proteasome system that is 

responsible for protein catabolism in a wide range of cellular processes (Shearer et al., 2015). 

UBR5-mediated ubiquitination can both stabilize or degrade proteins, working in tandem with 

kinases or ubiquitin ligases to decide protein fate. UBR5 was shown to be significantly decreased 

in HCT116-GSK3β-KO cells (Fig5E). UBR5 has two predicted sites for GSK3β-mediated 

phosphorylation (T1736 and S1741 (Bethard et al., 2011) ) and the interaction described by us 

between GSK3β and UBR5, has also been documented previously by a GSK3β-FLAG AP-MS/MS 

analysis in HEK293 cells by Hay-Koren et al., (2010). Interestingly this interaction is specific to 

the nucleus, and thereby increases the nuclear localization of both GSK3β and Beta-Catenin. 

Increasing abundance of UBR5 proteins was also shown to increase the abundance of Beta-Catenin 

via polyubiquitination of Lys29 and Lys11, however this reaction was dependent on GSK3β-

mediated phosphorylation of Ser33 of Beta-Catenin (Hay-Koren et al., 2010). Integrated analysis of 

the functional proteome of HCT116-GSK3β-KO cells with AP-MS/MS interaction data indicated 

that in the absence of GSK3β, the abundance of its interaction partner UBR5 was decreased, 

however levels of Beta-Catenin remained stable agreeing with previous research indicating that in 

the absence of Ser33 phosphorylation by GSK3β, UBR5 cannot regulate Beta-catenin protein 

stabilization (Hay-Koren et al., 2010). 

A novel interaction of GSK3β identified here is with the Rab–GTPase-activating protein TBC1 

domain family member 4 (TBC1D4) (Fig5B/C). This interaction was validated with western blot 

analysis, which also indicated that this interaction is enhanced by activated Wnt signalling in 

HEK293 cells (Fig5C). TBC1D4 is identified as slighting increased in the proteomic profile of 

HCT116-GSK3β-KO cells, however this result was not statistically significant (Fig5E). Further 

validation of TBC1D4 protein abundance by western blot in HCT116-GSK3β-KO cells indicated 

that the difference observed in the proteomic profiling was indeed marginal. Indicating that the 

interaction between TBC1D4 and GSK3β is Wnt dependent, and loss of GSK3β in a Wnt activated 

environment does not significantly effect overall abundance of TBC1D4 protein.  
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Discussion 

Here we have conducted an integrated quantitative analysis of the functional GSK3β proteome, and 

identified dysregulation of known GSK3β interacting proteins. This is the first functional analysis 

of GSK3β knockout in a cell line with constitutively activated Wnt signalling, with the aim of 

identifying signalling pathways effected by GSK3β knockout, independent of its role in Wnt 

signalling.   

We used an isogenic homozygous GSK3β knockout model derived from the model colorectal 

cancer cell line HCT116. We confirmed that HCT116 cells have activated Wnt due to the deletion 

of the codon encoding Ser45, the key phosphorylation site for CK1α, which results in the initiation 

of a series of GSK3β–mediated phosphorylation modifications of Beta-Catenin. In addition, 

GSK3β knockout did not effect downstream Wnt signalling of proteins involved in the canonical 

Wnt pathway up or downsteam of GSK3β.   

Previous knockout and knockdown models of GSK3β have shown the protein to play a key role in 

metabolism homeostasis, here we show that HCT116-GSK3β-KO cells have a reduced growth rate 

and growth potential, along with a more quiescent metabolism phenotype.  

Proteomic profiling of HCT116-GSK3β-KO cells shows that loss of GSK3β has no affect on the 

protein abundance of proteins involved in the Beta-Catenin destruction complex and ubiquitination 

complex. Equally, HCT116-GSK3β-KO cells did not show dysregulation of proteins involved in 

the cadherin-mediated cell-cell adhesion junctions, another major site of Beta-Catenin binding.  

A cell-cell adhesion protein that was shown to be significantly dysregulated however was PKP2, a 

critical component of the desmosome, specialized cell-cell adhesion junctions found in 

gastrointestinal epithelial (Chen et al., 2002). Loss of PKP2 has previously been shown to disrupt 

desmosome adhesion junctions, resulting in significant weakening of cell-cell junction strength, 

indicating the critical role of plakophilin proteins in desmosome architecture (Grossmann et al., 

2004). Following identification of dysregulated PKP2, and less significant abundance changes in 

other desmosome proteins, mechanical stress assays and migrations assays indicate that loss of 

GSK3β results in an increase in migration and a significant weakening of cell-cell adhesion 

strength. 

GSK3β has previously been shown to phosphorylate DSP at Ser2849, which is a critical 

modification of the protein that allows it to connect cytoskeletal interactin filaments with 

desmosome junctions, thereby providing the structural strength to connect the cell to its neighbour 

(Albrecht et al., 2015). In addition loss of JUP, PKP2, and PKP3 have all been found to result in 

desmosome formation failure, or desmosome connectivity defects, often resulting in embryonic 
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lethality in organismal models (Albrecht et al., 2015; Chen et al., 2002; Ruiz et al., 1996; Sumigray 

and Lechler, 2012).  

In addition to dysregulation of desmosome proteins we shown that loss of GSK3β results in a 

weakened cell-cell adhesion phenotype, and increased cell migratory potential, however does not 

effect cell colony forming ability, phenotypes that have all previously been linked to cancer 

metastasis and loss of GSK3β, here we show that these phenotypes are independent of GSK3β’s 

role in canonical Wnt signalling. 

Analysis of interaction partners of GSK3β and consequent analysis of their protein abundance in 

HCT116-GSK3β-KO cells indicated that protein abundance of the known interaction partner UBR5 

was decreased, without a subsequent effect on Beta-Catenin protein abundance, indicating that 

GSK3β may regulate or stabilize UBR5 protein either directly or indirectly. We also identify a 

novel GSK3β interaction partner, TBC1D4, the interaction of which is dependent on Wnt 

signalling, however protein abundance of TBC1D4 is not significantly effected by loss of GSK3β. 

GSK3β is a promiscuous kinase with hundreds of target interaction partners, these interactions are 

dynamically regulated by pre-priming of target substrates by other kinases within the cell. 

Understanding of the functional proteome of GSK3β in addition to the phosphoproteome provides 

a more comprehensive view of the downstream effects of this critical kinase. Allowing 

identification of not just its immediate substrates but also the downstream effects and resultant 

changes in protein signalling networks elicited by GSK3β knockout.  
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Figure 5-2. (Figure 1A) Schematic of the canonical Wnt signalling pathway. Interaction 

schematic of the canonical Wnt signalling pathway protein-protein interactions * = 

proteins analysed for their differential protein abundance in HCT116-GSK3β-KO 

cells. 

 

Figure 5-3. (Figure1B) GSK3β protein expression characterization in cell models. 15 µg of 

total protein lysates from HCT116 cells, HCT116-GSK3β-KO cells, and HCT116-

GSK3β-WT cells were loaded onto a single phase 8% SDS gel and analyzed by 

western blot analysis for protein expression of GSK3β and β-Catenin. Α-Actin protein 

abundance was used as a loading control. N=3. 

 

Figure 5-4. (Figure 1C) Western blot analysis of β-catenin protein abundance in HCT116-

GSK3β-KO cells. 15 µg of total protein lysates from HCT116-GSK3β-WT and 

HCT116-GSK3β-KO cells were analysed by western blot analysis for protein 

expression of GSK3β and β-catenin. Protein abundance of Actin was used as a loading 

control (n = 4 each group). Quantifications (arbitrary intensity units) are mean values 

± SEM (Mann-Whitney U test p-value indicated). 

 

Figure 5-5. (Figure 1D) Western blot analysis of TCF protein abundance in HCT116-GSK3β-

KO cells. 15 µg of total protein lysates from HCT116-GSK3β-WT and HCT116-

GSK3β-KO cells were analysed by western blot analysis for protein abundance of 

TCF3 and TCF4. Protein abundance of Actin was used as a loading control (n = 4 

each group). Quantifications (arbitrary intensity units) are mean values ± SEM (Mann-

Whitney U test p-value indicated). 
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Figure 5-6. (Figure 1E) Western blot analysis of Dvl2 and Dvl3 protein abundance in 

HCT116-GSK3β-KO cells. 15 µg of total protein lysates from HCT116-GSK3β-WT 

and HCT116-GSK3β-KO cells were analysed by western blot analysis for protein 

abundance of Dvl2, Dvl3, and GSK3β. Protein abundance of Actin was used as a 

loading control (n = 2 each group). 

 

Figure 5-7. (Figure 1F) TopFLASH reporter assay of canonical Wnt signalling activity in 

HCT116-GSK3β-WT and HCT116-GSK3β-KO cells. Cells were transfected with 

TopFlash plasmids, TopFlash luciferase activity was assessed 48 hours post-

transfection following passive lysis of cells. Luciferase signaling was normalized to 

renilla transfection control. T-test P value 0.064, n=3. 
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Figure 5-8 (Figure 2A) Growth curve of HCT116-GSK3β-WT and HCT116-GSK3β-KO cells. 

HCT116-GSK3β-WT and HCT116-GSK3β-KO cells were seeded at a density of 1 x 

105, cell growth was measured using a cell counting chamber, over a period of 9 days 

and plotted graphically using RStudio and Ggplot2. N=3. *= t-test P value <0.05 
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Figure 5-9 (Figure 2B) Metabolism phenotype assay of HCT116-GSK3β-WT and HCT116-

GSK3β-KO cells. Cell metabolism assessed by Agilent Seahorse XFp cell energy 

phenotype test, oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) were used as measures of mitochondrial respiration and glycolysis 

respectively, under basal and stressed conditions to assess metabolic potential of cells. 

N=3. 
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Figure 5-10 (Figure 3A) Schematic of Beta-Catenin destruction complex and Beta-Catenin 

ubiquitination protein complex. Proteins identified but not shown to be significantly 

differentially abundant in HCT116-GSK3β-KO cells proteomics data are highlighted 

in grey. Log fold change between HCT116-GSK3β-WT and HCT116-GSK3β-KO was 

calculated and Student’s t-test with Benjamini-Hochberg correction applied to 

calculated significance. 

 

Figure 5-11 (Figure3B) Graphical representation of Beta-Catenin destruction complex and 

Beta-Catenin ubiquitination complex protein abundance in mass spectrometry 

analysis of HCT116-GSK3β-KO cells. Log fold change between HCT116-GSK3β-

WT and HCT116-GSK3β-KO was calculated and Student’s t-test with Benjamini-

Hochberg correction applied to calculated significance. Protein abundance plotted as 

normalized values to total fmol on column. * = P value  = <0.05. Results were then 

plotted graphically using GraphPad Prism. 
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Figure 5-12 (Figure 4A) Schematic of desmosome cell-cell adhesion junction. Proteins 

represented in blue were not detected in the proteomic profile of HCT116-GSK3β-KO 

cells. Proteins highlighted in green exhibited decreased protein abundance in the 

proteomic profile of HCT116-GSK3β-KO cells. Proteins highlighted in red show 

increased protein abundance in the proteomic profile of HCT116-GSK3β-KO cells. 

Pseudocolouring is based on Log fold change of proteins, the only protein with an 

abundance change that was shown to be statistically significant was PKP2. 

 

Figure 5-13 (Figure 4B) Western blot analysis and mass spectrometry analysis of desmosome 

cell-cell adhesion proteins. 15 µg of total protein lysates from HCT116-GSK3β-WT 

and HCT116-GSK3β-KO cells were analysed by western blot analysis for protein 

expression of GSK3β, PKP2, PKP3, and JUP. Protein abundance of Actin was used as 

a loading control. n = 3. Graphical representation of normalized fmol on column 

protein abundance from mass spectrometry analysis of HCT116-GSK3β-KO cells. * = 

Benjamini-Hochberg corrected P value  = <0.05, FDR 5%  
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Figure 5-14 (Figure 4C) Mechanical stress test of HCT116-GSK3β-KO cell-cell adhesion. 

Cells were seeded and allowed to grow to confluence before monolayer cultures of 

HCT116-GSK3β-WT and HCT116-GSK3β-KO cells were detached from culture 

surface and cell adhesions stressed with mechanical agitation for 2 minutes. Images of 

cell monolayers were captured before and after agitation. 
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Figure 5-15 (Figure 4D) Cell migration assay of HCT116-GSK3β-KO cells. HCT116-GSK3β-

WT and HCT116-GSK3β-KO cells were grown until confluent and then cell cycle arrested with 24 

hour treatment with 2mM thymidine. Migration scratch was then made in the monolayer and 

capacity of cells to migrate into the free space assessed by light microscopy. Movement of cell 

migration front was measured as area free of cells and percentage migration calculated and 

presented graphically. Graphical representation of cell migration is presentated as percentage 

closure of scratch. 
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Figure 5-16 (Figure 4E) Soft agar colony growth assay of HCT116-GSK3β-KO cells. Cells 

were seeded individually in soft agar matrix supplemented with complete growth 

media. Colony number was assessed over a 6 day period by light microscopy and 

plotted graphically using GraphPad Prism. 
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Figure 5-17 (Figure5A) Diagram of integrated proteomic and interactomic experimental 

design plan. Proteins found to interact with GSK3β in a GFP-tagged pulldown AP-

MS/MS experiment in a HEK293-derived cell line (GSK3β-GFP), were assessed for 

quantitative changes in the proteomic profile of HCT116-GSK3β-WT and HCT116-

GSK3β-KO cells. Proteins found to both interact with GSK3β and show quantitative 

changes in the proteomic profile of GSK3β-KO cells were then further analysed by 

western blot. 

 

Figure 5-18 - (Figure 5B) Schematic of known GSK3β interacting proteins identified by GFP-

tagged GSK3β AP-MS/MS analysis. Proteins were affinifty purified by anti-GFP G-

sepharose beads (ChromoTek) and analysed by LC-MS/MS. Proteins that were 

identified in both the GFP-tagged and negative control experiments were removed and 

interaction partners that had been previously been discovered (BioGrid) were mapped 

as in interaction network using Pathway studio (see Table 5-3). TBC1D4 was included 

in this network due to the low log expected value indicating a high confidence that this 

is a true GSK3β interaction partner. False positive rate of 1.88%. 

 

Figure 5-19 (Figure 5C) Confirmation of the GSK3β -TBC1D4 protein interaction using Co-

IP of GFP-GSK3β. GSK3β and interacting proteins were affinitify purified from 

GFP-tagged HEK293-derived cell lines, 20µl of sample elution was loaded and run on 

a 8% SDS gel and analysed for the presence of both GFP-GSK3β and TBC1D4 to 

confirm this previously unknown interaction. A 15µg sample of the relevant cell lysate 

and Tubulin was used as a loading control. 

 

Figure 5-20 (Figure 5D) Western blot analysis of TBC1D4 protein abundance in HCT116-

GSK3β-KO cells. 15 µg of total protein lysates from HCT116-GSK3β-KO cells, and 

HCT116-GSK3β-WT cells were loaded onto a single phase 8% SDS gel and analyzed 

by western blot analysis for protein expression of GSK3β and TBC1D4. Α-Actin 

protein expression was used as a loading control. N=2. Protein abundance is presented 

graphically using normalized signal intensity. 
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Figure 5-21 (Figure5E) Graphical representation of protein abundance as measure by mass 

spectrometry analysis of TBC1D4 and UBR5 in HCT116-GSK3β-KO cells. Whole 

cell quantitative proteomic analysis of HCT116-GSK3β-KO and HCT116-GSK3β-

WT cells was analyzed and protein abundance calculated by Hi3 method. Data was 

plotted as normalized fmol on column. * = Benjamini-Hochberg corrected Student’s t-

test P value  = <0.05, FDR 5%. 
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Table 5-3 - AP-MS/MS GFP-GSK3β interacting protein analysis. Protein identified in the AP-

MS/MS analysis of GFP-tagged GSK3β, proteins also identified in the GFP-control cell 

line were removed from the analysis and remaining interaction candidates searched 

against the BioGrid protein interaction database to identify already known interaction 

partners. Log expect value is the calculated statistical confidance of the protein being 

found to be an interaction partner by chance. False positive rate of 1.88% 

Gene symbol Number of peptide 

sequences 

Log expect value Known BioGrid 

interaction? 

UBR5 118 -541.6 Yes 

GSK3B 354 -467 Yes 

GSK3A 1 -95.7 Yes 

TBC1D4 13 -76.2 No 

EPB41L3 9 -57 Yes 

PRUNE 10 -34.4 Yes 

GSKIP 10 -32.1 Yes 

SUFU 3 -11.6 Yes 

PRKAR1A 4 -9.7 Yes 

NEK1 1 -9.4 No 

MRPS14 2 -8.9 No 

KDM5B 1 -8.6 No 

PTBP2 2 -7.9 No 

CDC37 2 -7.4 No 

KDM6B 2 -7.3 No 

COL6A3 3 -6.8 No 

CLNS1A 2 -6.3 No 

PRKAR1B 2 -6.3 No 

AKAP11 1 -5.9 No 

RNASE4 2 -5 Yes 
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KCNA6 1 -3.7 No 

VMO1 2 -3.6 No 

DUT 15 -2.9 No 

DOK7 1 -2.8 No 

PPFIA1 2 -2.6 No 

OR52I1 1 -2.5 No 

AGXT 2 -2.4 No 
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5.4 Discussion 

Previous organismal models of GSK3β have shown that the kinase plays a critical role in 

embryonic development, with homozygous knockout mice exhibiting embryonic lethality at an 

early developmental stage due to abnormal cell proliferation leading to cardiac defects (Kerkela et 

al., 2008). Here we show that homozygous GSK3β knockout HCT116 cells (HCT116-GSK3β-

KO), are viable, although exhibit a reduce growth rate and growth potential when grown in 

adherent monolayer culture. HCT116 cells are a model cell line of metastatic colorectal cancer, 

harbouring a Wnt signalling activating mutation, that was derived from the original patient tumour 

(Morin et al., 1997). The heterozygous Beta-Catenin mutation results in deletion of the codon 

Ser45, a key phosphorylation residue, which when phosphorylated by CK1α produces the initial 

binding residue for GSK3β. GSK3β then proceeds to sequentially phosphorylate Thr41, Ser37, 

Ser33 of Beta-Catenin, which together form the binding site for β-TrCP. Upon binding of β-TrCP 

and further SCF complex proteins Beta-Catenin is targeted for proteosomal degradation by 

polyubiquitination. In the absence of Ser45, the GSK3β recognition site is not phosphorylated and 

therefore GSK3β-mediated phosphorylation of Beta-Catenin cannot take place, consequently Beta-

Catenin accumulates in the cytosol and then translocates to the nucleus and activates transcription 

of Wnt target genes.   

Typically loss of GSK3β is considered an activating event in Wnt signalling, allowing Beta-

Catenin to avoid polyubiquitination by β-TrCP, and therefore activate Wnt transcriptional drivers. 

Here we show that loss of GSK3β in this Wnt activated model does not effect canonical signalling, 

downstream transcription factor abundance, upstream scaffold protein abundance, or Beta-Catenin 

protein abundance itself. 

Proteomic profiling of HCT116-GSK3β-KO cells indicate that loss of GSK3β effects a wide range 

of signalling pathways, which has been previously shown in a wide range of literature, in addition 

to organism knockout models. Gene ontology enrichment analysis of dysregulated proteins, 

indicates that biological cellular processes affected by GSK3β knockout include, cadherin binding, 

and actin binding. 

5.4.1 Proteomic profiling indicates that GSK3β does not regulate the Beta-Catenin 

destruction complex outside of Wnt signalling.  

Targeted analysis of the proteomic profile of HCT116-GSK3β-KO cells of proteins involved in the 

Beta-Catenin destruction complex indicate no significant changes in abundance of key Beta-
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Catenin destruction complex proteins APC, Casein kinase 1 isoforms alpha and epsilon, and 

DACT1. Additionly, there was no significant abundance change of SKP1, a member of the SCF 

complex that poly-ubiquitinates Beta-Catenin and targets it for proteasomal degradation. 

 

5.4.1.1 APC 

APC is a key member of the Beta-Catenin destruction complex, forming a scaffold structure with 

Axin for the recruitment of further destruction complex proteins. APC’s role in the destruction 

complex and control of Wnt signalling activation is such that up to 80% of sporadic colorectal 

adenocarcinomas contain mutations in the gene resulting in truncated or inactive forms of the 

protein (Smith et al., 1993). The proteomic profile shows that APC was only detected in one 

sample of HCT116-GSK3β-WT cells, suggesting that APC was not easily detected in this dataset 

and that there might be a lower abundance in HCT116-GSK3β-KO cells. APC abundance is known 

to be regulated by the miR-135 family of microRNAs, however there is no current data linking 

APC protein levels directly to its interaction with GSK3β (Nagel et al., 2008). APC contains 

several phosphorylation consensus sequences for both GSK3β and CK1α, which mediate its 

function within the cell (Pronobis et al., 2015). In addition to its role in the Beta-Catenin 

destruction complex, APC also binds to and stabilizes microtubules, facilitating their role in 

directional cell extension and polarization. Although APC has independent domains that facilitate 

its binding to Axin and Beta-Catenin as well as microtubules, phosphorylation at conserved 

residues by GSK3β control what is generally considered to be the mutually exclusive function of 

the protein. GSK3β-mediated phosphorylation of APC increases its binding affinity for Beta-

Catenin, facilitating its recruitment to the destruction complex and increasing Beta-Catenin 

degradation, oppositely this phosphorylation inhibits APC’s ability to stabilize microtubules 

(Zumbrunn et al., 2001). The phosphorylation of APC is not critical for the binding and 

phosphorylation of Beta-Catenin, however loss of APC/GSK3β-mediated phosphorylation sites 

results in an elimination of Beta-Catenin ubiquitination by the ubiquitin ligase destruction complex, 

resulting in a build up of phosphorylated Beta-Catenin in the cytosol (Yang et al., 2006).  

In the presence of GSK3β protein abundance of APC and Axin have been shown to be positively 

correlated with Beta-Catenin phosphorylation, ubiquitination and subsequent degradation, Axin 

peptides were not identified in this dataset preventing further insight on how reduction in APC 

protein effects abundance levels of Axin protein.  (Pronobis et al., 2015). In HCT116 cells there 

remains a basal level of Beta-Catenin turnover due to the presence of a WT Beta-Catenin allele in 

addition to the mutant Ser45 allele that is mediated by the destruction complex (Yang et al., 2006). 

Figure 5-7 indicates that although there is a basal level of Beta-Catenin turnover this is not affected 
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by the loss of GSK3β and any subsequent reduction of APC protein required for Beta-Catenin 

degradation.  

 

5.4.1.2 DACT1 

DACT1 associates with DVL and GSK3β in the destruction complex, although the particulars of its 

binding and activity are still to be elucidated. DACT1 expression is controlled by CpG island 

promoter methylation, with increased methylation and decreased protein expression found in breast 

cancer, hepatocellular carcinoma, epithelial ovarian cancer, and leukaemia (R. Li et al., 2017; Yau 

et al., 2005; Yin et al., 2013; Zhu et al., 2017). In these cases DACT1 acts as a Wnt antagonist, 

decreasing the abundance of Beta-Catenin and exhibiting a tumour suppressor function; decreasing 

cell proliferation, viability, migration, and reestablishment of treatment sensitivity. However in 

colorectal cancer cells DACT1 has been shown to act as an agonist of Wnt signalling, increasing 

the abundance of Beta-Catenin and Wnt-driven transcription, and serving as an oncogenic driver of 

the cancer phenotype. This suggests that DACT1’s involvement in Wnt signalling and disease is 

tissue specific. Previous research by Yuan et al., (2012) has shown that DACT1-mediated 

activation of Wnt signalling is via its interaction with GSK3β, resulting in an increase in inactive 

GSK3β Ser9 phosphorylated protein, thereby reducing the efficacy of the Beta-Catenin destruction 

complex.  

The evidence for DACT1 as a Wnt agonist in colorectal cancer would suggest that in a WT GSK3β 

cellular environment, Wnt signalling would be increased via the accumulation of Beta-Catenin, 

however the interaction between DACT1 and GSK3β described by Yuan et al., (2012) would be 

absent in HCT11-GSK3β-KO cells. We have shown that in HCT11-GSK3β-KO cells Wnt 

signalling is not affected by the loss of GSK3β or the insignificant changes in DACT1 protein 

abundance. 

 

5.4.1.3 Casein kinase 1 

CK1 is responsible for the pre-priming phosphorylation of Beta-Catenin at Ser45, which mediates 

further phosphorylation by GSK3β at residues Thr41, Ser37 and Ser33 (Orford et al., 1997; Stamos 

and Weis, 2013). Phosphorylation of these residues results in the creation of a binding site for the 

E3-ligase β-TrCP, aiding in the formation of a ubiquiting ligase complex containing Skp1 and 

Cullin 1 that polyubiquitinate Beta-Catenin, targeting it for degradation by the 26S proteasome 

(Latres et al., 1999). Upon mutation of these conserved residues, specifically Thr41 or Ser45, Beta-

Catenin remains unphosphorylated, protecting it from ubiquitination and degradation, resulting in 
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an accumulation of the active mutant protein (Orford et al., 1997). There are seven isoforms of 

CK1 found in humans of which CK1α is the primary isoform that mediates phosphorylation of 

Beta-Catenin at Ser45 via co-interaction with the scaffold protein Axin. Depletion of CK1α has 

been shown previously to result in an increase in Beta-Catenin protein stability, whilst having no 

effect on protein abundance of GSK3α, GSK3β, or CK1ε (Liu et al., 2002). CK1ε is a positive 

regulator of Wnt signalling and itself can be activated by Wnt signalling, it acts to enhance the 

interaction between Beta-Catenin and downstream transcription factors as well as to dissolve the 

destruction complex (Swiatek et al., 2004). Wnt signalling activates CK1ε by dephosphorylation of 

its autoinhibitory domains, and in addition to its role in Wnt signalling plays a role in cell 

membrane adherens junctions. CK1ε binds α-Catenin, Beta-Catenin and E-Cadherin, with 

inhibition of CK1ε resulting in greater localization of Beta-Catenin and E-Cadherin to cell-cell 

contacts independent of protein abundance changes (Dupre-Crochet et al., 2007). The lack of CK1 

isoform dysregulation in HCT116-GSK3β-KO cells indicates that GSK3β does not have a role in 

the regulation of the destruction complex proteins outside of its role in Wnt signalling. 

 

5.4.2 Loss of GSK3β does not result in dysregulation of protein at cell-cell adherens 

junction. 

In addition to its role in Wnt signalling, β-Catenin and the catenin family of proteins also function 

as connective proteins, linking the actin cytoskeletion to classical cadherin molecules at adherens 

junctions. Beta-Catenin localizes to cell membranes as part of the adherens complex with α-

Catenin, Delta-catenin and E-cadherin, linking the apical actin belt to the adherens plaque on the 

adjacent cell membrane (Maître and Heisenberg, 2013). Loss of cell-cell adhesiveness mediated by 

adherens junction proteins has been linked with increase tumour growth, invasiveness and poor 

patient survival (Berx and Roy, 2001; Nakopoulou et al., 2002).  

 

As in Wnt signalling, phosphorylation plays an important role in adherens junction formation and 

localization. Efficient binding of Beta-Catenin to E-Cadherin has previously been shown to be 

mediated by GSK3β and casein kinase 2 phosphorylation of the E-cadherin-Beta-catenin 

interaction site present in the cytoplasmic domain, loss of these phosphorylation sites resulted in a 

decrease in cell-cell adhesion (Lickert et al., 2000). GSK3 has also been linked to phosphorylation 

of α-Catenin in a double knockout phosphoproteomic study, where no phosphorylated α-Catenin 

was detected in knockout cell models (Shinde et al., 2017). In addition, loss of α-Catenin 

phosphorylation sites were linked to reduced strength of cell-cell adherens junctions (Escobar et al., 

2015).  
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The proteomic profile of HCT116-GSK3β-KO cells presented here indicates that upon loss of 

GSK3β there is a no significant reduction in abundance of α-Catenin when compared to HCT116-

GSK3β-WT cells. In addition, there were no other abundance changes to proteins involved in cell-

cell adherens junctions in our dataset.  

 

5.4.3 GSK3β knockout results in dysregulation of desmosome plaque proteins 

and a reduction in cell-cell adhesion. 

Previous evidence suggests a role for GSK3β in the formation of desmosomes; specialized 

intracellular junctions that provide adhesion between adjacent cells and the internal cellular 

cytoskeleton, they are typically found in tissues that undergo intense mechanical stress.  

GSK3β-mediated phosphorylation of the C-terminal of desmoplakin (DSP) is crucial for binding of 

its interaction partners, mainly cytoskeletal proteins and plakoglobins (Sumigray and Lechler, 

2012). DSP, with its interaction partners, acts as a protein bridge anchoring intermediate filaments 

of the cell cytoskeleton to desmosomes. Loss of DSP phosphorylation by knockdown or knockout 

of GSK3β results in the formation of desmosomes lacking a connection to the cytoskeletal 

intermediate filaments, reducing the strength of desmosome cell-cell junctions (Sumigray and 

Lechler, 2012). Upon knockdown of GSK3β, DSP aggregates at interactin filaments in the 

cytoplasm which is usually mediated by GSK3β phosphorylation of DSP at Ser2849, without 

affecting the protein abundance of DSP (Albrecht et al., 2015). This relocalization of the protein 

results in a disconnection of the desmosomal plaque from the intracellular cytoskeleton, reducing 

the strength of desmosomal junctions.  

Complete loss of GSK3β at the organismal level results in embryonic lethality, linked to cardiac 

developmental defects, caused by abnormal cellular proliferation and tissue strength (Kerkela et al., 

2008). A similar lethal phenotype is exhibited by mutation or loss of JUP, a plakoglobin that binds 

both DSP and members of the plakophilin family, leading to defects in tissue integrity particularly 

in the heart and skin (Chen et al., 2002). Knockout of JUP in mice models proves embryonically 

lethal with the tissue integrity degraded to such an extent that cardioventricular muscle contraction 

results in rupture and oedema (Ruiz et al., 1996). In this model desmosomes in contractile tissues 

failed to form, whereas in other epithelial tissues desmosomes formed, but were not connected to 

the interactin filaments of the cellular cytoskeleton (Ruiz et al., 1996). In breast cancer models 

levels of JUP were inversely correlated with cell motility, and as a result lower levels of cell 

adhesion were linked to breast cancer invasiveness mediated by down regulation of JUP and 

desmosomal strength (Bailey et al., 2012). 
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Together DSP and JUP provide a crucial connection between the cytoskeletal interactin filaments 

and the desmosomal plaque at the cell membrane, without this connection desmosome strength and 

cell-cell junction adhesion is severely reduced. 

At the outer dense desmosomal plaque plakophilins complex with JUP and the plasma membrane 

proteins desmoglein (DSG) and desmocollin, which form the adhesive bridge between adjacent 

cells. Knockout of PKP2 is lethal in the early stages of embryonic development due to defects in 

cardiac morphology, complete ablation of PKP2 resulted in desmosome formation failure (Gerull et 

al., 2004; Grossmann et al., 2004).  As a result DSP and JUP failed to localize at the cell 

membrane, and DSG protein levels were undetectable, suggesting PKP2 is essential in desmosome 

formation and DSG regulation (Grossmann et al., 2004).  

Similarly, PKP3 knockdown also results in desmosome formation failure, with reduced levels of 

PKP3 linked to de-differentiation and invasive tumours. Loss of desmosomes via PKP 

dysregulation have been linked to increased migration of cells, and a more aggressive metastatic 

phenotype in a range of cancers, including CRC (Kundu et al., 2008; Sklyarova et al., 2008).  

Proteomic profiling of HCT116-GSK3β-KO cells show a reduction in protein abundance of DSP, 

JUP and DSG, and an increase in abundance of their essential linker proteins; PKPs. Western blot 

analysis of HCT116-GSK3β-KO cells was used to confirm the dysregulation of JUP, PKP2 and 

PKP3 (Figure 5-13). To test the cell-cell adhesion strength in HCT116-GSK3β-KO in light of the 

dysregulation of desmosomal proteins we performed a mechanical stress assay whereby cell 

monolayers are detached from their culture surface and stressed by mechanical agitation. Following 

mechanical agitation monolayer integrity was assessed by light microscopy, which indicated that 

cell-cell adhesion in HCT116-GSK3β-KO cells was compromised, deduced by the disruption of the 

cell monolayer into fragments whilst the monolayer of HCT116-GSK3β-WT cells remained intact 

(Figure 5-14). This result mirrored a similar assay result performed following PKP2 knockout as a 

positive control for desmosomal integrity loss performed by Leo-Macias et al., (2016). 

In light of previous literature indicating that disruption of PKP proteins at the desmosome impacts 

cell migration we performed a cell migration assay and measured the ability of the HCT116-

GSK3β-KO cells to close the distance between two cellular monolayers independently of 

proliferation. Results indicate that over a period of 24 hours HCT116-GSK3β-KO cells have an 

increased ability to migrate, this would suggest a role for GSK3β in the formation and regulation of 

desmosomes, and indicate that in HCT116-GSK3β-KO cells desmosome cell-cell adhesion was 

compromised. 

As well as desmosomes, GSK3β has been shown to play a role in the strength of tight junctions via 

the dysregulation of protein turn over pathways (Ramirez et al., 2013), and in cellular adherens 

junctions in its role as an alpha-PKC regulator (Colosimo et al., 2010).  
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5.4.4 GSK3β interaction partners as determined by AP-MS/MS of GSK3β-GFP fusion 

protein. 

To elucidate the functional interaction partners of GSK3β, AP-MS/MS of GSK3β-GFP fusion 

protein interaction partners was performed. Of the proteins that were identified, the top thirty 

potential interactors were significantly enriched with previously known GSK3β interaction 

partners. Of the top 10 interaction partners found to co-complex with GSK3β, TBC1D4 and UBR5 

were found to show differential abundance in HCT116-GSK3β-KO cells (Figure 5-18). 

 

5.4.4.1 UBR5; a known GSK3β interaction partner. 

UBR5 is a E3-ubiquitin ligase, and is a key regulator of the ubiquitin-proteasome system that is 

responsible for protein catabolism in a wide range of cellular processes (Shearer et al., 2015). 

UBR5-mediated ubiquitination can both stabilize or degrade proteins, working in tandem with 

kinases or ubiquitin ligases to decide protein fate. UBR5 is rarely mutated in healthy tissues, 

however is frequently found to be mutated or amplified in cancer and disease models, leading to 

dysregulation of protein catabolism (Shearer et al., 2015). Overexpression of UBR5 is positively 

correlated with poor prognosis in many cancers, including CRC, in vitro culture of CRC cell lines 

with abundant UBR5 expression reflect this, exhibiting increased proliferation, migration, and 

invasion (Jin Wang et al., 2017; Xie et al., 2017). UBR5 itself has a number of phosphorylation 

sites for Extracellular-signal-regulated kinase (ERK) and ATM binding, including two potential 

sites for GSK3β-mediated phosphorylation (Thr1736 and Ser1741) (Bethard et al., 2011). The 

interaction described by us between GSK3β and UBR5, has also been documented previously by a 

GSK3β-FLAG AP-MS/MS analysis in HEK293 cells by Hay-Koren et al., (2010). Interestingly 

this interaction is specific to the nucleus, and thereby increases the nuclear localization of both 

GSK3β and Beta-Catenin. Increasing abundance of UBR5 protein was also shown to increase the 

abundance of Beta-Catenin via polyubiquitination of Lys29 and Lys11, however this reaction was 

dependent on GSK3β-mediated phosphorylation of Ser33 of Beta-Catenin. This reaction was also 

uncoupled in SW480, where the Beta-Catenin destruction complex is disrupted by mutation of 

APC. Integrated analysis of the functional proteome of HCT116-GSK3β-KO cells with AP-

MS/MS interaction data indicated that in the absence of GSK3β, the abundance of its interaction 

partner UBR5 was decreased, however levels of Beta-Catenin remained stable agreeing with 

previous research indicating that in the absence of Ser33 phosphorylation by GSK3β, UBR5 cannot 

regulate beta-catenin protein stabilization. 
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5.4.4.2 A novel interactor; TBC1D4.  

A novel interaction of GSK3β identified here is the Rab –GTPase-activating protein TBC1 

domain family member 4 (TBC1D4) (Figure 5-18).This interaction was validated with 

western blot analysis, which also indicated that this interaction is enhanced by activated 

Wnt signalling in HEK293 cells (Figure 5-19). TBC1D4 is identified as slightly increased 

in the proteomic profile of HCT116-GSK3β-KO cells, however this result was not 

statistically significant (Figure 5-21). Further validation of TBC1D4 protein abundance by 

western blot in HCT116-GSK3β-KO cells indicated that the difference observed in the 

proteomic profiling was indeed marginal. Indicating that the interaction between TBC1D4 

and GSK3β is Wnt dependent, and loss of GSK3β in a Wnt activated environment does not 

significantly effect overall abundance of TBC1D4 protein. TBC1D4 has putative kinase 

phosphorylation sites at Ser609, Thr613, and Ser617, although currently there is no 

previous interaction data for TBC1D4 with GSK3β (Orchard et al., 2014).  

 

5.4.5 In context of the GSK3 phosphoproteome. 

Unlike in previous models of GSK3β knockout or knockdown the isogenic HCT116-GSK3β-KO 

cell line presented here has a mutant stabilized Beta-Catenin, resulting in constitutively activated 

Wnt signalling. Consequently we show that there are no changes in Beta-Catenin protein 

abundance or in Wnt signalling itself, this is unlike previous models that contain WT Wnt 

signalling and show increased Beta-Catenin protein abundance and increased abundance of 

downstream Wnt-target genes (Shinde et al., 2017). Using phosphoproteomic techniques Shinde et 

al., (2017) show that in a GSK3 double knockout (DKO) model Beta-Catenin phosphorylation is 

significantly reduced and protein abundance is significantly increased, independent of mRNA 

levels. This highlights that mutant stabilization of Beta-Catenin and therefore Wnt signalling in 

HCT116 cells protects the Wnt signalling pathway from GSK3-mediated phosphorylation and 

degradation of Beta-Catenin (Shinde et al., 2017). Although the study by Shinde et al., (2017) 

focused on the changes in phosphopeptides in response to GSK3 knockout they also analysed 

changes in protein abundance, identifying 459 significantly differentially abundant proteins 

following double homozygous knockout of both GSK3α and GSK3β. In the data presented here, 

only taking into account proteins with complete quantification amongst all replicate samples 440 

proteins were found to be significantly differentially abundant, indicating a comparable number of 

proteins were dysregulated between these two models. Although the difference in cell models 

between these studies must be considered, knockout of both GSK3 homologs resulted in a 

comparable number of dysregulated proteins to the GSK3β knockout study presented here. In an 



Chapter 5 

268 

 

effort to understand the mechanisms behind dysregulation of these proteins Shinde et al., (2017) 

measured mRNA transcripts levels of proteins showing significant protein dysregulation in double 

knockout cells. Proteins with significantly different mRNA transcript levels were then removed 

from further analysis, this indicated that of the 459 proteins originally identified as differentially 

abundant, 206 of these were as a result of transcriptional dysregulation (44%) (Shinde et al., 2017). 

Although mRNA transcript levels have not been investigated as part of the study presented here, it 

is reasonable to assume that a significant percentage of the differentially abundant proteins in 

HCT116-GSK3β-KO cells are as a result of transcription differences that are either a direct or 

indirect result of GSK3β knockout. This is particularly important considering that dysregulated 

proteins were enriched for RNA binding in both the study presented here as well as in data 

presented by Shinde et al., (2017).  

In a comparison of the proteomic profile of HCT116-GSK3β-KO cells with proteins found to be 

differentially abundant in DKO cells, 27 proteins were identified in all replicate samples, none of 

the common proteins were found to be differentially abundant in HCT116-GSK3β-KO cells. 

Additionally Shinde et al., (2017) did not identify TBC1D4 or UBR5 as being differentially 

regulated by knockout of GSK3 or exhibiting changes in their phosphorylation status, this could 

potentially highlight key differences in the cellular models used; undifferentiated ESCs versus 

terminally differentiated CRC cells. 

5.5 In summary and conclusion 

Here we show that HCT116-GSK3β-KO cells are viable cellular models that exhibit a quiescent 

metabolic phenotype and reduced growth rate compared to wild type cells. Loss of GSK3β does not 

effect downstream canonical Wnt signalling activity, Beta-Catenin protein abundance, or proteins 

upstream of the destruction complex in these cells.  

Multiple pathways were shown to be affected by GSK3β loss, including metabolism, cell adhesion 

and cadherin binding pathways. Investigation of destruction complex proteins in the quantitative 

proteomic profile of HCT116-GSK3β-KO cells shows that loss of GSK3β does not result in 

dysregulation of members of the destruction complex. 

 

PKP2, a critical member of desmosome cell-cell adhesion junctions, protein abundance was 

significantly increased in HCT116-GSK3β-KO cells, additional validation of desmosome proteins 

indicated further dysregulation of the proteins present at these specialized cell adhesion junctions, 

including PKP3 and JUP. Further validation of the cell-cell adhesion strength in these cells showed 

that HCT116-GSK3β-KO cells exhibited decreased cell adhesion ability, and increased cell 

migration ability. Critical pathways that determine the metastatic spread of cancerous cells.  
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Integration of AP-MS/MS GSK3β-GFP data confirms identification of the GSK3β binding partner 

UBR5, and loss of GSK3β results in a significant decreased in UBR5 protein abundance in 

HCT116-GSK3β-KO cells. This indicates a governing role for GSK3β in the regulation of protein 

stability or regulation either directly or indirectly.  

In addition, a novel GSK3β binding partner was discovered, TBC1D4, interaction of which was 

shown to be Wnt signalling dependent, however loss of GSK3β did not significantly effect 

TBC1D4 protein abundance in a Wnt signalling activated cell model. The specifics and function of 

this interaction are yet to elucidated.  

 

Integration of quantitative functional proteomics data with protein interaction mass spectrometry 

analysis allows the comprehensive investigation of the effects of GSK3β on its interaction partners. 

This facilitates the elucidation of downstream effects of GSK3β knockout on the wider proteome, 

not just the phosphorylation targets of the protein.  

Analysis of the GSK3β functional proteome will provide an in-depth understanding of GSK3β’s 

functions as a kinase, and the downstream consequences on protein signalling networks in response 

to its loss. 

 

5.6 Future work 

 

Although the GSK3β-mediated phosphorylation of DSP has been previously reported, as well as 

the resulting disconnection of desmosome junctions to the cellular cytoskeleton, the mechanisms of 

GSK3β regulation of other desmosome proteins presented here have not been characterized 

(Albrecht et al., 2015). Investigation of the phosphoproteome by Shinde et al., (2017) in GSK3 

double knockout ESCs did not identify changes in phosphopeptides in any desmosome complex 

proteins, however analysis of protein abundance did identify an increase in DSC2 protein 

abundance which was a result of increased mRNA transcript levels of this protein. This could 

indicate that loss of GSK3β, and the subsequent effects on the transcriptional machinery could 

regulate other protein components of the desmosome.  

In order to elucidate this mechanism, mRNA transcript levels of the desmosome proteins shown 

here as dysregulated in HCT116-GSK3β-KO cells, should be investigated to identify if the changes 

in their protein abundance is as a result of transcriptional activity or regulation at the protein level. 

In addition, in vitro analysis of GSK3β phosphorylation of desmosome proteins or their putative 

phosphopeptides would indicate if regulation at the protein level is via a direct or indirect 
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mechanism. In vitro analysis would also allow the investigation of functional redundancy of 

GSK3α and GSK3β in phosphorylation and regulation of the desmosome proteins highlighted here.  
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Chapter 6 Discussion 

 

Analysis of the functional units of the cell; proteins, and how they form complex interconnected 

signalling networks is a rapidly developing field of investigation allowing scientists to understand 

the far-reach consequences of genetic mutations on cellular signalling networks. Control theory; 

whereby a single controlled variable or perturbation is introduced into the cellular environment, 

allows for the accurate investigation of a protein’s role and effect on the proteome in its 

endogenous environment, whilst maintaining consistency of other variables within the model. 

Typically, perturbations of this nature are either homozygous gene knockout or homozygous gene 

mutation models, thereby retaining an isogenic partner cell line for direct controlled comparison.  

 

6.1 Challenges of accurate protein network analysis 

Accurate investigation and illustration of higher order protein networks that carry out complex 

biological functions and signalling within the cellular environment is the next great challenge 

facing molecular biologists. Our understanding of the cellular signalling environment has grown, 

such that linear signalling networks are no longer sufficient to describe the intricate dynamics of 

interweaving pathways, and complex responses to signalling events (Taylor and Wrana, 2012). As 

a direct result of our awareness of the highly connected cellular protein network, it has become 

critical to assess perturbations free of their traditional linear network constraints. Where once a 

single perturbation was assessed for a ‘downstream’ outcome, now it is important to review the 

consequences of that perturbation far removed from the signalling cascade it originated in. Protein 

signalling networks are now understood to be structured in such a way as to allow the cell to adapt 

to random perturbations via re-wiring through inter-pathway interactions, unless a critical junction 

protein (termed a hub protein) is lost (Albert et al., 2000; Hart et al., 2007; Jeong et al., 2001). It is 

via this mechanism that disease networks develop drug resistance and tolerance, or adapt to 

accumulated insults (Gorre et al., 2001).  

 

6.2 Direct versus indirect protein networks 

The diversity of mutations that cause and can occur as a result of disease can consequently be 

responsible for a wide range of effects on the dynamics of a cells’ protein signalling network. 

Mutations that alter primary protein sequence can have highly diverse consequences and may result 

in missense, translocation, addition, deletion, and truncation of the protein sequence. This can have 
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far-reaching effects on proteins, causing modifications of their structural conformation, stability, 

interactions and activity.   

Cancer-associated mutations that affect the stability of proteins may alter the abundance and sub-

cellular localization of proteins with significant consequences for downstream signalling. The 

stabilization of Beta-Catenin through loss of the conserved residue Ser45 protects it from 

degradation by the destruction complex, and results in translocation of Beta-Catenin to the nucleus. 

Activation of Wnt signalling by this method results in transcription of numerous genes involved in 

multiple protein pathways otherwise removed from the canonical Wnt pathway itself (Morin et al., 

1997; Valenta et al., 2012). Stabilization of Beta-Catenin by this mechanism also impacts its 

binding partners such as Dnmt1 and LSD1, resulting in indirect effects on the epigenome via DNA 

methylation (Jing Song et al., 2015). Such stabilization mutations result in the aberrant activation 

of the pathway, however signalling mechanisms downstream of this pathway can have both 

positive and negative feedback mechanisms resulting in complex remodelling of the network 

(Kreeger et al., 2009; Kreeger and Lauffenburger, 2010).  

Aberrantly stabilized or degraded protein structures depend on the mutant amino acid charge 

change, large changes in physio-chemical properties typically result in protein destabilization, with 

the opposite true of small changes (Nishi et al., 2013a). The disease phenotypes that result from 

protein destabilizing mutations can also vary in their severity dependent on the extent of the energy 

change, consequently mutations in similar genes can produce a wide range of disease phenotypes. 

Typically large energy changes result in more severe disease phenotypes such as cancer, whereas 

smaller energy changing mutations specific to protein structural regions subtly modulate protein 

signalling effects (Kiel and Serrano, 2014). Our understanding of cause and effect mutations must 

therefore evolve to include the wide effects on the protein network and consequently the dynamics 

of often complex disease phenotypes.  

Mutations that lead to the destabilisation of a protein are typically considered to cause a  reduction 

in protein activity or complete functional loss, however mutations can also result in the protein 

becoming dependent on its interaction partners for stability or function, such as mutant-specific 

dependence on chaperone proteins (Grbovic et al., 2006). The majority of proteins harbour 

mutation hotspots, where the frequency of mutations is significantly higher than throughout the rest 

of the protein, however these hotspots or indeed other points of mutation can be found throughout 

all regions of a protein. Mutations away from catalytic sites can result in changes in protein tertiary 

confirmation, including hydrophobic clefts, electrostatic bridge formation and accessibility of other 

protein domains, all potentially effecting protein interactions (David et al., 2012; Nishi et al., 

2013b). 
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Both the direct and indirect consequences of protein mutations can be inferred when the 

experimental environment remains consistent, however this is typically dependent on a proteins’ 

role being unique to itself, on the premise that the loss of that protein’s place in the network cannot 

be replaced or ‘covered for’ by another protein. This raises the issue of protein functional 

redundancy, whereby other proteins can either completely or partially carry out the role of the 

missing protein. GSK3β shares 98% sequence homology of its kinase domain with GSK3a, with 

previous literature suggesting functional redundancy between the proteins. The functional 

redundancy between these two proteins is difficult to analyse using chemical inhibitors due to their 

high sequence similarity. As a result gene knockout mechanisms are the model of choice for 

selective depletion of one homolog independent of the other (Meijer et al., 2004). Complete 

knockout of GSK3β in mice embryos leads to embryonic lethality, the embryos die in late 

gestation, suggesting that until this point GSK3a is functionally redundant with GSK3β, indicating 

specific cell state dependent roles for GSK3β (Hoeflich et al., 2000). This seems to be particularly 

true in developmental processes, with minimal levels of both proteins required for chondrocyte 

differentiation, and cardiac formation in murine oocytes (Itoh et al., 2012; Monteiro da Rocha et 

al., 2015). In disease states the extent and subsequent effects of functional redundancy seem to be 

tissue- and disease-specific, with loss of GSK3β but not GSK3α an initiation factor, and prognostic 

marker for haematological malignancies (Guezguez et al., 2016). Conversely in treatment-

resistance CRC loss of either GSK3 homolog results in resensitization of cells to DNA-damaging 

chemotherapy agents (Grassilli et al., 2014). A further consideration at the protein-protein 

interaction level is the common interaction partners between functionally redundant proteins. 

GSK3a and GSK3β share a minimum of seventeen interaction partners, however the binding 

strength of these interaction partners varies between the homologs, possibly explaining binding 

preference of each homolog to its preferential interaction partner in vivo (Pilot-Storck et al., 2010).  

This suggests that functional knockout studies, even in a controlled environment are more complex 

than is currently accounted for, and the results are subsequently restricted to tissue and 

disease/developmental state. In addition, this network compensation mechanism is further 

complicated by differences in binding affinities, where one homolog is not simply replaced by 

another that can interact as efficiently or effectively with its interaction partners. 

 

6.3 Cell culture modelling of disease. 

A greater understanding of in vivo tumour architecture has revealed another level of disease and 

model complexity derived from intratumour heterogeneity, a term used to describe the presence of 

distinct subpopulations within a tumour. These subpopulations may be due to genetic divergence 
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within the tumour, as a result of intratumour hypoxia, or response to environmental stimuli, and is 

typically postulated to include a small subpopulation of CSCs (Árnadóttir et al., 2018; Meacham 

and Morrison, 2013). Cell culture of homogeneous cell populations, typically in extracellular 

matrix coated plastic culture dishes is an efficient and controllable model of cell growth which has 

been used consistently since isolation of the first cancer cell line. However these 2D culture models 

are limited by their growth in non-physiological conditions, and contact growth inhibition, 

hampering their usefulness as in vitro models of a fundamentally in vivo disease. 3D culture models 

better reflect the cell structure found inside an in vivo tumour by significantly altering the growth 

morphology of cells to reflect that found in clinical samples (Tit-Oon et al., 2014). These models 

allow the tumour spheroids to interact with the surround culture environment, much like the 

communication of in vivo tumours with the surround healthy tissue, extracellular matrix, and 

extracellular communication factors. Evidence of this was shown by the comparison of 2D and 3D 

carcinoma culture models resulting in the remodulation of the secretome, including an increase in 

the number of secreted proteins and deposition of extracellular matrix in 3D models (Tit-Oon et al., 

2014).  

The inherent 3D structure of a tumour also results in an intratumour hypoxia gradient, whereby the 

cells at the centre of the tumour have reduced accessibility to oxygen and nutrients not modelled in 

a 2D culture environment. 3D culture of tumour spheroids has shown comparable hypoxia levels in 

in vitro models compared to that found in clinical samples, with steep oxygen tension gradients 

within the spheroid resulting in severe hypoxia at the spheroid centre (Sutherland et al., 1986). In 

addition proteomic comparison of 2D and 3D culture models has revealed reconfiguration of 

metabolism and hypoxia response pathways (Levin et al., 2012; Yue et al., 2016). Unsurprisingly 

comparisons of 2D and 3D culture models show changes in proteins enriched for cytoskeletal 

organization, cell cycle regulation, and metabolic pathways, reflecting the reduced growth rates and 

cell-to-extracellular matrix interactions (Yue et al., 2016).  

With respect to work presented here, changes in histone modifications and decreased 

phosphorylation has been reported in 3D culture of colorectal cancer cells, additionally increased 

GSK3β protein abundance has been shown in 3D culture, with a subsequent decrease in Beta-

Catenin protein abundance (Yue et al., 2016). There are limited proteomic studies based in 3D 

cultures models, and even fewer that address intratumour heterogeneity, with slower growth rates 

and low protein yield hampering current research efforts. This presents questions about the 

relevance of 2D cell culture to in vivo disease modelling, however 3D culture techniques are not 

yet advanced enough to accurately model physiological conditions and tumour mass heterogeneity. 

Accurate modelling of the network-wide consequences of a single controlled perturbation or insult 

are dependent on the parameters of the experimental models remaining consistent, such as in the 

analysis of the GSK3β knockout isogenic cell lines (Tegnér and Björkegren, 2007). However, 
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difficulties arise upon investigation of critical ‘hub’ proteins, the loss or perturbation of which 

result in a lethal phenotype, such is the case with Dnmt1 (Jeong et al., 2001). Investigation of 

critical hub proteins remains a bottleneck for research in protein knockout studies and often 

confounds the major principle of control theory, that of consistency of the experimental model.  

Issues with adaption of signalling networks to gradual knockdown methods introduce variables 

even amongst replicate experiments, whereas chemically-induced knockdown methods introduce 

compounding off-target effects that are easily observed by data-independent proteomic analysis. A 

reliable alternative to knockdown methods; mutational models provide the consistency required for 

protein network perturbations, however introduce the question of experimental aims. The Dnmt1 

hypomorph cell line, which exhibits both an N-terminal deletion of Dnmt1 and a reduced basal 

protein abundance, results in changes in the protein network that cannot definitively be attributed to 

either variable without further follow up investigations.  

The combination of affinity purification techniques in tandem with mass spectrometry allows the 

analysis of both interaction partners and whole proteomes in response to perturbations. This 

presents the opportunity to form a comprehensive analysis of the effects of perturbations on both 

their direct signalling partners, as well as the wider protein network. Resulting in an unbiased view 

of the cellular proteome, free of the constraints of linear signalling pathways, and previous 

literature preconceptions.  

 

6.4 Relevance of experimental cell models. 

In addition to the traditional 2D cell culture method used to produce the data presented here the cell 

line cultured by this method must also be critically evaluated. HCT116 cells are a human CRC 

stable cell line, isolated from the primary tumour of a male with metastatic disease. The cell line 

carries a homozygous WT APC, but a Wnt activating mutation at Ser45 of Beta-Catenin that results 

in immunity of the protein from polyubiquitination by the destruction complex. This mutation was 

identified as originating from the initial patient tumour isolate, and is not a by-product of 

generation of the stable cell line or genetic drift over increasing passages (Ilyas et al., 1997). This 

model is therefore clinically relevant from a genotype perspective, if not with regards to the initial 

tumour heterogeneity and 3D tumour architecture. Constitutively activating Wnt signalling in this 

model facilitates the investigation of targets independent of their role in canonical Wnt signalling, a 

CRC driver pathway already well characterized (Morin et al., 1997).  

5-Azacitidine, although approved for use in clinic, is restricted to the treatment of terminal 

haematological malignancies at a low dose via intravenous administration. As a result, even a low 

in vitro dose of the compound in 2D culture conditions would increase the contact between the 

drug and the target cells, compared to the exposure a CRC tumour would have in vivo, especially as 
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the drug is administered intravenously and not at the site of action. The response of the 2D culture 

model to 5-Azacitidine should also be expected to be more uniform compared to that expected in 

vivo or in a 3D culture model, with reduced accessibility of the cells in the centre of a tumour to the 

surrounding bodily environment and circulatory system, which is this case would include 5-

Azacitidine treatment (Bryce et al., 2009).  

There is currently no evidence for the existence of a Dnmt1 deletion akin to the one present in the 

HCT116-Dnmt1∆3-5 cell model. The vast majority of clinical mutations are substitutions, with 

hotspots in the DMAP1 domain, replication foci domain, and the methyltransferase catalytic 

domain (Forbes et al., 2017). This model is therefore not clinically relevant with respect to its 

Dnmt1 mutation or activity, however has proven a useful model in elucidating the role of the N-

terminal domain and methyltransferase activity at low abundance levels of the protein (Cai et al., 

2017b; Egger et al., 2006; I. Rhee et al., 2000).  

As mentioned previously, HCT116 cells are a clinically derived cell line with an endogenous, 

clinically-relevant Beta-Catenin mutation that results in activation of the Wnt signalling pathway. 

Typically, Wnt signalling is activated in CRC cells as a result of a mutually exclusive mutations in 

either Beta-Catenin or APC, thereby bypassing the Wnt destruction complex either by failure to 

form, or stabilization of its substrate Beta-Catenin. Clinically there is no requirement or premise for 

two mutations that result in circumvention of the destruction complex being present in the same 

cell. However the constitutively activated Wnt signalling in this cell line affords the opportunity 

with which to investigate the Wnt-independent function of GSK3β, the resulting changes in the 

cellular proteome are therefore a result of GSK3β loss and not concomitant activation of Wnt 

signalling that would otherwise occur in the absence of the Beta-Catenin activating mutation.  

 

6.5 The challenge of ‘integrative omics’. 

In a world of ‘big data’, where large scale, high throughput analysis of biological models is fast 

becoming the norm, the combined analysis of the various ‘omics approaches still represents a 

significant challenge. Increasingly large datasets, from genomics to proteomics are being 

standardized and made available in the public data domain for meta analysis. This combined 

approach is especially relevant for the identification of causes of complex diseases; where genetic 

mutations are typically found in regulatory gene regions rather than in gene coding regions. This 

fuels the need for greater understanding of transcription regulation and structuring of gene 

regulatory elements in tandem with genetic alterations and combinatorial effects. The combination 

of epigenomics and transcriptomics provides a powerful tool with which to analysis gene 
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regulation and its subsequent transcription. In addition to proteomics analysis, direct and indirect 

effects of mutations and increased gene transcription can be effectively elucidated along with their 

role in disease pathology (Steinberg et al., 2017). To further define the downstream consequences 

of perturbations on cell systems, transcriptomics can be combined with downstream omics such as 

metabolomics, which has led to the discovery of transcriptional remodulation of P53-mediated 

metabolism (Huang et al., 2018). Even in the absence of high mutational load, transcriptomics 

enhanced by combination with phosphoproteomics has revealed detailed enrichment of DNA repair 

pathways, and specific activation of the MAPK pathway, results that were not significant when 

analysing genomics and transcriptomics alone (V. M. Tan et al., 2016). Although integrative 

analysis and interpretation of omics data still presents a significant challenge, especially 

considering experimental design and the control of variables, combined analysis increases the 

power of complex protein network investigation, bringing us one step closer to understanding the 

dynamics of cellular signalling and network maintenance.  

 

Despite the issues surrounding the accurate investigation of protein interactions, signalling 

networks, and the challenges still posed by analysis of large sets of biological data. Analysis of the 

proteins, the functional units of the cell, and their intricate relationships with each other will 

undoubtedly lead to a greater understanding and appreciation of the pathways that govern 

homeostasis in each and every living cell.
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Appendix A Published review – How do oncoprotein 

mutations rewire protein-protein interaction 

networks? Perspectives and techniques. 
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Appendix B Composition of buffers and solutions not 

purchased 

Table 6-1 Chemical composition of buffers and solution not purchased from a company. 

Buffer name Buffer composition 

RIPA lysis buffer 50mM Tris-HCl pH8, 150mM NaCl, 0.1% 

SDS, 0.5% Deoxycholic acid, 1% NP-40. 

TE buffer 10mM Tris-HCl pH8.0, 1mM EDTA 

PB buffer 5M GuHCl, 30% isopropanol 

Wash buffer 20mM NaCl, 2mM Tris-Cl, 70% Ethanol, 

pH7.5 

P1 suspension buffer 50mM Tris-HCl pH8, 10mM EDTA, 50µg/µl 

RNase A 

P2 lysis buffer 0.2M NaOH, 1% SDS 

P3 neutralisation buffer 4M GuHCl, 0.78M Potassium acetate pH4.2 

4x sample buffer 52mM Tris-HCl, pH 6.8, 40% glycerol, 8% 

SDS, 0.01% Bromophenol blue.  

PB Wash buffer 5M GuHCl, 30% isopropanol 

PE buffer 5mM NaCL, 2mM Tris-Cl pH7.5, 80% 

Ethanol 

1x Tri-glycine running buffer 3.02g Tris-base, 14.41g Glycine, 1g SDS 

2x gel buffer 160mM Tris-HCl pH7.4, 0.2M serine, 0.2M 

asparagine, 0.2M glycine 

8% Acrylamide gel 4ml of 2x gel buffer,1.6ml of 40% acrylamide, 

2.4ml H2O, 32µl 10% ammonium persulfate 

(APS), 16µl of  tetramethylethylenediamine 

(TEMED) 

10x Towbins transfer buffer 1.92M Glycine, 0.25M Tris, 0.025% SDS 

pH8.6 
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1x transfer buffer 10% 10x Towbins transfer buffer, 20% 

Methanol, 70% H2O 

10x TBS 20mM Tris, 150mM NaCl, pH 7.5 

1x TBST 1% Tween20, 10% 10x TBS, 89% H2O 

 

Appendix C   TIR1 expression confirmation in TIR-HCT116 

cells by PCR analysis of cDNA with TIR1 specific primers 

– original gel image. 

 

 

Figure 6-1 - TIR1 expression confirmation in TIR1-HCT116 cells by PCR of cDNA with TIR1 specific 

primers - whole gel image. To confirm TIR1 expression mRNA was extracted, converted to cDNA 

by reverse transcriptase reaction then TIR1 amplified by sequence specific primers (Table 2-4). 

PCR products were then run on a 0.8% agarose gel, 90 mins, 80 volts. A PCR product band at 

approximately 300bp indicates TIR1 expression, +ve was TIR1-containing plasmid construct 

(Lanes 3 and 4). For full sample identification see Table 6-2. This is the whole gel that was then 
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image cropped and presented as Figure 2-6. TIR1-HCT116-1 and TIR1-HCT116-2 cell lines are 

HCT116 cell populations that were virally transduced via the same protocol but on two different 

occasions. TIR1-HCT116-1 was the cell population taken forward in the development of the 

DNMT1-FLAG-AID cell line. Two DNA ladders were added to this gel to mitigate issues with ladders 

used previously in the lab. Two positive TIR1 plasmids were used to double check that the glycerol 

stock that had been generated from the Divecha lab TIR1 expression plasmid stock had been 

successful.   

 

 

Table 6-2 - Sample identity of cDNA samples probed for TIR1 expression via PCR in Figure 6-1.  

Lane Sample identify 

1 100bp DNA ladder (GoldBio D001-500) 

2 1Kb DNA ladder (Green BioResearch LLC 

GBR204) 

3 TIR1 plasmid construct from Divecha lab 

(positive control) 

4 TIR1 plasmid construct purified from 

bacterial stocks kept in the Ewing lab 

(positive control) 

5 TIR1-HCT116-1 

6 TIR1-HCT116-2 

7 GFP plasmid construct (negative control) 

8 Negative control 
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Appendix D   Additional Metabolic phenotype data of 

HCT116-GSK3β -KO cells. 
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Figure 6-2 –Oxygen consumption rate, extracellular acidification rate and metabolic potential of 

HCT116-GSK3β -KO cells.  FCCP was used as a stressor of mitochondrial respiration 

rate, and oligomycin as a stressor of extracellular acidification rate following 

manufacturers protocols, Metabolic phenotype assay (Agilent).  The results of 

stressed OCR and ECAR for both cell lines were then compared to assess the 

maximum metabolic potential of each cell line.
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