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Foreword 

As follows, this thesis is a culmination of the work conducted during the four 

years of my PhD. Notably, this research was split into two distinct projects: one 

focussed on characterising phosphodiesterase enzymes as drug targets in 

colorectal cancer by a multi-omics approach, and the other involving peptide 

drug discovery for the development of antiviral disruptors of Dengue virus.  

This division was necessitated by the occurrence of two extraordinary events 

that occurred early in my research. First, I began my PhD during the COVID-19 

pandemic. During this uncertain time, access to the laboratory, materials, and 

training was considerably limited. Three months later in December 2020, the 

Pfizer-BioNTech vaccine rolled out in the UK and restrictions were slowly lifted.   

After three months, this difficulty was compounded. On the 19th of March 2021, 

we suffered a massive fire in our laboratory. Importantly, no one was injured, 

but our equipment and samples were completely destroyed, and the workspace 

was gutted. This caused significant challenges for continuing our work. Five 

months later, we were able to return to bench work in a temporary laboratory 

space, but setbacks and challenges persisted for the next year. Despite this 

disaster, we eventually moved back into our original laboratory once it was 

rebuilt 21 months later in December 2022, and it ended up being a fantastic, 

spacious facility with brand new equipment.  

By convention, a PhD thesis is comprised of a single project with the purpose of 

demonstrating depth of research experience in one field. However, due to the 

above circumstances and my growing passion for computational biology, half of 

my time was dedicated towards the colorectal cancer omics project and the 

other half towards the Dengue drug discovery project. This was also carried out 

based on guidance from the MVLS graduate school, which recommended 

undertaking dry lab activities to mitigate the setbacks from COVID-19 and the 

fire. Reflecting this, I have structured this thesis into two parts, which is more 

typical of bioinformatics PhD theses. As such, I hope to demonstrate that both 

research projects stand independently as coherent and substantial contributions 

within the broader field of molecular drug discovery. I hope to not only 

demonstrate that I have become a well-rounded and independent researcher 



8 
 
with the following skills – evaluating literature, identifying a novel research 

question, designing and performing experiments, problem solving, conducting in-

depth analysis, contextualising results with the literature, and directing 

research, as well as conference presentation and publication – but that I have 

developed versatility by applying these skills towards two distinct applications 

and methodologies. In addition, this has avoided arbitrarily forcing the two 

bodies of work together as one strained project, which would have obscured the 

original contexts and detracted from the quality of each. 

Taken together, my PhD has been an amazing experience that has developed me 

personally and professionally, despite the vibrant happenings, and I hope that I 

have faithfully represented this time by the following document.  
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institution.  

Thomas Andrew Wright, October 2024 
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Part 1 Summary 

Multi-omics characterisation of phosphodiesterase enzymes in colorectal 

cancer 

Colorectal cancer (CRC) originates from the malignant transformation of the 

colon or rectal epithelial lining and poses a significant global health concern. 

CRC ranks as the third most common cancer worldwide, with nearly two million 

new cases and approximately 900,000 deaths recorded in 2020. While rates are 

stabilising in developed countries among older individuals, incidence is rising in 

developing countries and among individuals younger than 50. Advances in 

chemotherapy and targeted therapies have greatly improved patient outcomes, 

but challenges persist, including inadequate patient responses, difficulties in 

predicting treatment outcomes, and the development of drug resistance. As a 

result, there is an urgent need for novel targets for prognosis and therapy. 

Many established treatments based on phosphodiesterase (PDE) inhibition have 

proven effective for various conditions, but PDE inhibitors and other modulators 

of cAMP and cGMP have not progressed to clinical trials for CRC. cGMP signalling 

has been recognised as a tumour suppressor, with its attenuation identified as an 

early and critical event in CRC development. Additionally, inhibitors of PDE5 

have demonstrated significant chemopreventative effects in CRC, leading to 

ongoing efforts for clinical translation. However, the other PDE genes have not 

been thoroughly studied in CRC, and it remains unclear whether cAMP signalling 

is beneficial or harmful. By profiling PDE expression and function in CRC, novel 

therapeutic and prognostic targets could be revealed. For this reason, this thesis 

had the aim of (1) characterising PDEs in CRC by a multi-omics approach using 

The Cancer Genome Atlas (TCGA), The Human Protein Atlas (THPA), and Clinical 

Proteomic Tumour Analysis Consortium (CPTAC), and (2) of using scRNA-seq 

analysis to verify differential PDE expression in CRC within the epithelial cell 

population and across microsatellite instable CRC.  

This thesis first described the characterisation of PDE gene expression using RNA-

seq data from CRC and normal tissue samples from TCGA colon and rectal cancer 

cohorts. As a result, the majority of PDEs were found downregulated in CRC, 

with PDE3A, PDE4D, PDE5A, PDE8A, and PDE9A exhibiting the strongest 
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downregulation. Conversely, weak upregulation of PDE7A and PDE10A was also 

shown. PDE expression was assessed based on several clinical descriptors. 

Differential PDE expression profiles were found almost identical between colon 

and rectal cancers. Additionally, by comparing between cancer stages and 

anatomical locations of tumours within the colon, PDEs were found 

homogenously downregulated in CRC and independent of these factors. By gene 

set enrichment analysis, this broad PDE downregulation coincided with cAMP and 

cGMP signalling pathway depletion in CRC. Lastly, methylation array data from 

TCGA cohorts was used for differential promotor methylation analysis of PDEs. 

Methylation probes only mapped to promotors for PDE4A, PDE4C, PDE6D, and 

PDE7A, but no association between promotor methylation and expression level 

was found. Next, associations between PDE expression and overall patient 

survival in CRC were explored using THPA, and PDE3B, PDE4B, PDE4D, and PDE8B 

were associated with prolonged survival and could participate in protective 

mechanisms. Following this, differential expression of PDEs were validated using 

IHC data from THPA and CPTAC proteomic data, and this verified downregulation 

of PDE3A, PDE4D, PDE8A, and upregulation of PDE7A in CRC. Validation was also 

performed using patient tumour and normal matched tissues, and RT-qPCR 

confirmed downregulation of PDE3A in CRC, and western blot confirmed 

downregulation of PDE9A in CRC.  

scRNA-seq analysis of a publicly available CRC dataset revealed that the broad 

downregulation of PDEs and depletion of cAMP and cGMP pathways in the bulk 

RNA-seq data originated specifically from the epithelial cell population, not 

surrounding cell types. Furthermore, by differential expression analysis between 

microsatellite stable (MSS) and instable (MSI-H) CRC subtypes, most PDEs were 

found uniformly downregulated in both subtypes compared to normal cells. 

However, PDE5A indicated weak upregulation in MSI-H cells, but PDE11A was 

strongly upregulated in MSI-H cells, but not MSS.  

This thesis supported the following model to account for these results. cGMP is a 

known tumour suppressor in CRC, and attenuation of cGMP signalling is an early 

and ubiquitous event in tumorigenesis. Since both cAMP and cGMP pathways 

were found depleted in CRC in this project, cAMP may also have a protective 

function and could be similarly attenuated as part of tumorigenesis. This is 
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supported by reports documenting anti-proliferative effects of AC agonism in 

CRC. Therefore, this would link to the broad downregulation of PDE expression 

found in CRC in this project. Since many PDEs are transcriptionally upregulated 

in response to cyclic nucleotide signalling as a feedback regulation mechanism, 

downregulation of cyclic nucleotides would also inhibit this stimulation of PDE 

expression. Taken together, this thesis supports the use of PDE inhibitors for 

chemoprevention in normal tissue with functional cyclic nucleotide signalling, 

and highlights adenylate or guanylate cyclase agonists as a promising drug 

targets for both chemoprevention and the treatment of established tumours. In 

addition, further research in characterising the regulatory links between 

pathogenic signalling and the few PDEs found upregulated in CRC or MSI-H CRC, 

such as PDE11A, may reveal novel disease mechanisms and targets for prognosis 

or therapy.  
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Multi-omics characterisation of phosphodiesterase enzymes in colorectal 

cancer 
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Results: cAMP and cGMP pathways and PDEs found downregulated in CRC compared to 
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cancer stage
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Aim: to characterise PDE expression in colorectal cancer (CRC).

Conclusion: cAMP pathway downregulation may be an important and ubiquitous event in 
early CRC tumorigenesis like cGMP downregulation. Low PDE expression in CRC could be 
due to feedback downregulation from reduced cAMP and cGMP activity. Investigation into 
divergent PDEs, like PDE11A upregulation in MSI-H CRC, may lead to novel prognostic 
methods and mechanistic insights in CRC.

Methods: RNA-seq and scRNA-seq analysis of patient tissue and cells from TCGA and GEO.
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Part 2 Summary 

Bioinformatic discovery of Dengue Virus disruptor peptides 

Dengue Virus (DENV) is the fastest spreading vector-borne viral disease in the 

world, accounting for approximately 100-400 million cases and 36,000 deaths 

every year (World Health Organization, 2009; Bhatt et al., 2013; Santana et al., 

2022). Takeda’s Qdenga vaccine has recently emerged from Phase III clinical 

trials and is hoped to provide a means for controlling this endemic (Patel et al., 

2023). However, developing more than one strategy is essential. While vaccines 

can prevent infection, antiviral therapeutics provide a complimentary approach 

by enabling treatment of individuals with existing infection and could 

significantly reduce mortality (M.F. Lee, Wu, et al., 2023). Currently, no 

antiviral therapeutic for Dengue virus has been developed, and there is an 

urgent need for treatments (Palanichamy Kala et al., 2023).  

Dengue virus exploits the human protein chaperone HSP90 as an entry receptor 

using the Dengue E protein for internalisation into host cells, and disruption of 

the E-HSP90 interaction inhibits infection (Reyes-del Valle et al., 2005; 

Srisutthisamphan et al., 2018). The overarching aim of this project was to 

discover novel peptide disruptors of E-HSP90 with the potential of providing a 

much-needed antiviral therapeutic for the control of Dengue virus. A 

development pipeline was used which focussed on peptide array screening, a 

high-throughput platform for the rapid discovery and rational optimisation of 

peptide inhibitors (Katz et al., 2011; Amartely et al., 2014). This approach has 

proven highly successful in the Baillie lab in similar projects (Yalla et al., 2018; 

Blair et al., 2019; Tibbo et al., 2022).  

Towards this aim, HSP90 protein was first produced following recombinant 

expression in bacterial culture for use in peptide array screening. HSP90 was 

expressed in BL21(DE3) competent cells and purified using immobilised metal 

affinity chromatography, ion exchange chromatography, and size exclusion 

chromatography. To increase protein yield, IPTG induction conditions were 

optimised. A lower concentration of IPTG and an extended duration at lower 

temperatures after induction resulted in greater HSP90 expression. Following 
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chromatography steps, a stock of highly pure HSP90 protein was obtained and 

peptide screening could begin.  

Having successfully produced the target protein, HSP90-binding epitopes were 

identified on the Dengue E protein by screening a discovery peptide array. This 

consisted of overlaying HSP90 protein on a peptide array comprised of fragments 

spanning the sequence of the E protein. Resultingly, a weak binding epitope E 

peptide 1 was discovered on E domain II, and a stronger binding epitope E 

peptide 2 was located in E domain III, the domain known to mediate viral entry 

(Hung et al., 2004; Sukupolvi-Petty et al., 2007; Frei et al., 2015; Sarker et al., 

2023; González-Lodeiro et al., 2024). Both peptides were located on the E 

protein surface, with conservation across the four Dengue serotypes, and 

overlapped with epitopes for neutralising antibodies, supporting their potential 

role as HSP90 binding sites.  

Next, physiochemical properties of the peptides were assessed by computational 

prediction tools. E peptide 1 adopted a partial alpha-helical conformation and E 

peptide 2 had a beta-hairpin fold, and both peptides had an even charge 

distribution and good solubility in water. Therefore, the peptides represented 

excellent starting points for disruptor peptide development (Di, 2015). However, 

both peptides contained cysteine residues, which are susceptible to oxidation 

and increase risk for aggregation and insolubility (Zapadka et al., 2017). This 

would have to be addressed in later development.  

The peptides then underwent structural optimisation by peptide array screening, 

involving alanine scan, truncation, and point substitution analysis. During this 

process, E peptide 2 was prioritised over E peptide 1, due to its origin from E 

domain III and its stronger binding of HSP90 shown by peptide array. After 

optimisation, a promising candidate, Epep2, was developed and comprised 

residues 2-17 of the original E peptide 2 sequence. The negative control peptide 

Epep2AA was designed, and cytotoxicity profiles were determined using cell 

assays. No toxicity was found for both peptides in Vero cells up to 100 µM. 

However, preliminary data suggested that Epep2 affected viability of the A549 

lung cancer cell line at 100 µM. This impaired viability suggested a possible 

disruption of endogenous HSP90 function by Epep2 at high concentrations, since 

cancer cells are known to exploit HSP90 for homeostasis (Li and Luo, 2023). This 
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highlighted the importance of characterising off-target effects in later 

development.  

Once Epep2 and Epep2AA were found to be nontoxic for Vero cells, antiviral 

efficacy against Dengue virus was evaluated using cell-based ELISA. No inhibition 

of infection was observed. This was attributed to several possible factors. First, 

it was possible that Dengue virus entry into host cells is independent of the 

HSP90-E interaction, but this would disagree with existing reports (Reyes-del 

Valle et al., 2005; Srisutthisamphan et al., 2018). Second, while the Epep2 

sequence bound HSP90 in peptide array screening, the free peptide in solution 

may not interact with HSP90. Third, Epep2 might bind HSP90 but lack affinity to 

displace the HSP90-E interaction. Lastly, previous reports have shown that the 

pathways of Dengue virus cell entry is highly dependent on cell type, and 

internalisation into Vero cells may be independent of HSP90 (Piccini et al., 

2015). To address these factors, future work should involve testing HSP90 

antibodies and Epep2 in antiviral assays using a panel of cell types to validate 

HSP90-E as a target and determine whether Dengue virus internalisation is 

mediated by HSP90 only in some cell types. Additionally, structural modification 

for affinity and stability may overcome potential problems in target engagement 

and HSP90-E disruption, while also maximising success in future clinical trials. 

Overall, it is hoped that these efforts can lead to the development of a greatly 

needed antiviral therapeutic for the control of this devastating disease.  
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Dengue virus enters cells by interaction of the Dengue E protein with host cell 
surface HSP90 protein. 
Aim: Develop peptide disruptors of interaction as novel antiviral therapeutics.

Results: HSP90 for screening was produced by recombinant expression in bacterial 
culture followed by chromatography purification.

A discovery array identified binding epitopes of the 
Dengue E protein for HSP90. Structural optimisation 
was then performed to generate the candidate 
disruptor  Epep2

The Epep2 disruptor peptide did not affect cytotoxicity of Vero cells but failed to 
inhibit Dengue virus infection. 

Conclusions: Epep2 may not have exhibited antiviral efficacy due to several factors, 
including: (1) Dengue virus entry may be independent of HSP90, (2) Epep2 may have 
lacked affinity to displace the HSP90-E interaction. Future work should involve 
verification of the role of HSP90 in virus internalisation and structural modification of 
Epep2 to maximise affinity. 
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Chapter 1   

Introduction 

1.1 Colorectal cancer is one of the most prevalent and 
deadly cancers 

Colorectal cancer (CRC), or bowel cancer, originates from the malignant 

transformation of the colon or rectal epithelial lining and represents a 

significant health concern (Mármol et al., 2017). CRC is the third most common 

cancer worldwide, representing nearly two million new cases each year, and is 

the second most deadly cancer, accounting for 900,000 deaths in 2020 (Figure 

1-1) (Mármol et al., 2017; Sung et al., 2021). Globally, the overall number of 

fatalities from CRC is anticipated to rise by 71.5% by the year 2035 (Araghi et 

al., 2019). In the UK, 1 in 17 men and 1 in 20 women will be diagnosed with CRC 

in their lifetime (Bowel Cancer UK, 2024). Additionally, CRC costs the UK 

economy 17.6 billion pounds every year (Hofmarcher and Lindgren, 2020). CRC is 

typically a disease of older age, but in Scotland, while overall rates have 

decreased since the introduction of the Scottish Bowel Screening Programme in 

2007, incidence is rising in people younger than fifty years old (Clark et al., 

2020).  

 

Figure 1-1: The Top 10 countries with the highest incidence of colorectal cancer in 2020. 
Projections for 2024 indicated in purple. (Xi and Xu, 2021). 
Number of cases in 2020 and 2040 represented by red and purple bars respectively.  
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1.2 Anatomy of the bowel 

The colon is a long tubular organ that connects the small intestine to the 

rectum. It is responsible for absorbing water, salts and other nutrients from food 

digested by the stomach and small intestine (Phillips et al., 1993). The small 

intestine joins the colon at a large pouch-shaped structure called the cecum 

(Figure 1-2) (Standring, 2019). The colon continues upwards as the ascending 

colon, meets a 90° bend called the hepatic flexure, then traverses the 

abdominal cavity from right to left as the transverse colon. After a 90° bend 

downwards called the splenic flexure, the descending colon meets the sigmoid 

colon then the rectum and anus.  

 

Figure 1-2: Anatomy of the large intestine. 
Figure prepared using Biorender.com. 

The inner lining of the bowel is comprised by the mucosa, formed by epithelial 

cells, absorptive enterocyte cells, and secretory goblet cells, along with a layer 

of connective tissue, blood vessels, and lymphatic vessels called the lamina 

propria (Figure 1-3) (Johansson et al., 2011). Together, these tissues absorb 

water and nutrients and produce mucus for the passage of stool. Under the 

mucosa lies a thin layer of muscle called the muscularis mucosae, which 

provides gentle agitation to promote contact between the mucosa and luminal 

contents (Siri et al., 2020). Underneath the muscularis mucosae lies another 

layer of connective tissue called the submucosa, which contains larger blood and 

lymphatic vessels, as well as nerves of the enteric nervous system (Thomson et 

al., 1986). Surrounding this is a thicker layer of muscle called the muscularis 
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propria, which is responsible for gut motility (Siri et al., 2020). Lastly, a smooth 

membrane mesothelial layer called the serosa connects the colon and rectum to 

the connective tissues of the mesentery in the abdominal cavity (Coffey and 

O’Leary, 2016).  

 

Figure 1-3: Tissue layers of the large intestine.  
The tissue layers of the large intestine include the mucosa, formed by the epithelium and the 
underlying lamina propria. Beneath the mucosa is the muscularis mucosae, followed by the 
submucosa. Surrounding this is the muscularis propria, comprised of circular and longitudinal 
muscle layers. The outermost layer is formed by the subserosa and serosa. Figure adapted from 
Encyclopaedia Britannica (2025). 

The mucosal surface is lined with cells arranged in an arrangement of tubular 

pits called colonic crypts. This arrangement increases the surface area of the 

colon and rectum to aid absorption of fluids and nutrients (Helander and 

Fändriks, 2014). At the base of the crypt, stem cells divide and differentiate into 

progenitor cells, also called transit amplifying cells, which migrate upwards and 

mature into the epithelial cells that comprise the upper surface of the crypts 

(Figure 1-4) (Humphries and Wright, 2008). This transition from pro-proliferation 

to pro-differentiation from base to lumen is mediated by a decrease in Wnt/β-

catenin signalling and an increase in bone morphogenic protein (BMP) signalling 

(He et al., 2004). Once differentiated, the epithelial cells are comprised mostly 

of enterocytes, which absorb water and nutrients. Additionally, enteroendocrine 

cells secrete hormones that regulate many processes including mucus secretion, 

motility, and appetite, and goblet cells secrete mucus to protect the mucosa 
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and aid stool movement (Gribble and Reimann, 2016). The colorectal lumen is a 

harsh environment and epithelial cells are exposed to mechanical abrasion, 

digestive enzymes, bile acids, and toxins from food and drink (Jani, 2023). 

Therefore, the terminally differentiated epithelial cells have a short lifespan of 

3-5 days before undergoing apoptosis and being shed (Barker, 2014). Constant 

cell turnover and renewal is maintained by the balance between stem cell 

proliferation and differentiation with the loss of mature epithelial cells (He et 

al., 2004). 

 

Figure 1-4: Structure of the colonic crypt and Wnt/BMP gradients that regulate the opposing 
gradients of pro-proliferation and pro-differentiation signalling from base to lumen. 
Created using biorender.com. 

1.3 Loss of genomic and epigenomic instability underlies 
colorectal cancer pathogenesis  

Cancer is a disease of aberrant mitosis and proliferation (Williams and Stoeber, 

2012). Cancerous cells develop from healthy cells by the accumulation of genetic 

alterations that promote unregulated growth and provide survival advantages 

(Islam et al., 2023). By clonal selection of more aggressive and competitive 

mutants, cancer cells eventually develop malignancy and metastasis which 

compromise bodily processes and threaten patient survival (Islam et al., 2023).  

Colorectal cancer is a highly heterogeneous disease, and numerous interrelated 

aspects underlie tumorigenesis, including environmental and genetic risk factors, 
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somatic mutation, epigenetic changes, and dysregulation of pathways (Grady 

and Carethers, 2008). This complex interplay results in a variety of phenotypes, 

each with important implications for patient progression, survival, treatment 

options, and therapeutic response.  

At the very start of CRC tumorigenesis, the mechanistic events and timings are 

not completely understood, but genomic and epigenomic instability are thought 

to initiate and hasten the accumulation of carcinogenic alterations (Al-Joufi et 

al., 2022). Loss of stability is comprised of three main pathways: chromosomal 

instability (CIN) (Pino and Chung, 2010), deficient DNA mismatch repair (MMR) 

with subsequent microsatellite instability (MSI) (Baretti and Le, 2018), and CpG 

island methylator phenotype (CIMP) (Mojarad et al., 2013).  

1.3.1 Chromosomal Instability 

CIN occurs in 80-85% CRC cases and is characterised by structural abnormalities 

of chromosomes, such as base substitutions, deletions, insertions, aneuploidy 

(changes in chromosome number), chromosomal rearrangements, and gene 

amplification (Pino and Chung, 2010). Critically, this can result in increased copy 

number or activity of oncogenes and loss or inhibition of tumour suppressors that 

result in aberrant growth and malignancy. CIN is complex and not fully 

understood but likely originates from defects in DNA damage repair, cell cycle 

regulation, and telomere function, as well as from oxidative damage and 

inflammation (Pino and Chung, 2010).  

1.3.2 Deficiency in DNA mismatch repair and resultant 
microsatellite instability 

Another form of genomic instability linked to CRC initiation is deficiency of the 

MMR system (dMMR) (Baretti and Le, 2018). In healthy cells, this mechanism 

corrects mistakes in base pair matching and accidental insertions or deletions 

made during DNA replication, recombination, or repair, and stops these 

modifications from being incorporated into the genome (Kunkel and Erie, 2005). 

The MMR system acts through a dynamic enzyme complex composed of MLH1, 

MLH3, MSH2, MSH3, MSH6, PMS1, and PMS2 components, and this machinery 

works in coordination with exonuclease, DNA polymerase and ligase proteins 

(Baretti and Le, 2018). dMMR linked to CRC is often caused by either 
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spontaneous or inherited inactivating point mutations of the MMR genes 

(Ijsselsteijn et al., 2020). Germline mutations in MMR genes can cause a 

hereditary predisposition for CRC called Lynch syndrome (Sinicrope, 2018). When 

MMR function is deficient, genomic stability is compromised and mutations 

accumulate across the genome. If mutations accumulate in oncogenes or tumour 

suppressors, carcinogenesis may result.  

In addition to increasing overall genomic instability, dMMR underlies a major 

pathway of CRC pathogenesis called microsatellite instability (MSI) (Boland and 

Goel, 2010). Microsatellites are short motifs of 1-6 base pairs that are repeated 

in tandem and are common to non-coding regions across the genome but are also 

found infrequently in coding regions. Due to the repetitive sequence of 

microsatellite regions, deficient MMR complexes can slip forwards and backwards 

during repair, inserting or deleting base pairs (Boland and Goel, 2010). As a 

result, the length of microsatellite regions becomes unstable, resulting in 

frameshift mutations or altered protein structure that can inhibit tumour 

suppressors (Duval and Hamelin, 2002).   

1.3.3 CpG island methylator phenotype 

The third pathway of CRC-linked genomic and epigenomic instability is the CpG 

island methylator phenotype (CIMP) (Mojarad et al., 2013). CpG islands are 

regions rich in cytosine bases followed by guanine bases in the 5’-3’ direction. 

They are an important feature of the epigenome, as they are often present in 

promotor regions, in which CpG island methylation can downregulate gene 

expression (Deaton and Bird, 2011). In a subset of CRC cases, promotors across 

the genome are hypermethylated at CpG islands, causing downregulation of 

many genes, including tumour suppressor genes (Mojarad et al., 2013). In this 

way, CIMP tumours often exhibit MSI, since the MMR gene MLH1 is a target for 

aberrant CpG island hypermethylation (Mojarad et al., 2013).  

1.4 Pathways of colorectal cancer pathogenesis 

1.4.1 The adenoma-carcinoma sequence 

CRC is a highly heterogeneous disease with numerous subtypes, presenting a 

challenge for patient prognosis and treatment (Al-Joufi et al., 2022). This 
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heterogeneity is reflected in the multiple pathogenic pathways that emerge 

depending on the type of underlying genomic instability. The classic adenoma-

carcinoma sequence accounts for around 70% of CRC cases and is signified by 

chromosomal instability and early mutation in the Wnt signalling pathway (Leslie 

et al., 2002). As outlined in Section 1.2, a decreasing gradient of Wnt signalling 

from base to lumen of the colonic crypt maintains proliferation of stem cells at 

the base, upwards migration of progenitor cells, and maturation of epithelium at 

the upper aspect (He et al., 2004). Wnt signalling in these stem cells is induced 

by Wnt ligands originating from fibroblasts in the lamina propria at the crypt 

base (Schatoff et al., 2017). These ligands prevent a destruction complex from 

degrading the transcriptional co-activator β-catenin, leading to accumulation of 

β-catenin in the nucleus and resultant transcription of TCF/LEF target genes 

including c-MYC to generate a pro-proliferation signal (Schatoff et al., 2017).  

The classic adenoma-carcinoma sequence is often initiated by inactivating 

mutations of the critical destruction complex protein APC caused by underlying 

CIN (Figure 1-5) (Zhang and Shay, 2017). Resultingly, accumulation of β-catenin 

leads to increased Wnt signalling and proliferation (Pino and Chung, 2010). In 

addition to antagonising Wnt, the APC tumour suppressor mediates proper 

chromosomal separation during mitosis by interaction with mitotic spindles and 

kinetochores (Zhang and Shay, 2017). In this way, improper chromosomal 

separation caused by APC mutation may exacerbate CIN further, leading to 

accelerated mutation rates (Zhang and Shay, 2017). Once CIN and APC mutation 

are established, abnormal growths called adenomas form which are 

characterised by increased growth and a predisposition for genomic alteration 

(Leslie et al., 2002). Via the accumulation of alterations in oncogenes and 

tumour suppressors, adenomas advance to mid and late stages, characterised by 

increased size, growth rate, and dysplasia. Such changes occur in genes including 

KRAS, PTEN, PIK3CA, SMAD4, DCC, and TP53 (Mármol et al., 2017).  

Constitutively activating KRAS mutations occurs early in the adenoma-carcinoma 

sequence following APC mutation, and are found in 40-45% of all CRC cases 

(Chakraborty et al., 2024). This leads to excessive RAS-RAF-MEK-MAPK signalling 

and unconstrained proliferation. Additionally, mutations promoting signalling in 

the PI3K/AKT pathway are common to >50% of CRC cases, and most often involve 
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PIK3CA activation and PTEN loss (Danielsen et al., 2015). Signifying later 

development, tumour suppressors located on the 18q chromosome arm are lost, 

including SMAD4 and DCC (Popat and Houlston, 2005). SMAD4 mediates growth 

inhibition and apoptotic signalling in the TGF-β pathway, and loss of this tumour 

suppressor is found in 5-24% of CRC (Salovaara et al., 2002). DCC is linked to 

apoptosis and cell cycle arrest, and singe allele DCC mutations are found in 70% 

of CRC cases (Reale et al., 1994). Once late-stage adenomas are formed, the 

transition to the invasive malignant phenotype is often marked by loss of TP53, 

and occurs in around 60% of CRC (Hassin et al., 2022). TP53 is a critical gene 

that responds to DNA damage through p21-mediated cell cycle arrest or BAX-

mediated apoptosis (Iacopetta, 2003). Therefore, accelerated growth of cancer 

cells unchecked by TP53 is another contributor to genomic instability and 

aggressiveness.  

 

Figure 1-5. The adenoma-carcinoma pathway of colorectal cancer pathogenesis. 
Figure prepared using Biorender.com. 

1.4.2 Serrated pathways of colorectal cancer pathogenesis 

In early research, the classic adenoma-carcinoma sequence was the first 

pathway of CRC pathogenesis discovered (Armaghany et al., 2012). More 

recently, a serrated pathway of pathogenesis has been identified, and accounts 

for around up to 30% of CRC cases (Figure 1-6) (Rosty et al., 2013). These 

pathways result in broad and flat tumours with a characteristic saw-tooth 

pattern formed by the crypt epithelial cells (Aiderus et al., 2024).  
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Serrated lesions are classified into three types. First, hyperplastic polyps (HPs) 

are the most common, accounting for 60-75% of serrated lesions (Aiderus et al., 

2024). HPs are usually benign, have a size of <5 mm, and occur in the distal 

colon and rectum. They can be classified into two types based on the mucin 

content in the epithelial cells: microvesicular hyperplastic polyps (MVHP) and 

goblet cell hyperplastic polyps (GCHP). Second, sessile serrated lesions (SSL), 

formerly known as sessile serrated adenomas or polyps, are less common and 

account for 20-35% of serrated lesions (Aiderus et al., 2024). SSLs preferentially 

occur in the proximal colon, are larger than HPs, and are associated with higher 

risk of carcinogenesis and worse outcomes (Murakami et al., 2022; Aiderus et 

al., 2024). Third, traditional serrated adenomas (TSAs) are the rarest type, 

accounting for <1% of serrated lesions (Aiderus et al., 2024). TSAs can present as 

flat or pedunculated adenomas in the distal colon and rectum, and are 

distinguished from HPs by their larger size greater than 5 mm (Torlakovic et al., 

2008).  

The pathogenesis of serrated lesions and serrated CRC is distinct from the classic 

adenoma-carcinoma progression characterised by CIN and APC mutation, instead 

originating from BRAF or KRAS mutations with MSI and CIMP (Aiderus et al., 

2024). There are two main pathways of serrated CRC pathogenesis. First, the 

sessile serrated pathway accounts for the majority of serrated CRC and is 

initiated by early BRAF mutations and predisposes for lesion formation in the 

proximal colon and emergence of MVHP (Kim and Kim, 2018). P16 and p53 

tumour suppressors restrict the enhanced RAF/MAPK signalling, but loss of these 

genes in BRAF-mutated lesions or MVHP leads to uncontrolled growth and the 

formation of SSL (Kim and Kim, 2018). Following mutation of tumour suppressor 

genes like MLH1, primarily through promotor hypermethylation, malignant 

sessile serrated tumours arise, which are characterised by BRAF mutation, CIMP-

H, and either MSI or MSS (Kim and Kim, 2018; Kang et al., 2021). For these MSI 

tumours, pathogenesis is liked to oncogenes and tumour suppressors containing 

coding-region microsatellites, including BAX, IGFR2, TGFBR2, PTEN, ACVR2 and 

MMR genes MSH3 and MSH6, which indicate altered microsatellite length and 

inactivation by frame shift mutation (Duval and Hamelin, 2002).  
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Second, the traditional serrated pathway gives rise to serrated tumours with 

CIMP-L and MSS in the distal colon and rectum and are less common than sessile 

serrated tumours (Kang et al., 2021). Initiation of this pathway is linked to early 

KRAS mutation, but early BRAF mutation can also occur, and this results in lesion 

formation and emergence of GCHPs (Kang et al., 2021). Following other gene 

alterations and methylation of tumour suppressors, including the DNA repair 

gene MGMT, traditional serrated lesions and MGHP progress to TSAs, which 

subsequently develop into malignant serrated tumours with CIMP-L and MSS 

(Mäkinen, 2007; Kim and Kim, 2018; Kang et al., 2021).  

 

Figure 1-6. Sessile serrated pathway and traditional serrated pathway of colorectal cancer 
pathogenesis. 
MVHP; microvesicular hyperplastic polyp, SSL; sessile serrated lesion, CIMP; CpG island 
methylator phenotype, MSI; microsatellite instable, MSS; microsatellite stable, GCHP; goblet cell 
hyperplastic polyp, TSA; traditional serrated adenoma. Polyp images prepared using 
Biorender.com. 

1.4.3 Pathogenesis of inherited CRC 

While around 95% of CRC are sporadic, 5% are hereditary, in which single highly 

penetrant gene mutations are passed down that predispose for CRC (Kastrinos 

and Syngal, 2011).  
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1.4.3.1 Lynch Syndrome 

Around 1-5% of CRC is caused by Lynch syndrome, a condition characterised by 

autosomal dominant germline mutation in MMR genes MLH1, MSH2, MSH6 and 

PMS2, that predispose for MSI-H CRC (Table 1) (Sinicrope, 2018). As for sporadic 

MSI-H sessile serrated CRC, Lynch syndrome CRC pathogenesis is linked to 

alteration of coded microsatellite regions in oncogenes and tumour suppressors, 

and results in lesions in the proximal colon (Chung and Rustgi, 2003). However, 

Lynch Syndrome CRC lesions have adenomatous morphology, are CIMP-negative, 

and typically occur at a younger age than serrated sessile CRC, which is instead 

associated with older age-related aberrant CIMP hypermethylation (Leggett and 

Worthley, 2009). Individuals with Lynch syndrome have an increased risk of 

developing CRC, estimated at 25-75%, and are also at risk of developing other 

cancers depending on which MMR genes are mutated (Barrow et al., 2013). 

1.4.3.2 Familial Adenomatous Polyposis (FAP) 

Familial Adenomatous Polyposis (FAP) is the second most common form of 

hereditary CRC, and accounts for 1% of all CRC (Kastrinos and Syngal, 2011). FAP 

stems from an autosomal dominant germline mutation of the APC gene, proceeds 

according to the classic adenoma-carcinoma sequence, and is distinguished from 

sporadic CRC by the formation of hundreds to thousands of adenomas after the 

age of ten and a near 100% risk of carcinogenesis by the age of forty (Galiatsatos 

and Foulkes, 2006; Kastrinos and Syngal, 2011).  

1.4.3.3 MUTYH-Associated Polyposis 

MUTYH-Associated Polyposis (MAP) is a rare form of inherited CRC and originates 

from autosomal recessive mutation of the DNA base excision repair gene MUTYH 

(Kastrinos and Syngal, 2011). MAP progresses slower than FAP, presenting with 

fewer polyps and delayed carcinogenesis (Kastrinos and Syngal, 2011). Notably, 

MAP polyps arise primarily in the proximal colon and indicate either 

adenomatous or serrated morphology, with the serrated lesions being enriched 

for KRAS mutation (Nielsen et al., 2011). As a much rarer condition, the 

pathogenesis of MAPs is an area of active research.  
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Table 1: Summary of major colorectal cancer pathogenic pathways and subtypes.  
CIN, chromosomal; CIMP, CpG island methylator phenotype; MSI/S, microsatellite instability/stability; MMR, DNA mismatch repair. 

 Pathogenic Pathway Frequency 
Sporadic or 
hereditary 

Instability 
subtypes Key genes and pathogenesis Key genes 

Colorectal 
region 

Classic adenoma carcinoma 
sequence 
(Leslie et al., 2002) 70% Sporadic CIN Classic sequence 

APC, KRAS, PIK3CA, 
PTEN, DCC, TGF-β, 
SMAD4, TP53 Distal, rectum 

Serrated sessile pathway 
(Aiderus et al., 2024) 15-30% Sporadic 

CIMP+, mostly 
MSI 

Deficient DNA mismatch 
repair results in MSI. MSI 
inhibits microsatellite 
containing genes 

BRAF (usually V600E), 
p16, MLH1, BAX, 
IGFR2, TGFBR2, 
MSH2, MSH6 Proximal 

Traditional serrated pathway 
(Aiderus et al., 2024) < 1% Sporadic 

CIN-, CIMP-, 
MSS 

 KRAS growth and impaired 
MGMT DNA repair KRAS>BRAF, MGMT Distal, rectum 

Lynch Syndrome 
(Sinicrope, 2018) 1-5% Inherited MSI, CIMP- 

MMR gene mutation results 
in dMMR and MSI 

MLH1, MSH2, MSH6, 
PMS2 Proximal 

Familial Adenomatous 
Polyposis 
(Galiatsatos and Foulkes, 
2006) < 1% Inherited CIN 

APC mutation initates 
classic sequence APC Distal, rectum 

MUTYH-Associated Polyposis 
(Nielsen et al., 2011) < 1% Inherited 

CIN-, CIMP-, 
MSS 

Impaired base excision 
repair MUTYH Distal, rectum 



 

(c) Thomas Andrew Wright 2024 

1.5 CRC risk factors, prevention, and treatment 

As described above, underlying genomic instability and accumulating mutations 

initiate various pathogenic pathways that result in heterogeneous CRC tumours. 

There are numerous aspects unique to the colorectal tissues that make them 

susceptible to cancer initiation. Firstly, the colorectum has a large surface area 

of epithelial cells that are rapidly turning over due to the harsh environment of 

the intestinal lumen, and this increases the risk of replicative errors promoting 

genomic instability (Sadahiro et al., 1991; Giovannucci, 2022). Furthermore, 

colorectal tissues have prolonged exposure to mutagens remaining present in 

stool (Kojima et al., 2004). For example, DNA damage can be caused 

heterocyclic amines or polycyclic aromatic compounds introduced from 

processed foods, charred foods, and red meat (Sawicki et al., 2021). 

Additionally, the microbiome has a large influence on colorectal homeostasis, 

and colonisation by deleterious bacterial species can promote inflammation and 

oxidative stress and produce genotoxic compounds (Sobhani et al., 2011).  

In regard to these features, cancer prevention in the colorectum concerns 

addressing modifiable risk factors with the main goals of reducing ingestion of 

mutations, reducing mutagen exposure time (fibre can increase stool transit 

time for example), promoting microbiome diversity and homeostasis, and 

reducing inflammation via exercise, diet, or medications (Chan and Giovannucci, 

2010). However, simply by epithelial turnover, replicative error will always 

present a risk of CRC occurrence. If cancer-related mutations begin to 

accumulate, then secondary prevention is comprised of surgical removal of 

precancerous polyps or neoadjuvant therapy (Chan and Giovannucci, 2010).  

Tumorigenesis, the emergence of cancer, is not a single event, such as an initial 

APC mutation for example, but is instead a process that begins with the 

formation of precancerous polyps from normal tissue, which then develop to 

localised tumours, locally advanced and invasive tumours, and eventually 

metastatic cancer (Al-Joufi et al., 2022). Once a tumour becomes more 

advanced and aggressive, interventions for treatment become very different 

compared to primary or secondary prevention. For instance, patients diagnosed 

for cancer will accept more adverse effects of interventions compared to 
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healthy patients or higher risk patients because risk-benefit balance shifts 

significantly once cancer is diagnosed (Boland et al., 2000).  

1.6 Colorectal cancer tumour classification and staging 

As cancers progress, deteriorating genomic stability and accumulating oncogenic 

mutations result in increased growth rate, malignancy, and risk of metastasis 

and death (Williams and Stoeber, 2012). For this reason, treatment options, 

treatment response, and patient outcomes can be predicted by classifying 

tumour progression and identifying subtypes (Karamchandani et al., 2020). 

Various classifications have been designed based on molecular, morphological, 

and clinical characteristics.  

1.6.1 TNM staging 

Tumour node metastasis (TNM) staging developed by the American Joint 

Committee on Cancer (AJCC) is one of the most widely adopted systems to 

assess cancer progression and is based on anatomical analysis of resected tissues 

carried out by a pathologist (Weiser, 2018). TNMs scores are based on three 

components (Table 2). The T component describes tumour size and invasion into 

the intestinal wall, the N component describes invasion to lymph nodes, and the 

M component describes metastasis. Based on these components, cancers are 

classified with an overall TNM stage score ranging from 1-4, and the later stages 

are associated with poorer patient outcomes. 

TNM staging is widely used in clinics since testing is relatively straightforward 

and inexpensive, and since a wide body of research has linked TNM stage to 

prognosis and treatment response (Li et al., 2014). Nevertheless, TNM is 

considered outdated since it excludes many important cancer characteristics 

which could improve subtype stratification and the prediction of outcomes and 

treatment responses (Karamchandani et al., 2020). Such characteristics include 

cell morphology, molecular profile, stroma composition, and the immune 

microenvironment (Dunne and Arends, 2024). For this reason, many clinics 

combine TNM staging with biomarker-based stratification to overcome these 

challenges.   
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Table 2: Summary of tumour node metastasis (TNM) staging and components. 
A: The T component describes tumour size and invasion. B: The N component describes invasion 
to lymph nodes. C: The M component describes metastasis. D: Components of the overall TNM 
stage scores. (Weiser, 2018) 

A T Stage Tumour size and invasion 

T0 No tumour 

Tis in situ, localised to mucosa 

T1 Spread to submucosa 

T2 Spread to muscularis propria 

T3 Spread to subserosa 

T4a Serosa penetrated, spread to visceral peritoneum 

T4b Serosa penetrated, spread to nearby organs 

  

N Stage Lymph node spread 

N0 No lymph node invasion 

N1a Cancer in 1 node 

N1b Cancer in 2-3 nodes 

N1c 
No cancer in nodes, but present in node-adjacent 
adipose tissue 

N2a Cancer in 4-6 nodes 

N2b Cancer in ≧7 nodes 

  

M Stage  Metastasis 

M0 No metastasis 

M1a Metastasis to one organ or distant lymph node 

M1b Metastasis more than one organ or distant lymph node 

M1c 
Metastasis to peritoneum alone or with distant organs 
and lymph nodes 

  

TNM 
Stage Components 

1 T1-2 N0 M0 

2 T3-4 N0 M0 

3 Any-T N1-2 M0 

4 Any-T Any-N M1 
 

B 

C 

D 

 

1.6.2 Dukes staging 

Similar to TNM, Dukes cancer staging is a clear-cut system based on anatomical 

features and is still used infrequently in research (Dukes, 1932). Dukes A 

describes tumours that have not penetrated the muscularis propria, B1 describes 
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penetration into the muscularis propria, and B2 describes penetration through 

the muscularis propria. Dukes C1 and C2 describe invasion to 1-3 and 4 or more 

adjacent lymph nodes respectively. Lastly, Dukes D describes cancers with 

metastasis to distant sites. Since Dukes staging has less segregation of cancers 

than the TNM system, and TNM is more commonly used in the clinic 

(Karamchandani et al., 2020).  

1.7 Treatment of colorectal cancer 

Following biopsy of a tumour, subsequent treatment is determined by 

assessment of cancer progression and malignancy as indicated by anatomical 

features, molecular markers, and stromal or immune characteristics (Biller and 

Schrag, 2021). The main treatment options used in clinics are surgery, 

radiotherapy, ablative therapy, chemotherapy, targeted therapy, and 

immunotherapy (Biller and Schrag, 2021).  

Resection of precancerous lesions or tumours by surgery is one of the most 

important first-line treatment options and can often be curative. However, 

surgical resection can be less viable for metastasised cancers if secondary 

tumours are too numerous, not localised, or inaccessible (Chakedis and Schmidt, 

2018). Advancements in surgical methods such as minimally invasive procedures 

and robotic-assisted surgeries have enhanced the precision and outcomes of 

cancer operations, reducing recovery times and improving prognoses (Spinelli, 

2022). Furthermore, surgery allows for the collection and analysis of biopsy 

samples, which is essential for prognosis and guides selection of adjuvant and 

subsequent therapies (Biller and Schrag, 2021). 

Radiotherapy is another cornerstone cancer treatment. Often combined with 

other treatments, radiotherapy makes use of high-energy radiation to induce cell 

death in cancer cells while preserving surrounding tissues (Hillson et al., 2024). 

This can be advantageous for sites inaccessible to surgery. Importantly, 

radiotherapy is a common neoadjuvant treatment which improves patient 

response and reduces recurrence when combined with surgical resection (Hillson 

et al., 2024).  
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1.7.1 Chemotherapy for colorectal cancer 

Chemotherapeutic drugs are compounds that kill or slow the growth of rapidly 

dividing cells and are a critical component of cancer treatment. These 

treatments can be used to stabilise tumour growth before surgery, reduce risk of 

recurrence after surgery, or as a primary treatment in cases intractable to 

surgery (McQuade et al., 2017). Chemotherapy has been especially valuable for 

metastasised colorectal cancers, in which overall survival can be prolonged to 20 

months (Goldberg, 2005). Chemotherapy is becoming more sophisticated as new 

compounds are discovered and regimens emerge that are optimised for reagent 

combination, cancer subtype, dose, and duration (McQuade et al., 2017). 

The chemotherapeutic drugs currently used in the clinic are comprised of only a 

few compounds. 5-fluorouracil (5-FU), or the prodrug derivative capecitabine, 

inhibit the synthesis of thymidine by the enzyme thymidylate synthase, resulting 

in a deprivation of thymidine, incorporation of uracil into DNA, and subsequent 

cell cycle arrest and apoptosis (Vodenkova et al., 2020). Additionally, folinic 

acid (leucovorin) is often used as a potentiator of 5-FU to stabilise its binding to 

thymidylate synthase and increase efficacy (Gristan et al., 2024). Another 

chemotherapeutic compound, irinotecan, is a topoisomerase I inhibitor. It works 

by stabilising a complex formed between topoisomerase I and DNA, preventing 

the re-ligation of single-strand DNA breaks that occur during DNA replication 

(Kumar and Sherman, 2023). This action results in DNA damage accumulation, 

triggering cell cycle arrest and apoptosis. Finally, oxaliplatin is a platinum-based 

compound that interacts with DNA to form intra- and inter-strand links, 

preventing replication and transcription processes and inducing strand breaks 

(Riddell, 2018). Resulting failure of DNA damage responses induces cell cycle 

arrest and apoptosis.  

By using combinations of chemotherapeutics, multiple cytotoxicity pathways can 

be targeted to increase potency, improve patient response rates, and inhibit 

resistance. However, drug combinations can increase toxicity and monotherapies 

may be preferable in some cases (McQuade et al., 2017). Guidelines directing 

the selection of regimens have been developed by extensive clinical testing of 

chemotherapeutic combinations in different colorectal cancer subtypes, and 

these guidelines are continually being updated as new results emerge. The main 
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combinations currently in use are FOLFOX (5-FU, folinic acid, oxaliplatin), 

FOLFIRI (5-FU, folinic acid, irinotecan), CAPOX or XELOX (capecitabine, 

oxaliplatin), and FOLFOXIRI (5-FU, folinic acid, oxaliplatin, irinotecan). The 

development of these combination therapies has had a major impact on 

outcomes, especially in metastatic colorectal cancer (mCRC). For example, 

median overall survival in mCRC has increased from 23 to 32 months from 2012 

to 2024 (Gmeiner, 2024). 

Despite the success of chemotherapeutics, there are important limitations. 

Chemotherapy treatment is accompanied by considerable toxicity and can cause 

long term or permanent side effects such as neuropathy and organ damage 

(Nurgali et al., 2018). Additionally, the heterogeneity of colorectal cancer 

results in varied response rates, making it difficult to predict efficacy (Xie et al., 

2020). Furthermore, cancer cells will almost always develop resistance to 

chemotherapy, preventing the possibility of curing the cancer, and is a major 

factor in poor outcomes and mortality (Xie et al., 2020). These challenges 

necessitate continued research for the discovery of new chemotherapeutic 

options and the reduction of toxicity.  

1.7.2 Targeted therapies for colorectal cancer 

In addition to advancements in chemotherapy, the development of targeted 

therapies for colorectal cancer has made a significant impact on patient 

outcomes (Xie et al., 2020; Gmeiner, 2024). Targeted therapies inhibit specific 

pathways related to cancer growth, survival, and invasion, and are therefore 

more specific than chemotherapies which affect all rapidly dividing cells (Xie et 

al., 2020). Targeted therapies have been very effective in CRC, since different 

pathways can be targeted based on their importance in different pathogenic 

subtypes (Xie et al., 2020; Gmeiner, 2024). In 2004, the anti-EGFR drug 

cetuximab became the first targeted therapy for CRC approved by the FDA 

(Jonker et al., 2007). Since then, a range of therapeutics have become 

available, mainly consisting of monoclonal antibodies targeted against cell 

membrane receptors or ligands, as well as small molecule inhibitors of tyrosine 

kinases (Table 3, Figure 1-7).  
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Table 3: Targeted therapeutics approved for colorectal cancer. 
mAb; monoclonal antibody, SM; small molecule, Ab; antibody. 

Name Year Type Pathway Mechanism 

Cetuximab 2004 mAb EGFR EGFR competitive inhibitor 

Bevacizumab 2004 mAb VEGFR VEGF inhibitor 

Panitumumab 2006 mAb EGFR EGFR competitive inhibitor 

Ziv-aflibercept 2012 
Recombinant 
protein VEGFR Decoy receptor of VEGF 

Regorafenib 2015 
SM kinase 
inhibitor VEGFR VEGFR kinase inhibitor 

Ramucirumab 2017 mAb VEGFR VEGFR competitive inhibitor 

Pembrolizumab 2017 mAb 
Checkpoint 
Inhibitor PD-1 competitive inhibitor 

Nivolumab 2017 mAb 
Checkpoint 
Inhibitor PD-1 competitive inhibitor 

Ipilimumab 2018 mAb 
Checkpoint 
Inhibitor CTLA-4 competitive inhibitor 

Larotrectinib 2018  TRK TRK kinase inhibitor 

Entrectinib 2019  TRK 
TRK, ROS1, ALK kinase 
inhibitor 

Encorafenib 2020 SM+Ab BRAF 
BRAF V600E inhibitor 
(combined with cetuximab) 

Tucatinib 2023 
SM kinase + 
AB HER2 

HER2 kinase inhibitor 
(combined with 
trastuzumab) 

Trastuzumab 2023 mAb HER2 
HER2 competitive inhibitor 
(combined with tucatinib) 

Fruquintinib 2023 SM kinase VEGFR VEGFR kinase inhibitor 

Adagrasib 2024 SM  KRAS KRAS G12C inhibitor 

 



 

 

49 

 

 

Figure 1-7. Summary of targeted therapeutics approved for colorectal cancer. 
Targeted therapies for colorectal cancer are comprised of monoclonal antibodies or small molecule 
kinase inhibitors. Main targets include EGFR, HER2, VEGF, VEGFR, TRK, PD-1, CTLA-4, and the 
growth pathways PI3K/Akt/mTOR and Ras/Raf/Mek/Erk.  

1.7.2.1 EGFR Inhibitors 

Inhibitors of endothelial growth factor (EGF) receptor (EGFR), or HER1, are a 

major category of CRC targeted therapies. EGFR binds the ligands EGF and TCF-⍺ 

to promote growth, proliferation, survival, and differentiation via activation of 

the RAS/RAF/MEK/ERK, PI3K/AKT, and JAK/STAT3 pathways (Sabbah et al., 

2020). EGFR is overexpressed in 25-77% of CRCs and is associated with poor 

prognosis and metastasis (Spano et al., 2005). The monoclonal antibodies 

cetuximab and panitumumab were approved by the FDA in the mid 2000s as 

first-line therapies for metastatic CRC and have improved outcomes in patients 

when combined with 5-FU-based combination chemotherapies (García-Foncillas 

et al., 2019). Notably, cetuximab and panitumumab are indicated only for wild 

type KRAS and BRAF CRC, as mutations in these genes can constitutively activate 

their pathways irrespective of EGFR inhibition upstream (Sidaway, 2019). 
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Likewise, right side CRC tumours are also contra-indicated since they are often 

enriched in BRAF mutations (Holch et al., 2017).  

1.7.2.2 HER2 Inhibitors 

Human epidermal growth factor receptor 2 (HER2) belongs to the same family as 

EGFR and regulates growth and survival through the same downstream pathways 

(Greally et al., 2018). Although HER2 is only overexpressed in 2-5% of metastatic 

CRC, it is enriched in EGFR-inhibitor resistant RAS and RAF wild-type mCRC, 

therefore presenting a valuable drug target for this subtype (Bertotti et al., 

2011; Bekaii-Saab et al., 2023). In 2023, the FDA approved a dual treatment 

consisting of trastuzumab, a HER2-targeted monoclonal antibody, and tucatinib, 

a small molecule HER2 kinase inhibitor (Casak et al., 2023).  

1.7.2.3 VEGF/VEGFR Inhibitors 

Similar to EGFR and HER2, the vascular endothelial growth factor (VEGF) 

receptor (VEGFR) activates multiple pathways including PI3K/AKT/MAPK/ERK 

and PLCγ/RAS/RAF/ERK/MAPK to mediate angiogenesis in response to VEGF 

ligand binding (Carmeliet, 2005). VEGF levels and VEGFR activity are elevated in 

CRC, and VEGFR-driven angiogenesis supports tumour growth and survival (Xie et 

al., 2020). Several targeted therapies have been approved by the FDA as first- or 

second-line therapies for metastatic CRC and have improved patient outcomes 

(Xie et al., 2020). The monoclonal antibody therapies bevacizumab, which binds 

VEGF, and ramucirumab, which binds VEGFR, disrupt the VEGF-VEGFR 

interaction to inhibit activation (Hansen et al., 2021). Ziv-aflibercept is a 

recombinant fusion protein based on the structure of the VEGFR receptor and 

acts as a decoy inhibitor to prevent VEGF-VEGFR interaction (Hansen et al., 

2021). Alternatively, the small molecule kinase therapies regorafenib and 

fruquintinib are receptor tyrosine kinase inhibitors of VEGFR and act on its 

intracellular domain (Xu et al., 2022). Additionally, regorafenib is a multi-kinase 

inhibitor and inhibits angiogenesis by targeting receptor tyrosine kinases other 

than VEGFR including platelet-derived growth factor receptors and fibroblast 

growth factor receptors (Xu et al., 2022). Importantly, while anti-EGFR agents 

are most effective against left sided and RAS-wild type tumours, VEGF/VEGFR 
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inhibitors seem less dependent on these factors and are recommended for all 

other cases (Xie et al., 2020).  

1.7.2.4 KRAS inhibitors 

KRAS mutations occur in 40% of mCRCs and are associated with worse patient 

outcomes (Gmeiner, 2024). Recently in 2024, the KRAS inhibitor adagrasib was 

approved by the FDA in combination with the EGFR inhibitor cetuximab 

specifically for KRAS G12C mutant CRCs (occurring in < 4% of metastatic cases) 

adagrasib (Yaeger et al., 2023; Dhillon, 2023). Combination with cetuximab 

exhibited improved patient outcomes over adagrasib alone, an effect suggested 

to originate from inhibition of EGFR-compensatory feedback induced by KRAS 

G12C (Amodio et al., 2020).  

1.7.2.5 BRAF inhibitors 

BRAF mutations are found in 10% of all CRCs, of which 80% are BRAF V600E which 

constitutively activates BRAF and is associated with a very poor prognosis (Davies 

et al., 2002; Ardekani et al., 2012). While patient response rates remain low to 

most treatments, the FDA recently approved a regimen of a small molecule BRAF 

kinase inhibitor encorafenib in combination with cetuximab, which prolonged 

patient survival (Tabernero et al., 2021). Building upon this, research is 

underway include an additional inhibitor of the RAS/RAF/MEK/ERK pathway to 

the regimen (Gmeiner, 2024).  

1.7.2.6 TRK inhibitors 

Targeted therapies have recently been approved for tropomyosin receptor 

tyrosine kinase (TRK)-fusion positive cancers (Laetsch and Hong, 2021). TRKs are 

genes that mediate growth by RAS/MAPK/ERK, PLCɣ, and PI3K/AKT pathways, 

and in some cancers, TRKs undergo gene fusion with other genes, resulting in 

constitutional activation of TRK kinase activity and aberrant growth signalling 

(Laetsch and Hong, 2021). Even though TRK fusion is rare in CRC, accounting for 

only 0.7% of cases, the FDA have approved small molecule kinase inhibitors 

Larotrectinib and entrectinib for treatment, and second-generation inhibitors 

are in development (Laetsch and Hong, 2021; Gmeiner, 2024).  
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1.7.2.7 Immune checkpoint blockade 

As part of the normal functioning of the immune system, immune checkpoint 

ligand and receptor recognition mediated by immune cells like CD8+ T cells, 

CD4+ T cells, and natural killer cells (NKs), restricts the immune response to 

prevent autoimmunity (Mohammadi et al., 2022). In tumours, these ligands or 

receptors can be overexpressed to prevent detection by the immune system 

(Pardoll, 2012). By developing antibody-based therapies to disrupt the ligand-

receptor interaction, this immune-dampening checkpoint can be prevented, 

allowing the detection and killing of tumour cells by the immune system 

(Pardoll, 2012). Three checkpoint inhibitor drugs have been approved by the FDA 

for mCRC; pembrolizumab and nivolumab disrupt the interaction between the 

immune checkpoint receptor PD-1 and its ligand PD-1L, and ipilimumab disrupts 

the interaction between CTLA-4 and the ligands B7-1 and B7-2 (Makaremi et al., 

2021). However, these checkpoint inhibitor therapies have only proved effective 

in mCRC exhibiting MSI-H and dMMR, which have been linked to increased 

expression of neoantigens and immune cell recruitment to the tumour (Manz et 

al., 2021).  

1.7.2.8 Limitations of targeted therapies 

Targeted therapies have transformed cancer treatment but have several 

important limitations. Firstly, most targeted therapies are only effective against 

specific CRC subtypes, and patient response is often variable even within these 

groups (Xie et al., 2020). Identifying which patients will benefit requires 

expensive genetic and molecular profiling, making patient selection a costly 

process (Xie et al., 2020). Secondly, resistance to targeted therapies often 

develops, driven by mechanisms such as compensatory feedback loops, 

activation of alternative signalling pathways, and genetic mutation, which allow 

cancer cells to bypass the targeted inhibition (Zhai et al., 2017). Lastly, targeted 

therapies are often expensive, particularly for the biological class drugs like 

monoclonal antibodies, and when combined with the expense of patient profiling 

and selection, especially for therapies targeting rare subtypes, the overall 

patient benefit may not justify the cost of these strategies (Xie et al., 2020). 
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To build upon the successes of targeted therapies, research efforts for the 

discovery of new inhibitors and novel drug targets is essential in improving 

patient responses, treating neglected, aggressive, or intractable CRC subtypes, 

and combatting resistance mechanisms.  

1.8 cAMP, cGMP, and phosphodiesterase signalling 

Cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate 

(cGMP) are master regulators of intracellular signalling, and together with their 

negative regulators cyclic nucleotide phosphodiesterases (PDEs) represent 

promising drug targets in cancer (Soderling and Beavo, 2000). cAMP is 

synthesised from ATP by adenylate cyclase (AC), and acts through the main 

effectors protein kinase A (PKA), EPAC, POPDC, and cAMP-gated ion channels to 

regulate various cellular processes including proliferation, growth, 

differentiation, cell cycle progression, immune function, and metabolism 

(Sassone-Corsi, 2012). cGMP is synthesised by guanylate cyclase from GTP and 

activates the main effectors of protein kinase G (PKG) and cGMP-gated cation 

channels to mediate cell growth, proliferation, apoptosis, immune function, and 

vascular and platelet homeostasis (Lucas et al., 2000).  

cAMP and cGMP are central to a multitude of signalling pathways, and in order 

to achieve independent regulation of each, these second messengers are 

concentrated into compartmentalised nanodomains or microenvironments 

(Baillie, 2009; Zaccolo, 2011). PDEs play a crucial role in forming, shaping, and 

maintaining these nanodomains by selectively hydrolysing cAMP and cGMP and 

are positioned at the nanodomain boundaries by anchoring to membranes or by 

forming protein complexes (Zaccolo, 2011). This strict spatial and temporal 

control of cyclic nucleotide nanodomains allows the enzymatic regulation of 

cAMP or cGMP effectors on the scale of protein complexes (Blair et al., 2019). 

Nanodomain regulation by PDEs is incredibly complex, and dysfunction of PDE 

localisation or activity results in aberrant cAMP or cGMP signalling, which 

underpins many diseases (Zaccolo, 2011). For this reason, PDEs are valuable drug 

targets for many conditions including cancer (Peng et al., 2018).   

The PDE superfamily consists of eleven distinct families (PDE1-11), each with 

multiple subfamilies and isoforms and classified by their homology, structural 
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characteristics, regulation, tissue distribution, cellular localisation, and 

substrate specificity (Omori and Kotera, 2007; Conti and Beavo, 2007). The 

domain structure of PDEs typically includes a C-terminal catalytic domain for 

cAMP/cGMP hydrolysis and a regulatory N-terminal domain (Keravis and Lugnier, 

2010). Out of the eleven families, PDEs 4, 7, and 8 are cAMP-specific, PDEs 5, 6, 

and 9 are cGMP-specific, and PDEs 1, 2, 3, 10, and 11 hydrolyse both cAMP and 

cGMP. The diverse array of PDEs comprise over 100 isoforms, each with distinct 

regulation, activity, cyclic nucleotide affinity, and localisation, and these 

factors enhance the complexity of cAMP and cGMP nanodomain signalling. A 

comprehensive overview of how PDE structure, function, and spatial organisation 

contributes to the complexity of cAMP and cGMP signalling is provided by recent 

reviews (Maurice et al., 2014; Baillie et al., 2019).  

1.8.1 cAMP and adenylate cyclase in colorectal cancer 

The AC-cAMP-PDE and GC-cGMP-PDE pathways regulate cell proliferation, 

differentiation, survival, and migration, and aberrant signalling of these pathway 

components is important in tumorigenesis (Mehta and Patel, 2019). 

1.8.1.1 cAMP as a regulator of cancer signalling 

As follows, potential mechanisms of cAMP on cancer processes have been 

outlined. However, further detail can be found in comprehensive reviews (Cho-

Chung, 1990; Fajardo et al., 2014; Ahmed et al., 2022).  

cAMP affects tumorigenesis processes through a multitude of effectors acting in 

diverse, parallel, and often opposing pathways (Figure 1-8) (H. Zhang et al., 

2020; Ahmed et al., 2022). Many outcomes from cAMP signalling originate from 

the effector PKA, which is a cAMP-activated serine-threonine kinase that 

phosphorylates targets resulting in their activation or inhibition (Sassone-Corsi, 

2012). PKA has a mixed influence on apoptosis, in which inactivation of GSK3 and 

BAD inhibit apoptosis and activation of BIM promotes apoptosis (Jensen et al., 

2007; Zambon et al., 2011; Zhao et al., 2017). PKA also affects other pathways 

of programmed cell death which may impact cancer cells. Pyroptosis is inhibited 

by PKA through the inhibition of IL1, thereby preventing GSDMD cleavage (Ye et 

al., 2021). Similarly, PKA inhibits ferroptosis by activating the transcription 
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factor CREB for the expression of GPX4, which prevents lipid peroxidation and 

induction of ferroptosis (Ahmed et al., 2022). Conversely, parthanatos 

programmed cell death is promoted by the phosphorylation of PARP1 by PKA 

(Brunyanszki et al., 2014). Besides effects on programmed cell death, PKA can 

inhibit cell proliferation and growth by inhibiting c-Raf, downregulating the 

Raf/MEK/ERK pathway (Kim and Juhnn, 2015). On the other hand, cAMP-PKA 

signalling can promote tumorigenesis through CREB-mediated expression of 

genes relating to metabolism, growth, and survival such as Bcl2 and cyclins 

(Sapio et al., 2020). CREB is recognised as an oncogene, is overexpressed in 

many cancers, and is associated with poor prognosis (Sapio et al., 2020).  

The other main effector of cAMP is EPAC, which also affects tumorigenesis by 

various mechanisms (Wehbe et al., 2020). EPAC function is centred on the 

activation of Rap1/2 proteins by acting as a guanine exchange factor (GEF). 

Importantly, EPAC-Rap1/2 activation upregulates the oncogenic pathways 

PI3K/AKT and RAS/RAF/MEK/ERK (Wehbe et al., 2020). Additionally, EPAC 

suppresses apoptosis through Rap1 and inhibition of the p53-effector PUMA 

(Lakhter and Naidu, 2017; Wehbe et al., 2020). Conversely, EPAC promotes 

ferroptosis by ROS-mediated lipid peroxidation and promotes parthanatos by 

PARP1 activation (Musheshe et al., 2022; Zhang et al., 2023).  
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Figure 1-8. Regulation of cancer signalling by cAMP effectors PKA and EPAC. 
cAMP regulates many pathways and processes important for tumorigenesis by mediating activity of 
main effectors PKA and EPAC. Processes affected include pathways of cell death including 
apoptosis, pyroptosis, ferroptosis, and parthanatos, in addition to growth pathways 
RAS/RAF/MEK/ERK and PI3K/AKT.  

While cAMP effectors PKA and EPAC can have divergent effects on tumorigenesis, 

the cAMP effector POPDC is a clear tumour suppressor (Amunjela and Tucker, 

2016). Firstly, POPDC inhibits RhoA, an oncogene that drives cancer cell motility, 

migration, invasion, and metastasis (Williams et al., 2011). Additionally, POPDC 

inhibits oncogenes c-Myc, β-catenin, and MMP2/9 (Han et al., 2014; Parang et 

al., 2017).  

As can be seen, cAMP can impact cancer pathways through multiple opposing 

mechanisms. This complexity is increased further considering the likelihood of 

AC-cAMP-PDE nanodomain regulation of these processes (Blair and Baillie, 2019). 

Therefore, it is not surprising that modulation of cAMP levels has been shown to 

either promote or inhibit cancer, depending on cancer type, pathogenic subtype, 

cancer stage, expression of cAMP effector proteins, and other factors.  
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1.8.1.2 Adenylate cyclase and cAMP as drug targets in colorectal cancer 

Exploiting cAMP signalling using AC agonists, cAMP analogues, and cAMP-specific 

PDE inhibitors has been explored as potential therapy for CRC in multiple studies 

(Mehta and Patel, 2019). Conflicting effects of cAMP on CRC cell line growth 

have been found. Analogues theophylline and 8-Br-cAMP inhibited the growth of 

cell lines HT29, LIM 1215, and COLO 206F, while the analogues dibutyryl-cAMP 

and chlorophenylthio-cAMP promoted growth (Saba et al., 1990). In more recent 

work, 8-Br-cAMP inhibited growth in CT26 CRC cells and reduced tumour 

multiplicity and angiogenesis in a CRC mice model (Wang et al., 2018). 

Accounting for these divergent results, the different chemical structures of the 

cAMP analogues could have caused selectivity in cAMP effector activation (Niles 

et al., 1979). Other studies have investigated the effect of AC activation on CRC 

cell lines. In one study, the natural product and AC agonist forskolin was shown 

to increase cAMP levels, inhibit proliferation, induce apoptosis in KM12C cells 

(McEwan et al., 2007). In another study, forskolin and vasoactive intestinal 

peptide (VIP), an activator of AC via GPCR, increased cAMP, inhibited 

proliferation, and arrested the cell cycle at stages G0/G1 in HT29 cells (Gamet 

et al., 1992). However, this CRC inhibition does not generalise across the whole 

AC family. The AC gene ADCY9 exhibits mutation and increased expression in 

CRC patients, and higher expression was associated with shorter overall survival 

(Yi et al., 2018). The contrasting effects of ACs in CRC may originate from 

nanodomain regulation, and elucidation of mechanisms would facilitate the use 

of AC agonists or cAMP analogues as CRC therapeutics.  

1.8.2 cGMP and guanylate cyclase in colorectal cancer 

Like cAMP, cGMP also regulates pathways important for tumorigenesis (Fajardo 

et al., 2014). In the bowel, cGMP is synthesised primarily from the guanylate 

cyclase GUCY2C (also called GC-C), which is a membrane bound receptor 

expressed on the luminal aspect of the crypt (Piroozkhah et al., 2023). Under 

healthy conditions, the endogenous paracrine hormone guanylin is secreted by 

goblet cells and stimulates GUCY2C to synthesise cGMP, which exerts its action 

through the main effector PKG (Forte, 2004). PKGII is the only isoform expressed 

in colonic epithelial cells, while PKGI is predominant in intestinal smooth muscle 

(Francis et al., 2010; Islam et al., 2022). The GUCY2C-cGMP-PKGII pathway is 
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important for many aspects of intestinal homeostasis and in the prevention of 

CRC (Figure 1-9) (Rappaport and Waldman, 2018).  

One of the most important functions of this pathway is the inhibition of 

proliferation to maintain the proliferation-differentiation gradient that organises 

intestinal crypt structure from base to lumen (Rappaport and Waldman, 2018). 

This organisation was described in Section 1.2. Genetic knock out of guanylin, 

GUCY2C, or PKGII in mice results in crypt hyperplasia and expansion of the 

proliferating progenitor cell compartment (Steinbrecher et al., 2002a; Li, Lin, et 

al., 2007; Wang et al., 2012). Furthermore, genetic knock out of GUCY2C in 

several CRC mice models greatly increases tumorigenesis (Li, Schulz, et al., 

2007; Basu et al., 2014). The anti-proliferative mechanisms appear to involve 

multiple mechanisms driven by PKGII including inhibition of β-catenin, inhibition 

of cell cycle by upregulation of P21 and P27, upregulation of PTEN for PI3K/AKT 

inhibition, and an increase in extracellular calcium sensing and influx (Rappaport 

and Waldman, 2018). Additionally, PKGII has been shown to reduce proliferation 

in gastric cancer via inhibition of EGF/EGFR induced signalling pathways, which 

could be important in CRC. Firstly, PKGII has been shown to bind and 

phosphorylate EGFR, resulting in desensitisation towards EGF binding and 

subsequent autophosphorylation of the EGFR receptor (Wu et al., 2012). PKGII 

also inhibits the MAPK/ERK pathway downstream from this by reducing Ras 

activation via EGFR/Grb2/Sos1 signalling, as well as by suppressing activating 

phosphorylation of Raf-1, MEK, and ERK (Wu et al., 2012). Furthermore, this 

EGFR inhibition by PKGII was shown to suppress gastric cancer cell migration by 

disruption of MAPK/ERK and PLCɣ1 pathways of EGFR signalling (Jiang et al., 

2013). 

In addition to gastric cancer, PKGII antagonism of EGFR and 

RAS/RAF/MAPK/ERK pathways has been demonstrated in other cancers. Firstly, 

PKGII was shown to inhibit activating phosphorylation of Raf-1 in chondrosarcoma, 

a rare type of bone cancer, by direct phosphorylation at S43 (Kamemura et al., 

2017). This reflects the Raf-1 inhibition in gastric cancer as mentioned above 

(Wu et al., 2012). Secondly, in ovarian cancer, preliminary data suggests that 

PKGII can also inhibit EGFR by transcriptional suppression, resulting in reduced 

proliferation. (Xu et al., 2020). Further research is required to determine whether 

these inhibitory mechanisms also occur in CRC.  
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GUCY2C-cGMP-PKGII also promotes genomic stability. As outlined in Section 

1.4.1, APC regulates DNA repair processes, replication, and proper mitosis 

beyond its function as a negative regulator of β-catenin (Kouzmenko et al., 

2008; Jaiswal and Narayan, 2011; Brocardo et al., 2011). Disruption of APC is 

therefore a key contributor to CIN in CRCs of the adenoma-carcinoma sequence 

(Giaretti et al., 2004). Genetic knockout of GUCY2C in wild type or APCmin/+ mice 

increased DNA double strand breakage and ROS (Li, Schulz, et al., 2007; Lin et 

al., 2012), while treatment of the GUCY2C ligand heat-stable enterotoxin (ST) 

reversed DNA double strand breaks, abnormal mitotic orientation, and 

aneuploidy induced by radiation exposure in a manner dependent on p53 (Li et 

al., 2017).   

Additionally, GUCY2C-cGMP-PKGII plays a role in the integrity of the intestinal 

epithelial barrier, which allows the absorption of nutrients while preventing 

entry of harmful substances and pathogens. Tight junctions are protein 

complexes that regulate barrier transport between cells (Landy et al., 2016). 

Hyperpermeability and tight junction dysfunction is associated with intestinal 

pathologies like IBD, colitis, and CRC, and is driven by inflammatory stimuli (Yu, 

2018). Genetic knockout of GUCY2C in mice increases inflammation and 

accelerates disease onset in colitis mice models (Lin et al., 2012; Harmel-Laws 

et al., 2013). Additionally, GUCY2C knockout promotes disassembly of tight 

junctions and increases permeability by IFNy upregulation, and these effects 

were linked to AKT signalling and downregulated tight junction gene expression 

(Han et al., 2011; Lin et al., 2012). Accordingly, treatment of CRC cells, primary 

cells from human biopsy, and DSS-induced colitis mice models inhibited AKT 

signalling, promoted antioxidant production, and increased barrier integrity (R. 

Wang et al., 2017). Taken together, GUCY2C-cGMP-PKGII appears to maintain 

intestinal barrier homeostasis by reducing inflammatory signalling, regulating 

tight junction complexes, and promoting the expression of antioxidant factors.  

GUCY2C-cGMP-PKGII also regulates the gut microbiome. Dysbiosis is condition of 

altered and reduced diversity of gut flora and is associated with IBD and CRC 

(Yu, 2018). One of the main functions of PKGII in gut epithelium is to promote 

fluid secretion and regulate electrolyte concentration in the intestinal lumen by 

inhibiting sodium uptake by NHE3 and promoting chloride secretion by CFTR 

(Nikolovska et al., 2022). This is how the drugs Linaclotide and Plecanatide 
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work, which are guanylin mimetic GUCY2C agonists approved by the FDA for the 

treatment of constipation (Islam et al., 2018). By regulating mucus hydration 

and pH, PKGII is thought to favour commensal bacteria and inhibit pathogenic 

bacteria (Mann et al., 2013; Amarachintha et al., 2018). Consequently, genetic 

elimination of GUCY2C in mice has been shown to change microbiome 

composition and promote invasion of pathogenic bacteria into the inner mucus 

layer and enterocytes, while treatment of the GUCY2C agonist ST inhibited 

invasion (Mann et al., 2013; Amarachintha et al., 2018).  

Another way cGMP signalling opposes tumorigenesis is by the inhibition of 

epithelial-mesenchymal crosstalk, a mechanism by which inflamed or neoplastic 

epithelial cells stimulate mesenchymal cells like fibroblasts via TGFβ to 

proliferate and remodel the stroma in a manner conducive to tumour invasion 

(Choi et al., 2017). Such remodelling is called desmoplasia (Hewitt et al., 1993). 

In turn, the activated mesenchymal cells secrete growth factors like HGF which 

promote proliferation of epithelial cells, forming a positive feedback loop 

(Vermeulen et al., 2010; Koliaraki et al., 2017). cGMP has been shown to 

counteract this signalling and reduce tumour cell motility, invasion, and stromal 

remodelling. Underlying mechanisms include cGMP inhibition of fibroblast MMPs 

for remodelling (Lubbe et al., 2009), inhibition of motility organelles for invasion 

(Zuzga et al., 2012), stimulation of VASP to reduce cytoskeletal remodelling 

(Zuzga et al., 2012), and suppression of TGFβ growth factor release by epithelial 

cells (Gibbons et al., 2013). In gastric cancer, one study showed cGMP activation 

of PKGII to inhibit RhoA, an oncogene linked to invasion, migration, 

transformation, proliferation, and survival processes (Wang et al., 2014). PKGII 

was found to directly interact with RhoA, resulting in phosphorylation of S188 

and decreased migration of gastric cancer cells (Wang et al., 2014). 
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Figure 1-9. cGMP-PKG signalling homeostasis and dysfunction in colorectal cancer. 
cGMP-PKG regulation pathways of proliferation, genomic stability, gut barrier integrity, microbiome, 
and epithelial-mesenchymal crosstalk.  

1.8.2.1 The paracrine hormone hypothesis and GUCY2C agonism 

cGMP plays many roles in colorectal homeostasis, and since disruption of cGMP 

signalling is a common feature of most CRC tumours, cGMP appears to be 

multifaceted tumour suppressor (Rappaport and Waldman, 2020). Although the 

mechanism of cGMP suppression is not known, several pieces of evidence 

implicate loss of the GUCY2C agonist guanylin to be a driving factor. First, in a 

study of over 300 patients, over 85% indicated loss of uroguanylin and guanylin 

mRNA and protein (Wilson et al., 2014). Additionally, reduced levels of guanylin 

have been discovered in obese individuals and in inflamed intestinal tissue of 
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mice models of colitis, and this may explain why these conditions predispose for 

CRC (Harmel-Laws et al., 2013; Lin et al., 2016; Di Guglielmo et al., 2018). 

Furthermore, genetic suppression of guanylin was found to induce crypt 

hyperplasia in mice (Steinbrecher et al., 2002b), and guanylin administration or 

transgenic expression inhibited tumour formation (Shailubhai et al., 2000; Lin et 

al., 2016). While the mechanism underlying loss of guanylin expression observed 

in CRC is unknown, one study has suggested transcriptional silencing by 

increased Wnt/β-catenin/TCF signalling associated with CRC (Rappaport et al., 

2022). This raises the question of whether guanylin suppression in early CRC 

pathogenesis precedes aberrant Wnt/β-catenin signalling, common across most 

CRC tumours, or whether initial Wnt/β-catenin signalling downregulates 

guanylin.  

In the former case, guanylin loss resulting in disruption of cGMP signalling  

represents the paracrine hormone hypothesis of CRC pathogenesis which 

supports the development of GUCY2C agonists and ligand mimetics for CRC 

treatment and chemoprevention (Pitari et al., 2007). For example, the FDA-

approved anti-constipation drug Linaclotide, which is a guanylin mimetic, has 

undergone a phase I clinical trial, in which seven-day treatment of healthy 

individuals led to cGMP accumulation and reduced proliferation in epithelial 

cells (NCT01950403) (Weinberg et al., 2017). However, pharmacokinetic 

distribution to the colorectal epithelium was insufficient (Weinberg et al., 

2017). Nevertheless, a phase II study of Linaclotide for the treatment of patients 

with stage I-III CRC is currently ongoing (NCT03796884). For these compounds, 

promotion of intestinal fluid secretion and subsequent diarrhoea would be a 

challenge in the clinic, but this side effect may be acceptable for individuals at 

risk for CRC tumorigenesis (Rappaport and Waldman, 2020).  

1.8.2.2 cGMP elevation in colorectal cancer by guanylate cyclase agonism 
or inhibition of PDE5 and PDE10 

In addition to GUCY2C ligands, PDE inhibition represents a promising strategy for 

cGMP-mediated chemoprevention of CRC. Large-scale observational case-control 

studies have confirmed a significant reduction of primary and secondary CRC risk 

in individuals treated with the PDE5 inhibitor sildenafil (Viagra) compared to 

untreated individuals (Huang et al., 2019; Sutton et al., 2020; Cullinane et al., 
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2023). Additionally, PDE5 inhibitors have exhibited a significant reduction of CRC 

tumorigenesis in animal models via cGMP increase (Islam et al., 2017; Sharman 

et al., 2018). These reports demonstrate that PDE5 inhibitors represent a viable 

means for increasing cGMP and inhibiting tumorigenesis through cGMP-PKG 

signalling.   

As opposed to prevention, PDE inhibition may not be a viable strategy for 

treatment of established tumours, since cGMP levels are suppressed in CRC 

pathogenesis (Rappaport and Waldman, 2018). As mentioned in the previous 

section, this may be due to loss of expression of the GUCY2C agonist guanylin, 

thus impairing cGMP synthesis and signalling (Pitari et al., 2007). Therefore, if 

cGMP synthesis is the limiting factor of this pathway, then inhibiting cGMP 

hydrolysis by PDEs may not result in a functionally impactful increase in cGMP. 

Additionally, one study demonstrated that the cGMP effector PKGII is 

downregulated in CRC patient tissues compared to normal tissue (Islam et al., 

2022). This provides further evidence that PDE inhibition would not be viable for 

the treatment of established tumours, for even if cGMP levels were raised, 

signalling would be impaired due to loss of key cGMP effectors.  

Despite this, some studies using CRC cell lines have reported that PDE5 inhibition 

reduces proliferation, suggesting that PDE5 inhibitors may be viable targeted 

therapies for established tumours, not only for chemoprevention (Thompson et 

al., 2000; Li et al., 2013; Mei et al., 2015). The same has been reported for 

PDE10 inhibition (Lee et al., 2015). However, these studies used extremely high 

concentrations of PDE inhibitors, and the anti-proliferative effects were found to 

be due to off-target mechanisms independent of cGMP elevation (Hou et al., 

2022a). Regardless of PDE function, stimulating cGMP signalling does not seem to 

affect CRC proliferation or viability after tumorigenesis. One study found that by 

treatment with the reagents AOM/DSS to induce CRC, mice engineered to lack 

the cGMP effector PKG2 exhibited a much higher tumour multiplicity compared 

to wild type mice, though no difference in tumour size was found (Islam et al., 

2022). This suggests that increasing cGMP would only a viable strategy for 

chemoprevention and not as a primary treatment for established tumours. 

Accordingly, preclinical development is ongoing for PDE5 inhibitors as 

chemopreventatives with selectivity for colorectal tissues to reduce side effects 

associated with systemic inhibition (A. Lee et al., 2023).  
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1.8.3 Phosphodiesterases in colorectal cancer 

1.8.3.1 PDE2 

PDE2 is a dual cAMP and cGMP specific phosphodiesterase and is the focus of 

growing research into cardioprotective mechanisms and potential as a 

therapeutic target in various central nervous system pathologies (Sadek et al., 

2020; Paes et al., 2021). Research into the role of PDE2 in CRC is sparse. Some 

studies have shown no or negligeable protein expression in CRC cell lines 

NCM460, HCT116, HT29, Caco-2, SW480 or healthy colonocyte cell line FHC 

(Tinsley et al., 2010; N. Li et al., 2015). Furthermore, PDE2 only accounted for 

<12% of cGMP hydrolysis activity in HT29 cells relative to PDE3 and PDE5 (Tinsley 

et al., 2010). Despite this evidence of low expression, PDE2 upregulation in 

LS174T CRC cells has been linked to an anti-apoptotic mechanism, in which PDE2 

inhibits the PKA-mediated phosphorylation of TFAM, leading to TFAM 

accumulation, which is implicated in suppression of apoptosis (Zhao et al., 

2021a). Consequently, small molecule inhibition of PDE2 or siRNA inhibition of 

PDE2 or PKA inhibited proliferation in LS174T cells or mouse xenograft tumours 

(Zhao et al., 2021a).  

1.8.3.2 PDE3 

PDE3 is a dual cAMP and cGMP specific enzyme with a higher specificity for cAMP 

and is comprised of three isoforms: PDE3A1-3 and PDE3B1 (Murata et al., 2009). 

PDE3A isoforms are mainly expressed the heart, platelets, vascular smooth 

muscle cells, and oocytes, while PDE3B is localised to adipocytes, 

spermatocytes, and hepatocytes, and the PDE3 family is mainly the focus of 

research into cardiovascular therapeutic targets (Movsesian, 2016). PDE3 is also 

expressed in the colorectal tissue. Expression of the PDE3A family was found to 

be dominant in healthy and neoplastic colorectal biopsies compared to PDE4, 

PDE5, and PDE10 (Mahmood et al., 2016). Additionally, PDE3A protein was 

decreased in neoplastic tissue compared to healthy (Mahmood et al., 2016). 

Furthermore, PDE3 inhibition has been shown to decrease proliferation and 

motility in a number of cell lines (Murata et al., 1999; Tsukahara et al., 2013; 

Kangawa et al., 2017), but not the oncogenic KRAS cell line KM12C (McEwan et 

al., 2007). Importantly, PDE3 inhibition reduced epithelial proliferation, lesion 
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multiplicity, and aberrant crypt formation in mice and rat models of ulcerative 

colitis and CRC (Kangawa et al., 2017; Elshazly et al., 2020).  

1.8.3.3 PDE4 

PDE4s specifically hydrolyse cAMP and are the largest PDE family comprised of 

genes A-D, each with multiple isoforms (Hsien Lai et al., 2020). PDE4s play 

important roles in many diseases and may be the most extensively studied PDE 

family (Nongthombam and Haobam, 2024). PDE4s are important drug targets in 

COPD, psoriasis, CNS disorders, and others (Crocetti et al., 2022). Differential 

PDE4B and PDE4D expression are related to CRC. Several studies suggest that 

PDE4B expression is high in healthy tissue and early colorectal neoplasia, but lost 

in CRC (Mahmood et al., 2016; Pleiman et al., 2018; Bevanda et al., 2024). 

Paradoxically, a small study of 16 patients showed that higher PDE4B expression 

was associated with increased risk of tumour recurrence (Tsunoda et al., 2012). 

Research on PDE4D is sparse, but two studies have shown that PDE4D is 

downregulated in CRC and that lower PDE4D is linked to worse overall survival in 

patients (Chen et al., 2018; Bevanda et al., 2024). There is little information 

about PDE4A and PDE4C in CRC, and PDE4C is generally the most understudied 

subfamily of PDE4 (Wright et al., 2023). 

Contrasting to the observed downregulation of PDE4B and PDE4D in CRC, almost 

all studies indicate that PDE4 inhibition counters tumorigenesis. One phase II 

clinical trial showed that the PDE4-specific inhibitor apremilast improved clinical 

and endoscopic parameters in ulcerative colitis patients (NCT02289417) (Danese 

et al., 2020). Supporting this, the use of roflumilast or piclamilast in rat models 

of ulcerative colitis or CRC in three studies indicated a reduction in lesion 

multiplicity, aberrant crypt formation and epithelial proliferation (El-Ashmawy 

et al., 2018; Saeedan et al., 2020; Abdel-Wahab et al., 2021). These results 

were also reflected in cell line mice xenograft models, in which tumour growth 

was reduced by inhibition of PDE4B (Nishi et al., 2017) or PDE4D (Cao et al., 

2016). However, observations from one animal study opposed these findings, in 

which knock-out of PDE4B in APCmin/+ mice models of CRC showed an increase in 

lesion multiplicity (Pleiman et al., 2018).  
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Cell line studies also support the anti-cancer effect of PDE4 inhibition in CRC. 

One study showed that a combination of the AC-activator forskolin in 

combination with PDE4 inhibitor Rolipram inhibited growth in the oncogenic 

KRAS cell line KM12C as well as seven others in a panel of eleven CRC cell lines 

(McEwan et al., 2007). Rolipram was also shown to raise cAMP and inhibit 

motility in DLD-1 cells (Murata et al., 2000). 

Furthermore, some cell line studies indicate anti-cancer effects related to 

inhibition of PDE4B specifically. Rolipram and Apremilast were shown to induce 

apoptosis, luminal formation, and structural regulation in 3D cell models of 

colonic crypts via inhibition of PDE4B (Tsunoda et al., 2012; Nishi et al., 2017). 

Similarly, forskolin in combination with roflumilast or rolipram reduced growth 

of HCT-116 and KM12C cells and was linked to inhibition of PDE4B (Kim, Kwak, et 

al., 2019).  

Anti-cancer effects in cell lines have also been linked to PDE4D by the use of 

Roflumilast or Rolipram (Miklos et al., 2016; Kim, Nam, et al., 2019), miRNA 

(Cao et al., 2016), or the PDE4D specific inhibitor GEBR-7b (Nummela et al., 

2024). Contrary to this, one study found that miRNA-mediated PDE4D inhibition 

reduced proliferation, migration, and invasion in two CRC cell lines (Chen et al., 

2018).  

Overall, PDE4 inhibition represents a promising therapeutic strategy for CRC, 

and further research in larger scale human CRC cohorts or in the use of PDE-

isoform specific inhibitors is warranted.  

1.8.3.4 PDE5/10 inhibition 

PDE5 specifically hydrolyses cGMP and is well-known for its role in smooth 

muscle relaxation, making it an important target in the treatment of erectile 

dysfunction and pulmonary hypertension (Liu et al., 2023). In contrast, PDE10 

degrades both cyclic AMP and cGMP, playing a crucial role in regulating 

dopaminergic signalling in the brain (Zagórska, 2020).   

As mentioned above (Section 1.8.2.2), increasing cGMP by PDE5 and PDE10 

inhibition has been shown to not affect CRC cell line proliferation (Hou et al., 
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2022a), and that PDE5 and PDE10 inhibition may not be a viable strategy for 

established tumours (Islam et al., 2022). Despite this, increased expression of 

these proteins has been found in CRC cell lines and in patient tumour tissues 

compared to normal cells and tissues by western blot, RT-qPCR, and IHC (Tinsley 

et al., 2010; N. Li et al., 2015; Lee et al., 2015; Mahmood et al., 2016). While 

cGMP is known to be attenuated in CRC by its synthesis (Pitari et al., 2007; 

Rappaport and Waldman, 2018), the increased expression of these PDE families 

may also contribute to cGMP downregulation.  

1.8.3.5 PDE6 

Phosphodiesterase 6 (PDE6) is well-studied in photoreceptor cells where it plays 

a crucial role in the visual phototransduction pathway (Cote, 2021). Some 

studies have identified PDE6 mRNA expression in non-photoreceptive cells and 

tissues, yet protein expression and functional importance is poorly characterised 

(Cote, 2021). Research into the role of PDE6 in CRC is even more limited, but a 

recent siRNA screening study identified the PDE6 regulatory subunit PDE6ɣ’ and 

its gene PDE6H to negatively regulate nucleotide metabolism and cell cycle 

progression in HCT116 CRC cells (Yalaz et al., 2024). Subsequently, PDE6H 

genetic knockout or siRNA inhibition suppressed proliferation of HCT116 cells 

and tumour growth of HCT116 mouse xenografts, and this effect was linked to 

increased cGMP levels and inhibition of mTOR (Yalaz et al., 2024). Interestingly, 

alterations in PKG were not detected, and the authors speculated that the 

growth arrest mechanism may be mediated by local PKG modulation or PKG-

independent pathways (Yalaz et al., 2024).  

1.8.3.6 PDE8 

PDE8 is a cAMP-specific phosphodiesterase family with the highest affinity for 

cAMP out of all PDEs (Fisher et al., 1998). The PDE8 family originates from two 

genes PDE8A and PDE8B, accounting for over nine splice variants (Wang et al., 

2001; Gamanuma et al., 2003). PDE8 is found in various tissues throughout the 

body, with particularly high expression in the adrenal glands, thyroid, testis, 

brain, and immune cells, and is being researched for immune-related diseases, 

inflammatory diseases, endocrine disorders, and CNS diseases (Tsai and Beavo, 

2012; Epstein et al., 2021; Qiu et al., 2024). 
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PDE8A has a prominent role in oncogenic RAS mutated cancers, in which it 

interacts with c-Raf to prevent inhibition via phosphorylation by PKA (Brown et 

al., 2013). Disruption of the interaction has been shown to inhibit MAPK-driven 

growth in HeLa and pancreatic ductal adenocarcinoma cell lines (Brown et al., 

2013; Cooke et al., 2024) as well as melanoma cell lines and mouse xenograft 

tumours (Blair et al., 2019). Similar growth inhibition was observed in HCT116 

CRC cells by PDE8A-cRAF disruption by the scaffold protein 14-3-3ζ (Mukherjee 

et al., 2024).  

Additionally, CRC-specific expression of a novel fusion transcript of PDE8A with 

AKAP13 was identified from cell lines and patient tissues (Nome et al., 2013), 

but follow up studies are required to determine functional importance and 

potential as a biomarker. Gene fusions have been an effective target in cancers 

including CRC, one example being TRK gene fusion as an indicator of MSI-H and 

TRK inhibitor response (H. Wang et al., 2022).  

1.8.3.7 PDE9 

PDE9A selectively hydrolyses cGMP with exceptionally high affinity and is 

expressed in various tissues, where it plays roles in neurological function, 

platelet aggregation, regulation of vascular smooth muscle tone, cell 

proliferation, apoptosis, and myocardial contractility (Soderling et al., 1998; 

Zheng and Zhou, 2023). Research on PDE9A in CRC is limited, but one study 

employed extensive database mining to characterise a distinct downregulation of 

PDE9A mRNA in CRC cells and tissue relative to healthy samples (Susmi et al., 

2021). Furthermore, this expression pattern was linked to increased PDE9A 

promotor methylation, and lower PDE9A was associated with worse overall 

survival, progression free survival, and disease-specific survival in patients. 

These findings were derived by computational methods alone, and in vitro / in 

vivo validation is required. The observation that PDE9A appears protective in 

CRC is paradoxical given the tumour-suppressive role of cGMP, and valuable 

insight may be gained by overexpression studies of PDE9A in CRC cell lines or 

primary cells.  
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1.8.3.8 PDE11 

PDE11 is a phosphodiesterase with dual specificity for cAMP and cGMP, and is 

highly expressed in many tissues including the prostate, liver, and adrenal gland 

(Kong et al., 2022). In cancer, inactivating germline mutations of PDE11A have 

been linked to a higher risk of adrenal hyperplasia and tumours (Pinto et al., 

2020), while deleterious overexpression of PDE11A has been linked to 

glioblastoma (H. Lee et al., 2022). There is limited research into PDE11A and 

CRC, but high protein expression has been found in human colon epithelial cells, 

submucosal macrophages, colonic smooth muscle cells, as well as colon 

carcinoma tissue (D’Andrea et al., 2005).  

From the above text, it is apparent that there are many links between PDEs and 

CRC though some associations are more tenuous than others and require further 

investigation. 

1.9 Omics approaches for exploring PDEs in colorectal 
cancer 

As described above, the function of cGMP signalling, PDE5, and PDE10 are well 

characterised in CRC, but the role of cAMP signalling and the other PDE genes 

remains unexplored. RNA sequencing (RNA-seq) is a powerful technique for 

comprehensive analysis of gene expression, and due to its sensitivity and broad 

scope, it is well suited for detecting subtle and complex alterations across the 

whole PDE family or cyclic nucleotide pathways in CRC (Hrdlickova et al., 2017). 

In addition, a wealth of datasets from RNA-seq and other platforms, generated 

by many omics studies, have been stored in freely accessible repositories such as 

The Cancer Genome Atlas (TCGA) and The Human Protein Atlas (THPA) (Uhlen et 

al., 2010; Weinstein et al., 2013). By leveraging these resources using high-level 

biostatistical analysis, this project aimed to gain unprecedented insight into PDE 

and cyclic nucleotide function in CRC, with the goal of informing prognostic and 

therapeutic development.  

1.10 Aims 

CRC is a prevalent and heterogeneous disease and is the second most deadly 

cancer worldwide. Advances in the understanding of pathogenesis and in the 
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development of novel chemotherapies and targeted therapies have 

revolutionised treatment and patient outcomes. However, several key challenges 

persist which hinder late-stage treatment, reduction in mortality, and the 

development of curative therapies: namely the difficulty in diagnosing early-

stage CRC, and poor late-stage CRC patient outcomes stemming from inadequate 

response rates, disease heterogeneity, and resistance to treatment.  

cAMP and cGMP are key second messengers of intracellular signalling and control 

many processes relating to cancer. While cGMP has defined anti-cancer functions 

in CRC, the role of cAMP is less clear. Nevertheless, cAMP and cGMP modulation 

by adenylate cyclase and guanylate cyclase agonists or phosphodiesterase 

inhibitors represents a promising strategy for chemoprevention of CRC. This is 

highlighted most by the advances in PDE5 inhibition, as well as the growing body 

of research into PDE4 inhibition. Beyond these PDE families, research is sparse 

and the roles of PDEs as biomarkers or drug targets in CRC remain 

underexplored. In light of this, this project had the following aims: 

Chapter 1 

1. To use RNA-Sequencing and database mining strategies for the 

identification of differentially expressed PDEs linked to CRC and CRC 

subtypes.  

2. Investigate gene set enrichment of cAMP and cGMP signalling pathways 

using RNA-seq data.  

3. Validate PDE expression patterns in CRC by RT-qPCR and western blotting 

of patient tissue samples.  

Chapter 2 

1. Validate differentially expressed PDEs in CRC within the epithelial cell 

population using scRNA-seq 

2. Explore differential PDE expression between MSS and MSI-H CRC cells.   
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Chapter 2  Methods 

2.1 PDE expression analysis between colorectal cancer 
and normal tissues 

2.1.1 TCGA RNA-seq differential expression analysis 

TCGA is a large-scale research programme launched by the National Cancer 

Institute (NCI) and the National Human Genome Research Institute which 

collects and integrates genomic, transcriptomic, epigenomic, and proteomic 

data with the aim of advancing cancer research (Weinstein et al., 2013). The 

vast datasets provided by the TCGA repository are an invaluable resource for 

researchers across the world. TCGA offers data from cancer and matched normal 

tissue from over 450 colon cancer patients (COAD cohort) and 160 rectal cancer 

patients (READ cohort).  

Clinical and RNA-seq gene expression data of cancer and matched normal tissues 

from 445 colon cancer patients and 157 rectal cancer patients were downloaded 

from TCGA using TCGAbiolinks package (2.30.4) in R. The RNA-seq data was 

generated previously by TCGA using the following pipeline: FastQC and Picard 

Tools were used for quality assessment, and STAR was used to align reads to the 

GRCh38 reference genome and generate counts (National Cancer Institute, 

2024). This dataset was downloaded at the raw count level. Differential 

expression analysis was conducted using DESeq2 (1.42.1). Differential expression 

was determined between cancer and normal samples, patient sex, cancer stage, 

and tumour location. DESeq2 quantified differential expression and tested for 

statistical significance by the following steps. First, the raw counts of each 

sample were normalised by sequencing depth to ensure that differences in gene 

expression were not due to one sample being sequenced with a larger input of 

mRNA. Next, the dispersion of each gene was estimated and used to fit a 

negative binomial distribution to the normalised count data. Finally, a general 

linear model and a Wald test were used to determine significance. Significant 

genes were defined as p < 0.05 and |log2FoldChange| > 1.     
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2.1.2 TCGA differential methylation of PDE promotors  

Using TCGAbiolinks package (2.30.4) in R, patient clinical data and Illumina 

Human Methylation 450 array beta values from 393 CRC patients were 

downloaded. This data was prepared previously by TCGA by conducting quality 

control and beta value conversion on raw methylation array data using the 

Surface Epitope Subtraction Analysis of Methylation framework (SeSAMe) (Zhou 

et al., 2018). Once downloaded, several quality control steps were conducted on 

the methylation probes. Firstly, only probes containing expression values across 

all samples were retained so the analysis was not influenced by missing values. 

Secondly, probes overlapping with single nucleotide polymorphisms (SNPs) were 

removed so that potential genetic confounding effects or genotype dependent 

binding were excluded. SNP annotation was provided by the 

IlluminaHumanMethylation450kanno.ilmn12.hg19 R package (0.6.1). Lastly, 

probes known to map to multiple sites were removed based on annotations listed 

online by Dr Hamid Ghaedi at Queens University Belfast, Northern Ireland 

(Ghaedi, 2024). Next, probes were mapped to the promotor sites on PDE genes. 

First, PDE gene start sites were obtained using the Ensembl genome browser 

(Fernández and Birney, 2010). Next, promotor regions were estimated to be 

within 2 kb upstream of the start sites, and probes mapping to these regions 

were identified using the intersect function from the command line suite 

BedTools (2.31.1) (Quinlan and Hall, 2010). Methylation beta values of the 

promotor probes were transformed into M values to reduce heteroscedasticity 

for statistical modelling (Du et al., 2010) by following formula:  

𝑚 = 𝑙𝑜𝑔2(
𝛽

1 − 𝛽
) 

The R package Limma (3.58.1) was used for differential statistics (Ritchie et al., 

2015). Limma tests for significance by linear modelling in addition to empirical 

Bayes moderation to improve the estimation of gene-wise variance Ritchie et 

al., 2015). Limma is a conventional tool for analysing continuous data like 

methylation M values (Maksimovic et al., 2016). To visualise the differential 

methylation, beta values were used to generate density plots between cancer 

and normal tissues. For patient-matched cancer and normal samples, paired line 

plots were prepared to show changes in PDE promotor methylation at the 
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individual level. To investigate whether promotor methylation was linked to 

gene expression, Spearman correlation with Benjamini-Hochberg correction was 

performed between the methylation M values and RNA-seq counts normalised by 

DESeq2.  

2.1.3 Pathway analysis 

Pathway analysis using Gene Set Enrichment Analysis (GSEA) (4.3.2) and 

Pathview (1.42.0) was conducted for the cAMP signalling pathway (hsa04024) and 

the cGMP-PKG signalling pathway (hsa04022). The pathway gene sets were 

downloaded and extracted using the KEGGREST package (1.42.0) and were 

exported to GSEA in .gmt file format. Differentially expressed genes identified 

by DESeq2 were pre-ranked by a signed score metric (log2FoldChange * (-

log10(p_value))), allowing genes to be ranked by log2FoldChange and 

significance. Gene set enrichment was performed using GSEA, and differentially 

expressed genes across the cAMP and cGMP-PKG pathways were visualised using 

Pathview.  

2.1.4 THPA protein expression by immunohistochemistry and 
survival analysis 

THPA is a research initiative conducted by Swedish institutions with the goal of 

mapping all human proteins across cells, tissues, and organs using a variety of 

omics technologies (Uhlen et al., 2010). Similar to TCGA, THPA provides a vast 

resource that has greatly facilitated research in human biology and disease. In 

particular, THPA offers RNA-seq and IHC data obtained from cancer patient 

tissues at the Department of Pathology, Uppsala University Hospital, Uppsala, 

Sweden. Additionally, THPA also provides Kaplan Meier survival analysis of gene 

expression data for 597 CRC TCGA patients.  

To assess PDE expression at the protein level between CRC and normal tissues, 

immunohistochemistry (IHC) data was obtained from THPA. IHC images on the 

database were prepared from tissue microarrays with 1 mm cores of surgical 

specimens of cancer and adjacent normal tissue fixed with formalin and 

embedded in paraffin (FFPE). Tissue slides were stained with 3,3'-

diaminobenzidine-conjugated antibodies (DAB) and counterstained using 

haematoxylin. Antibody specificity was verified by THPA by antigen microarray, 
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similar to the peptide array platform used in this project (see methods described 

in Chapter 7), or by western blot of lysates from human tissue or cell lines, 

providing a high level of confidence (O’Hurley et al., 2014). To assess PDE 

expression in this project, representative images from each group were 

selected, and figures of the full slide and a magnified section were prepared.  

Similarly, Kaplan-Meier survival data were obtained from THPA. Survival analysis 

was conducted by THPA on gene expression and outcome data from COADREAD 

patients from TCGA. Stratification of samples into low and high expression 

groups was decided by an expression value set for the maximisation of p value as 

determined using a log rank test. In this way, stratification was performed to 

produce the biggest difference in survival between the groups.  

2.1.5 PDE protein expression from the Clinical Proteomic Tumour 
Analysis Consortium  

The Clinical Proteomic Tumour Analysis Consortium (CPTAC) was launched by the 

NCI to enhance understanding of cancer at the molecular level (Edwards et al., 

2015). This national initiative focuses on large-scale proteomic and genomic 

analysis, to uncover the complex biological mechanisms driving cancer. The 

CPTAC offers a protein expression dataset of 97 CRC tumour and 100 normal 

tissue samples of mass-spectrometry-based proteomic data. 

To further characterise PDE protein expression, colon cancer proteomic data was 

obtained from CPTAC using the University of Alabama at Birmingham Cancer 

(UALCAN) data analysis portal (Chandrashekar et al., 2017; Chandrashekar et al., 

2022).  

2.1.6 Tissue collection 

Colorectal tumour and normal adjacent matched tissue samples were derived 

from surplus resection tissue from 10 patients undergoing surgery with curative 

intent within the NHS Greater Glasgow and Clyde health board through the 

Glasgow Biorepository. Samples were labelled with a unique identifier, 

immediately snap frozen, and stored at –80 °C. 
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2.1.7 RNA extraction  

Total RNA was extracted from the snap-frozen tissue samples using the Qiagen 

RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions. Briefly, approximately 30 mg of tissue was homogenised in 600 µL 

RLT lysis buffer containing 1% v/v β-mercaptoethanol to protect the RNA from 

degradation by RNases. The tissue was homogenised using a Tissue Homogeniser 

(TH) (Omni International) at full power for approximately 6-8 pulses of 2 s or 

until complete tissue disruption was achieved. The lysates were then centrifuged 

at 13,000 rpm for 5 minutes, and one volume of 70% ethanol was added to the 

supernatant. 700 µL of this mixture was added to a RNeasy column and 

centrifuged for 30 s at 10,000 rpm. On column DNase digestion was performed 

according to the Qiagen RNeasy Mini Kit protocol. 350 µL of buffer RW1 was 

added to the column, followed by centrifugation for 30 s at 10,000 rpm. DNase I 

incubation mix was prepared by diluting 10 µL of DNase I stock solution with 70 

µL buffer RDD, and all 80 µL was added to the column and incubated at room 

temperature for 20 minutes. 350 µL of buffer RW1 was added to the column, 

followed by centrifugation for 30 s at 10,000 rpm. After DNase treatment, the 

column was washed with 500 µL of Buffer RPE and centrifuged for 30 s at 10,000 

rpm. This washing step was repeated with an additional 500 µL of Buffer RPE and 

centrifugation at 10,000 rpm was extended to 2 minutes. The column was then 

centrifuged at 13,000 rpm for 5 minutes then left to air dry for 20 minutes at 

room temperature. For elution, 20 µL of nuclease-free water was added to the 

column and centrifuged for 5 minutes at 13,000 rpm. Elution was performed 

again with a second volume of 20 µL nuclease-free water to maximise yield. The 

RNA concentration was determined using a Nanodrop Spectrophotometer 

(Thermo Scientific). The purity of the RNA was assessed by measuring both the 

A260/A280 and A260/A230 absorbance ratios. An A260/A280 ratio close to 2.0 

was used to confirm protein-free RNA, while an A260/A230 ratio between 2.0 

and 2.2 was used to ensure minimal contamination from organic compounds 

introduced during RNA extraction. Only RNA samples meeting these criteria were 

selected for further analysis.  
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2.1.8 Reverse Transcription 

A second round of DNase digestion was performed to ensure removal of 

chromosomal DNA before RT-qPCR using the DNA-free DNA removal kit (Qiagen) 

according to the manufacturer’s instructions. Briefly, rDNase I enzyme and 

DNAase buffer were added to the RNA according to the RNA concentration and 

incubated for 30 minutes at 37 ºC. 0.1 volume of DNase inactivation reagent was 

added and incubated for 2 minutes with regular agitation. The sample was 

centrifuged at 13,000 rpm for 5 minutes and the supernatant was used for 

reverse transcription. Reverse transcription was performed using the Applied 

Biosystems High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific) according to the manufacturer’s protocol. 10 µL of 2X reverse 

transcription master mix was prepared by combining 2 µL of 10X RT Buffer, 0.8 

µL of 25X dNTP Mix (100 mM), 2 µL of 10X RT Random Primers, 1 µL of 

MultiScribe Reverse Transcriptase, and 4.2 µL of nuclease-free H₂O. This was 

added to 10 µL of DNase treated RNA. The thermocycler protocol consisted of an 

initial incubation at 25°C for 10 minutes, followed by reverse transcription at 

37°C for 2 h, and heat inactivation at 85°C for 5 minutes.  

2.1.9 Quantitative Real-Time PCR (RT-qPCR) 

RT-qPCR was performed using the Power SYBR Green PCR Master Mix (Invitrogen) 

according to the manufacturer’s instructions. Applied Biosystems MicroAmp Fast 

Optical 96 well qPCR plates (Thermo Fisher Scientific) were used. 5 µL of SYBR 

green master mix from the kit was added to each well of the plate. A cDNA 

solution was prepared by adding 1.4 µL nuclease free water, 3 µL cDNA, and 0.6 

µL of 5µM dual primer stock (for a working concentration of 300 nM) for well and 

added to the plate containing the SYBR green master mix for a total volume of 

10 µL. RT-qPCR was then performed on an Applied Biosystems 7500 Fast RT-qPCR 

machine (Thermo Fisher Scientific). The temperature cycling protocol consisted 

of an initial denaturation step at 95 ºC for 10 minutes followed by 40 cycles 

between 60 ºC for 30 s and 90 ºC for 30 s. Finally, a melt curve was included to 

check for a single specific amplicon by increasing the temperature from 60 to 90 

ºC at a rate of 1.5 ºC/minute. PDE gene expression was determined relative to 

both GAPDH and 18S rRNA using the comparative Ct method (Schmittgen and 

Livak, 2008). The primers used are listed below (Eurofins Genomics).   
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Table 4: PDE primers 
PDE primers used to detect gene expression in patient tissue samples are listed. Bracketed 
numbers indicate alternative primer combinations that were used if the previous primer pair were 
unsuccessful. 

Gene Primer Sequence (5’ to 3’) 
PDE3A forward GGTTTGAGAGGGTGCTTGTG 
PDE3A forward TGGAGGAGGGCATTTGGAAT 
PDE4D reverse TTCTTCAAGCAGCCTCCCTT 
PDE4D reverse TCCACATCAAAACAAACTGCCT 
PDE5A forward CCCGAAGCCTGAGGAATTGA 
PDE5A forward CTCCTCGACCATCACTGCC 
PDE6A reverse TGAATGGGAAGGATGTGGTG 
PDE6A reverse CGATGTCCGTAAGTTCTTCAAAG 
PDE6A (2) forward GCCATGTCGCACACTCTAAG 
PDE6A (2) forward TTCATCTCTCTTGGTGAAGTGG 
PDE9A forward TAGTAAGGAGTCATGGGCGTC 
PDE9A forward AGCACGCTCTGGATTAATTCT 
PDE9A (2) reverse ATGACCAACTGCCCCTGTAA 
PDE9A (2) reverse GGAGTCAACTTCTTGTGGTTATC 
PDE9A (3) forward GTCCCACCAGCACTCCGTA 
PDE9A (3) forward AGCACGCTCTGGATTAATTCTTC 

 
 

2.1.10 Protein extraction and western blot 

To extract protein from the patient tissue samples, 30-50 mg of tissue was 

homogenised in 700 µL Pierce lysis buffer (Tris-HCl (25 mM), pH 7.4, NaCl (150 

mM), EDTA (1 mM), NP-40 (1% v/v), glycerol (5% v/v) at 4 ºC with protease 

inhibitor (Complete Protease Inhibitor Cocktail, Roche). The tissue was 

homogenised using a Tissue Homogeniser (TH) (Omni International) at full power 

for approximately 6-8 pulses of 2 s or until complete tissue disruption was 

achieved. The lysates were then centrifuged at 13,000 rpm for 5 minutes. 

Bradford assay and western blot were performed as described later (Section 

7.7.1, Section 7.7.4). The antibodies used are listed in Table 5. 
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Table 5: Primary and secondary antibodies used for western blotting. 
WB; western blot.   

Antibody Dilution Company 
Catalogue 
Number 

⍺-PDE3 
(rabbit polyclonal) 

WB: 1:1000  

Custom antibody, 
Baillie Lab, University 
of Glasgow 

NA 

⍺-PDE4D  
(goat polyclonal) 

WB: 1:1000 
Custom antibody, 
Baillie Lab, University 
of Glasgow 

NA 

⍺-PDE4D9 
(Rabbit polyclonal) 

WB: 1:1000 ImmunoKontact IKS-LY-090923-4 

⍺-PDE6A 
(mouse monoclonal) 

WB: 1:2000 Proteintech 67832-1-Ig 

⍺-PDE9A 
(rabbit polyclonal) 

WB: 1:1000 Proteintech 12648-1-AP 

⍺-GAPDH  
(mouse monoclonal) 

WB: 1:80,000 Proteintech 60004-1-Ig 

⍺-rabbit IgG  
(donkey, 800 nm) 

WB: 1:5000 Licor 926-32213 

⍺-mouse IgG  
(donkey, 800 nm) 

WB: 1:5000 Licor 926-32212 

⍺-sheep IgG  
(donkey, 594 nm) 

WB: 1:5000 Invitrogen A-11016 
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2.2 Single cell RNA-seq PDE expression in colorectal 
cancer 

2.2.1 Data Acquisition 

A scRNA-seq dataset (GSE200997) published on the Gene Expression Omnibus 

database (Edgar et al., 2002) was identified, consisting of sequenced cells from 

16 CRC patients who underwent curative colon tumour resection at Rush 

University Medical Center (Chicago, IL, USA). Of these patients, nine were 

Caucasian, six African American, and one Asian. The protocol of single cell 

capture and sequencing from these authors is summarised as follows. From each 

patient, single cells were captured from tumour tissue alongside normal 

matched tissue from seven of the patients using the 10X Genomics Single Cell 5’ 

Platform. Following library preparation, sequencing was conducted using the 

Illumina NextSeq 550, and reads were aligned and counted using Cell Ranger 

(3.1.0) with the hg38 reference assembly. For this project, the raw count matrix 

and cell annotation files were manually downloaded from GEO and was 

comprised of 49,860 total cells.  

2.2.2 Quality Control 

The single cell data was processed using a standard workflow in Seurat (5.1.0) 

and R (4.3.2) (Chen et al., 2019). A Seurat object was created from the 

downloaded raw count matrix and cell annotation files. ‘Cells’ expressing less 

than 200 or more than 2500 genes were filtered out to remove empty droplets or 

multiplets. Additionally, cells expressing a proportion of >5% mitochondrial 

genes were filtered out, as that was an indication of stress or poor viability. 

Lastly, low signal genes expressed in fewer than three cells were removed. This 

filtered the dataset from 49,860 to 26,212 cells.  

After quality control, counts were normalised by cell sequencing depth. Highly 

variable genes were identified, the gene expression was scaled, and principal 

component analysis (PCA) was used to reduce the dimensionality of the data. An 

elbow plot was generated, and the first 20 principal components were found to 

capture most of the variation in gene expression.  
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In single-cell RNA-Seq, multiple cells can be captured at once, resulting in 

anomalous results. DoubletFinder (2.0.4) was used to remove doublets. First, the 

optimal pK value, a parameter for doublet detection rate, was found by 

performing a parameter sweep over principal components. Next, the homotypic 

doublet rate was estimated from the cluster number annotations and was used 

to adjust an initial assumed doublet formation rate of 7.5%. Doublets were then 

identified and removed using the first 20 principal components, the optimised pK 

value, and the adjusted doublet rate estimate.  

2.2.3 Clustering of major cell types 

With the filtered cells, the first 20 principal components were used with the 

Seurat FindNeighbours function to generate a shared nearest neighbours (SNN) 

graph of the cells. The SNN graph was partitioned into clusters using the Seurat 

FindClusters function based on the Louvain algorithm. Granularity of clustering 

was set by a resolution of 0.1. To estimate the cell types of each cluster, t-SNE 

dimensionality reduction was used to visualise marker gene expression for 

epithelial cells (KRT8, KRT18, and EPCAM), fibroblasts (THY1), endothelial cells 

(PECAM1), T cells (CD3D), B cells (CD79A), and myeloid cells (LYZ).  

2.2.4 Differential expression analysis 

Differential expression between epithelial cells originating from cancer and 

normal samples was determined at the single cell level using the Seurat 

FindMarkers function, which is based on the Wilcoxon Rank Sum test (Satija et 

al., 2015). Differential expressed genes were defined by p.adj < 0.05 and 

|log2FC| > 1. For visualisation, dimensionality reduction by t-SNE was performed 

on the epithelial cell subset, and plots were generated using the 

FeaturePlot_scCustom function from the scCustomize package. Differential 

expression of epithelial cells stratified by microsatellite instability status was 

also carried out using the FindMarkers function. Genes were not filtered by 

log2FC so that small changes in PDE expression could also be shown. 

To perform differential expression on the pseudobulk scale, epithelial cells were 

combined by patient and tissue type using the Seurat AggregateExpression 

function. Differential expression was determined using DESeq2 (1.42.1) between 
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Cancer and Normal groups. PDE genes and the markers CA2, CST1, and LYZ were 

extracted, and Benjamini-Hochberg adjusted p values were calculated for this 

subset.  

2.2.5 Pathway analysis 

Pathway analysis using GSEA (desktop application, 4.3.2) and Pathview (1.42.0) 

was conducted for the cAMP signalling pathway (hsa04024) and the cGMP-PKG 

Signalling pathway (hsa04022). The pathway gene sets were downloaded and 

extracted using the KEGGREST package (1.42.0) and were exported to GSEA in 

.gmt file format. Single cell level differentially expressed genes from the 

FindMarkers function were preranked by a signed score metric (log2FoldChange * 

(-log10(p_value))), accounting for both log2FoldChange and p_value. Gene set 

enrichment was performed using GSEA, and differential gene expression across 

the cAMP and cGMP-PKG pathways were visualised using Pathview.  
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Chapter 3 PDE expression analysis between 
colorectal cancer and normal tissues 

3.1 Introduction  

In colorectal cancer, patient outcomes have been greatly improved by 

advancements in chemotherapy and targeted therapeutics, but treatment is 

ineffective for some, and prediction of patient response remains a significant 

challenge (Xie et al., 2020; Gmeiner, 2024). Furthermore, the link between 

patient response and the complex heterogenous subtypes of CRC is largely 

unclear (Xie et al., 2020). Dysregulation of cAMP, cGMP, and PDEs are features 

of many diseases, and PDE inhibitors and other cAMP/cGMP modulators have 

been greatly successful as licensed drugs (Baillie et al., 2019). In CRC, no such 

compounds have reached the clinic (Mehta and Patel, 2019). However, cGMP has 

been identified as a tumour suppressor of CRC, and PDE5 inhibitors are 

undergoing preclinical development (A. Lee et al., 2023; Ramesh et al., 2023). 

Nonetheless, the role of cAMP in CRC is not well characterised, and the 

expression and function of the other PDE genes are largely unexplored. By 

delineating PDE expression in CRC, expression patterns could be found that 

inform pathologic understanding, subtype prognosis, and therapeutic 

development. This chapter describes the leveraging of publicly accessible 

repositories The Cancer Genome Atlas (TCGA), The Human Protein Atlas (THPA), 

and the Clinical Proteomic Tumour Analysis Consortium (CPTAC) to investigate 

PDE expression and function in CRC.   

As follows, datasets from these repositories were leveraged to achieve the 

following aims: 

1. To analyse TCGA colon cancer and rectal cancer cohorts separately to 

identify differentially expressed PDEs between cancer and normal 

samples, cancer grades, males and females, and tumour location.  

2. To compare the PDE expression profile between colon and rectal cancers. 
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3. To analyse TCGA methylation array data to identify differentially 

methylated PDE gene promotors in cancer and relate methylation to gene 

expression level.   

4. To explore whether the cAMP and cGMP pathways are enriched or 

depleted in CRC and normal tissue using gene set enrichment analysis 

(GSEA).  

5. For the main differentially expressed PDE genes identified from TCGA 

RNA-seq data, to determine whether the differential mRNA expression 

translates to protein expression by analysing THPA IHC and CPTAC 

proteomic datasets.  

6. To survey THPA survival analysis data to see if any PDEs are linked to CRC 

patient outcomes.  

Additionally, since these aims all involved computational analysis of omics 

resources and databases, validation was performed on patient tumour and 

normal-matched tissues provided by Dr Kathryn Pennel and Professor Joanne 

Edwards as part of a collaboration within the University of Glasgow. Using these 

samples, this project had the additional aim: 

7. To validate differential expression of PDEs found by the above 

computational methods by RT-qPCR and western blot on patient-matched 

tumour and normal tissues.  
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3.2 Results 

3.2.1 TCGA RNA-Seq differential expression analysis 

3.2.1.1 Differentially expressed PDE genes in colon cancer 

Transcriptomic data from TCGA were analysed, beginning with the colon cancer 

dataset (TCGA COAD) consisting of 445 patients, 445 cancer samples, and 42 

matched normal samples. After data acquisition and pre-processing, 14,200 

genes were significantly differentially expressed, with 10,187 upregulated genes 

and 4,013 downregulated genes (Figure 3-1). There was a stark difference in 

expression profile between normal and colon cancer samples, reflected by clear 

clustering into sample groups (Figure 3-1:A). Of the differentially expressed 

genes, the majority of PDEs genes were downregulated, with only PDE7A and 

PDE10A upregulated (Figure 3-1:B) 
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Figure 3-1: Differential expression between cancer and normal tissues in The Cancer 
Genome Atlas colon cancer dataset (COAD). 
A total of 14,200 differentially expressed genes were identified by DESeq2, of which 10,187 were 
significantly upregulated and 4,013 were significantly downregulated. A: A clustered heatmap of 
differentially expressed genes. Expression from low (blue) to high (red) shown as z-score scaled 
DESeq2 normalised counts. B: Volcano plot of differentially expressed genes with significant 
phosphodiesterase (PDE) genes highlighted. Cancer n=445, normal n=42. 

When expression of each PDE gene was viewed individually, significant 

downregulation was found for PDE1A, PDE1B, PDE1C, PDE2A, PDE3A, PDE3B, 

PDE4C, PDE4D, PDE5A, PDE6A, PDE6B, PDE6G, PDE7B, PDE8A, and PDE9A, while 

significant upregulation was observed for PDE7A and PDE10A in colon cancer 

samples compared to normal tissue (Figure 3-2).  

 



 

 

86 

 

 

Figure 3-2. Scaled phosphodiesterase (PDE) gene expression in cancer and normal tissue 
from the colon cancer cohort (COAD) of The Cancer Genome Atlas (TCGA).  
Differential analysis and count normalisation performed using DESeq2. Boxplots generated from 
normalised counts scaled by z-score. N; normal, C; cancer. Significance indicated by Benjamini-
Hochberg corrected p values: *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Cancer n=445, normal 
n=42. 

By examination of unscaled expression data, the relative expression level in the 

tissues could be seen (Figure 3-3), revealing PDE3A, PDE4D, PDE5A, PDE8A and 

PDE9A to be highly expressed in the colon tissue and strongly downregulated in 

the cancer samples. Of the upregulated genes, PDE7A had a moderate to low 

level of expression while PDE10A appeared lowly expressed.  
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Figure 3-3. Unscaled phosphodiesterase (PDE) gene expression in cancer and normal tissue 
from the colon cancer cohort (COAD) of The Cancer Genome Atlas (TCGA). 
Differential analysis and count normalisation performed using DESeq2. Boxplots generated from 
normalised counts. N; normal, C; cancer. Significance indicated by Benjamini-Hochberg corrected 
p values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Cancer n=445, normal n=42. 
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3.2.1.2 Differentially expressed PDE genes across colon cancer grades and 
tumour location 

TCGA colon dataset included cancer stage information of patients that was used 

to relate PDE expression to stage and cancer progression. By examination of PDE 

expression across cancer stages, the majority of PDEs were downregulated in the 

cancer samples compared to normal with a low homogenous expression across 

stages (Figure 3-4). However, some PDE genes suggested a different expression 

pattern but were not significant. PDE3A exhibited a progressive decrease with 

greatly reduced expression at stage IV. PDE7B was homogenously downregulated 

in the cancer samples but was especially reduced at stage IV similar to PDE3A. 

Interestingly, PDE6A was downregulated across cancer samples but seems to 

have slightly recovered at stage III, though this was also not significant. Of the 

upregulated genes, both PDE7A and PDE10A were upregulated in the cancer 

samples, but expression did not depend on cancer stage. Lastly, PDE2A and 

PDE6B indicated significant differential expression between stages, but the 

magnitude of change was negligeable.  
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Figure 3-4. Phosphodiesterase (PDE) gene expression across cancer grades in the colon 
cancer cohort (COAD) of The Cancer Genome Atlas (TCGA). 
Differential analysis and count normalisation performed using DESeq2. Boxplots generated from 
normalised counts scaled by z-score. N; normal; cancer stage I-IV. Significance indicated by 
Benjamini-Hochberg corrected p-values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Normal 
n=67, stage I n=81, stage II n=187, stage III n=133, stage IV n=67.  
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After analysing PDE expression by cancer stage, the impact of tumour location 

on PDE expression was investigated. As discussed in Section 1.4.2, tumour 

location within the bowel is strongly associated with CRC pathogenic pathway, 

somatic mutation profile, tumour phenotype and patient outcome. Therefore, it 

was hypothesised that PDE expression would be similarly impacted by tumour 

location. To investigate this, PDE expression across all 24 genes was plotted 

against colon location from the cecum to the rectosigmoid junction (Figure 3-5). 

Expression across the whole PDE family was altogether homogenous across the 

bowel tract. However, higher expression of most PDE genes was observed in the 

normal tissue relative to colon cancer, which was found previously (Figure 3-2, 

Figure 3-3). Additionally, samples were organised by cancer stage in the plot 

(Figure 3-5), and no clear link between cancer stage and PDE expression was 

found, which was also demonstrated in the cancer stage analysis (Figure 3-4). 
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Figure 3-5. Phosphodiesterase (PDE) gene expression of normal and cancer samples across 
the colon.  
Gene expression of all 24 PDE genes indicated as DESeq2 normalised counts scaled by z-score. 
Tissue samples are sorted from left to right by biopsy location through the colon from cecum to 
rectosigmoid junction. Within tumour location, samples are ordered by cancer stage. N; normal, 1; 
stage I, 2; stage II, 3; stage III, 4; stage IV. Normal n=67, stage I n=81, stage II n=187, stage III 
n=133, stage IV n=67. 
 

Showing these trends more clearly, principal component analysis (PCA) of 

relative PDE family expression profile was carried out (Figure 3-6). Samples 

clearly clustered into cancer and normal groups when stratified by sample type 

(Figure 3-6:A). As shown in the previous heatmap (Figure 3-5), classification of 

the samples by cancer stage revealed no clear difference in PDE family 

expression, and cancer samples clustered tightly (Figure 3-6:B). Similarly, 

stratification by tumour location signified a homogenous PDE expression profile 

of the cancer samples which clustered together (Figure 3-6:C).  
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Figure 3-6. Principal component analysis (PCA) of phosphodiesterase (PDE) gene 
expression. 
PCA of PDE gene expression profile by DESeq2 normalised counts. A: samples segregated by 
sample type. N; normal, CRC; colorectal cancer. B: samples classified by cancer stage. N; normal, 
1; stage I, 2; stage II, 3; stage III, 4; stage IV. C: cancer samples classified by tumour location. A 
diagram of colon regions indicates tumour location. Normal n=67, stage I n=81, stage II n=187, 
stage III n=133, stage IV n=67. 
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3.2.1.3 Differentially expressed PDE genes in rectal cancer 

Having characterised PDE expression in TCGA colon cancer cohort, it was 

important to analyse the rectal cancer cohort and determine whether colon and 

rectal cancers exhibit divergent PDE expression profiles. To this end, TCGA 

rectal cohort datasets (READ) were analysed, consisting of 157 patients, 157 

cancer samples and 10 matched normal tissues. After data acquisition and pre-

processing, 10,723 genes were significantly differentially expressed, with 6,178 

upregulated genes and 4,545 downregulated genes (Figure 3-7).  

Similar to the colon dataset, the rectal samples were clustered into normal and 

cancer tissue types with each group showing a starkly different global expression 

profile (Figure 3-7:A). Within the differentially expressed genes, many PDEs 

were downregulated, with only one upregulated gene: PDE7A (Figure 3-7:B). 

Unlike the colon cohort which indicated PDE10A as upregulated in the cancer 

samples, PDE10A showed no significant change in expression in the rectal cohort.  
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Figure 3-7: Differential expression between cancer and normal tissues in The Cancer 
Genome Atlas (TCGA) rectal cancer dataset (READ). 
A total of 10,723 differentially expressed genes were identified by DESeq2, of which 6,178 were 
significantly upregulated and 4,545 were significantly downregulated. A: A clustered heatmap of 
differentially expressed genes. Expression from low (blue) to high (red) shown as z-score scaled 
DESeq2 normalised counts. B: Volcano plot of differentially expressed genes with significant 
phosphodiesterase (PDE) genes highlighted. Cancer n=157, normal n=10. 

Gene expression between rectal cancer and normal samples across the PDE 

family is shown in Figure 3-8. Significant downregulation was found for PDE1A, 

PDE1B, PDE1C, PDE2A, PDE3A, PDE3B, PDE4D, PDE5A, PDE6A, PDE6B, PDE6G, 

PDE7B, PDE8A, PDE8B, and PDE9A, while significant upregulation was observed 

for PDE7A.  
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Figure 3-8. Scaled phosphodiesterase (PDE) gene expression in cancer and normal tissue 
from the rectal cancer cohort (READ) of The Cancer Genome Atlas (TCGA). 
Differential analysis and count normalisation performed using DESeq2. Boxplots generated from 
normalised counts scaled by z-score. N; normal, C; cancer. Significance indicated by Benjamini-
Hochberg corrected p-values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Cancer n = 157, 
normal n = 10. 

By examination of unscaled expression data, relative expression of the PDEs in 

the tissues could be seen (Figure 3-9), revealing PDE3A, PDE4D, PDE5A, PDE8A 

and PDE9A to be highly expressed in rectal tissue and strongly downregulated in 

cancer samples. Of the upregulated genes, the expression of PDE7A was 

relatively low while still indicating upregulation in the rectal cancer samples.   
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Figure 3-9. Unscaled phosphodiesterase (PDE) gene expression in cancer and normal tissue 
from the rectal cancer cohort (READ) of The Cancer Genome Atlas (TCGA). 
Differential analysis and count normalisation performed using DESeq2. Boxplots generated from 
normalised counts. N; normal, C; cancer. Significance indicated by Benjamini-Hochberg corrected 
p values: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Cancer n=157, normal n=10. 
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3.2.1.4 Differentially expressed PDE genes across rectal cancer grades 

As for TCGA colon cohort, the rectal cohort included cancer stage information. 

By plotting PDE expression by cancer stage, most PDE genes were downregulated 

in the cancer samples relative to normal tissue indicating no dependency on the 

individual cancer stage (Figure 3-10). Contrastingly, some PDE genes indicated 

different expression patterns. For instance, PDE4B indicated little difference in 

expression between stages but was only downregulated in stage III compared to 

normal tissue. Notably, PDE8B expression indicated stage-specific expression, 

being downregulated in stage I cancer compared to normal tissue with 

expression returning to levels similar to the normal tissue in stages III and IV. 

Furthermore, diverging from the colon cohort, PDE10A expression was not 

upregulated in the rectal cancer samples relative to normal, showing little 

deviation in expression. In fact, PDE10A was slightly downregulated in stage I 

cancer relative to normal.  
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Figure 3-10. Phosphodiesterase (PDE) gene expression across cancer grades in the rectal 
cancer cohort (READ) of The Cancer Genome Atlas (TCGA). 
Differential analysis and count normalisation performed using DESeq2. Boxplots generated from 
normalised counts scaled by z-score. N; normal; cancer stage I-IV. Significance indicated by 
Benjamini-Hochberg corrected p values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Normal 
n=10, stage I n=30, stage II n=51, stage III n=51, stage IV n=24. 
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3.2.2 Differential methylation of PDE promotors in colorectal 
cancer 

Gene methylation array data from TCGA cohorts was used to investigate 

correlation between PDE promotor methylation and gene expression. To this 

end, methylation beta values for colon and rectal TCGA cohorts were acquired 

and combined (COADREAD), consisting of 350 colon cancer patients with 312 

cancer and 38 normal-matched samples, and 105 rectal cancer patients with 98 

cancer and 7 normal-matched samples. The analysis began with filtering 

methylation probes to only retain those of high quality. The probes were then 

overlayed onto PDE promotor regions, and probes only mapped to PDE4A, PDE4C, 

PDE6D, and PDE7A promotors. By differential expression analysis, the promotor 

regions for PDE4A, PDE4C, and PDE7A were significantly hypomethylated in the 

cancer samples relative to normal tissue, while the PDE6D promotor was 

significantly hypermethylated (Figure 3-11).  

 

 
 

Figure 3-11: Differential phosphodiesterase (PDE) promotor methylation in colorectal cancer 
(CRC).  
PDE promotor methylation in CRC compared to normal tissue from The Cancer Genome Atlas 
(TCGA) gene methylation array data (COADREAD). Density plots of methylation beta value 
presented with differential methylation statistics. logFC; log2FoldChange, p.adj; Benjamini-
Hochberg corrected p-values, N; normal, CRC; colorectal cancer. Cancer n=410, normal n=45. For 
patient matched cancer-normal tissues, a paired line plot indicates change in promotor methylation 
within individuals. Cancer n=45, normal n=45.  
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Next, Spearman correlation was performed between PDE promotor methylation 

and gene expression to assess the strength and direction of any association 

(Figure 3-12). No association was found for PDE4A, PDE4C, PDE6D, or PDE7A.  

 

Figure 3-12: Spearman correlation between phosphodiesterase (PDE) promotor methylation 
and gene expression in The Cancer Genome Atlas colorectal cancer cohort (COADREAD). 
Methylation and gene expression tested as m value and log2-transformed DESeq2 normalised 
counts respectively. p.adj represents Benjamini-Hochberg adjusted p-value. A trend line was fitted 
to the data in red with a 95% confidence interval shown in grey. N=410. 

3.2.3 cAMP and cGMP gene set enrichment analysis in colorectal 
cancer 

Next, gene set enrichment analysis (GSEA) was performed to determine whether 

the cAMP and cGMP signalling pathways were differentially enriched beyond the 

PDE family in cancer tissues compared to normal tissues.  

Given that PDE expression patterns in the colon and rectal cancer cohorts were 

highly similar (section 2.1.1), the datasets were combined to increase group 

numbers and statistical power (COADREAD). This is commonly done in the 

literature, but may mask disease-specific patterns (Gao et al., 2019). The 

dataset consisted of 445 colon cancer patients with 445 cancer samples and 42 
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normal samples, and 157 rectal cancer patients with 156 cancer samples and 10 

normal samples. After differential expression, GSEA analysis was conducted on 

the differentially expressed genes for the cAMP signalling pathway and the 

cGMP-PKG signalling pathway (Figure 3-13). Both pathways were significantly 

depleted in the CRC samples compared to the normal samples, with a normalised 

enrichment score of -1.45 for the cAMP pathway and -1.78 for the cGMP-PKG 

pathway.  

 

Figure 3-13: Gene set enrichment analysis for cAMP and cGMP-PKG signalling pathways in 
colorectal cancer (CRC). 
Differentially expressed genes from CRC and normal samples in The Cancer Genome Atlas 
(TCGA) COADREAD cohort were ranked by a signed score metric (log2FoldChange * (-
log10(p_value))) and analysed by gene set enrichment analysis (GSEA). NES; normalised 
enrichment score, FDR p-value; Benjamini-Hochberg adjusted p-values. The enrichment plot 
shows the enrichment score (ES) in green across the ranked gene list for the gene set. The x-axis 
represents the ranked genes ordered by the signed score metric, with the most upregulated genes 
on the left and the most downregulated on the right. The peak/trough of the curve represents the 
point of maximum enrichment, indicating where the gene set is most overrepresented. The shaded 
region shows the position of gene-set genes.  

Next, to get an overview of the individual genes and their arrangements in the 

pathways, the R package Pathview was used to visualise differential expression. 

By inspection of the cAMP signalling pathway, broad downregulation across most 

genes could be seen (Figure 3-14). Upstream in the pathway, both membrane-

bound and soluble adenylate cyclase were downregulated. Additionally, the 

cAMP effectors PKA and POPDC were downregulated, while EPAC was 

upregulated. Following cAMP, PKA formed a central hub in the pathway with 
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many of the target genes downregulated. Downstream from PKA, CREB was 

downregulated, and the cancer-related submodules comprising of RAF1-MEK-ERK 

and PI3K-AKT were uniformly downregulated. Additionally, the oncogene SOX9 

was strongly upregulated while RhoA was downregulated. 

 

Figure 3-14: Pathview plot of differentially expressed genes in the cAMP signalling pathway.   
Differentially expressed genes in CRC compared to normal tissues in The Cancer Genome Atlas 
(TCGA) COADREAD cohort coloured by a signed score metric (log2FoldChange * (-
log10(p_value))) from low (blue) to high (red). Pathway accession hsa04024. 

Pathview analysis of differential gene expression in the cGMP-PKG pathway 

revealed broad downregulation in cancer tissues compared to normal tissues 

(Figure 3-15). Upstream in the pathway, downregulation of guanylate cyclases 

was observed (NPRA/GUCY2A, NPRB/GUCY2B). PKG was also downregulated and 

formed a hub with many of its target genes that were also downregulated. Of 

these, the PKG target CREB was also downregulated. As seen in the cAMP 

pathway above, the cancer-related submodules RAF1-MEK-ERK and PI3K-AKT 

were downregulated.  
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Figure 3-15: Pathview plot of differentially expressed genes in the cGMP-PKG signalling 
pathway.   
Differentially expressed genes in CRC compared to normal tissues in The Cancer Genome Atlas 
(TCGA) COADREAD cohort coloured by a signed score metric (log2FoldChange * (-
log10(p_value))) from low (blue) to high (red). Pathway accession hsa04022. 
 

3.2.4 PDE protein expression in colorectal cancer by 
immunocytochemistry and proteomic analysis 

To assess whether differential PDE mRNA expression transferred to protein 

expression, the most highly expressed and downregulated PDE genes found by 

RNA-seq (section 3.2.1.1) were selected, and IHC data from THPA was obtained 

(Figure 3-16). PDE3A exhibited a strong downregulation in protein expression in 

the colonic crypt cells, while an increase in expression was found in the 

surrounding stromal cells. For PDE4D and PDE5A, there was wide variation in 

protein expression, but a consistent slight upregulation was observed for PDE5A. 
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PDE7A indicated consistent expression across patients, and a slight increase in 

protein expression in the cancer samples may have been present. PDE8A was 

also generally consistent across patients, and a strong decrease in expression 

could clearly be seen in the cancer samples. Lastly, PDE9A was undetected in 

both tissue types.  
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Figure 3-16: Tissue protein expression by immunohistochemistry (IHC) from The Human 
Protein Atlas (THPA).   
Representative images obtained from THPA of normal and colorectal cancer (CRC) tissues (Thul 
and Lindskog, 2018). Protein expression indicated by brown staining and negative expression 
indicated by blue staining. Colonic crypts can be seen in the normal tissues as regular circular or 
elongated structures which are distorted in the cancer tissues.  
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To provide validation for the PDE protein expression by IHC, mass spectrometry-

based proteomic data from CPTAC were analysed (Figure 3-17). Only three PDE 

genes were present in the dataset, consisting of PDE4A, PDE4D and PDE5A, each 

showing strong significant downregulation in protein expression.  

 

Figure 3-17: Protein expression of phosphodiesterases (PDEs) from Clinical Proteomic 
Tumour Analysis Consortium (CPTAC) data. 
Data was obtained through the University of Alabama at Birmingham cancer data analysis portal 
(UALCAN) (Chandrashekar et al., 2017; Chandrashekar et al., 2022). Figures represent CPTAC 
mass spectrometry-based proteomic counts, log2 normalised and z-scaled by UALCAN. Normal 
n=100, tumour n=97. 

3.2.5 The impact of PDE gene expression on colorectal cancer 
patient survival 

To investigate the impact of PDE mRNA expression on patient overall survival, 

Kaplan Meier data provided by THPA was surveyed and key metrics were 

summarised (Figure 3-18). Many PDE genes had a significant impact on overall 

patient survival, but only PDE3B, PDE4B, PDE4D, and PDE8A exhibited a 

biologically relevant expression level near 1 FPKM, with each gene showing 

better outcomes for the higher expression groups. From the Kaplan-Meier 
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curves, clear separation in survival could be seen low and high expression groups 

(Figure 3-19).  

 

Figure 3-18: Overall survival analysis of phosphodiesterase (PDE) genes from The Human 
Protein Atlas (THPA). 
Patient gene expression and outcome data from the Cancer Genome Atlas (TCGA) was subjected 
to Kaplan-Meier analysis by THPA (Weinstein et al., 2013; Thul and Lindskog, 2018). Samples 
were stratified into high and low-expression groups by an expression value threshold optimised by 
log rank test p-value. Lollipop plot indicates mean expression value in Fragments Per Kilobase of 
transcript per Million mapped reads (FPKM). Significant protective or deleterious impact of gene 
expression as determined by log rank testing is indicated by colour. A mean expression value of 1 
FPKM is indicated by a grey vertical line.  
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Figure 3-19: Kaplan-Meier overall survival curves of significant phosphodiesterase (PDE) 
genes from The Human Protein Atlas (THPA).   
Patient gene expression and outcome data from the Cancer Genome Atlas (TCGA) were subjected 
to Kaplan-Meier analysis by THPA (Weinstein et al., 2013; Thul and Lindskog, 2018). Samples 
were stratified into high and low-expression groups by an expression value threshold optimised by 
log rank test p-value. Data obtained from THPA. Significance of impact on patient overall survival 
indicated by log rank testing.  
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3.2.6 Experimental validation of differential PDE expression in 
colorectal cancer 

CRC and normal-matched tissues from ten patients were provided by Dr Kathryn 

Pennel and Professor Joanne Edwards at the University of Glasgow. RT-qPCR was 

performed for PDE3A, PDE4D, PDE5A, PDE6A and PDE9A. Of these, the transcript 

amplification of PDE3A, PDE4D, and PDE5A was detected (Figure 3-20). For each 

gene, most patient samples indicated downregulation but there was a high level 

of variability and potential outliers were present. Only PDE3A indicated a 

significant change and was downregulated in the tumour samples relative to the 

normal tissues.  

 

Figure 3-20: Phosphodiesterase (PDE) expression by RT-qPCR of colorectal cancer (CRC) 
tissue samples and matched normal tissues.  
Statistical significance determined by a paired one-tailed t-test. Normality of the expression data 
was assessed by Shapiro-Wilk test of normality and inspection of QQ plots. A log10 transformation 
was performed on PDE3A expression before statistical testing. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Normal n=10, tumour n=10. Gene expression normalised to GAPDH and 18S rRNA. 

Similarly, western blot analysis was performed on the patient tissues to validate 

protein expression of PDEs in colorectal cancer using antibodies targeted against 

PDE3A, PDE4B, PDE4C, PDE4D, PDE6A, and PDE9A. Of these, only PDE9A protein 

was detected and exhibited significant downregulation of protein expression in 

the tumour tissue relative to normal tissue. Of the ten patients, nine exhibited 

downregulation of protein expression with one indicating upregulation in the 

tumour tissues.  
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Figure 3-21: PDE9A protein expression by western blot analysis of colorectal cancer (CRC) 
and matched normal tissues.  
Detection of PDE9A was normalised to GAPDH. Statistical significance between groups was 
determined by a paired one-tailed t-test. Normality of the expression data was assessed by 
Shapiro-Wilk test of normality and inspection of QQ plots. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Normal n=7, tumour n=7. 
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3.3 Discussion 

This chapter set out to characterise PDE expression and function between CRC 

and normal tissue using TCGA RNA-seq and methylation array data, THPA IHC, 

CPTAC proteomics, and TCGA-THPA survival analysis. Lastly, PDE expression was 

investigated using RT-qPCR and western blot in the laboratory to confirm the 

computational results.  

3.3.1 PDE expression profiles of colon and rectal cancer were 
highly similar 

Colon and rectal cancers are often considered subtypes of the same disease, 

since they originate from neighbouring anatomical sites, share the same risk 

factors, and show similar pathogenesis and landscapes of mutation and signalling 

(Hong et al., 2012). Resultingly, these cancers have often been treated as one 

disease in research, therapeutic development, prognosis, and treatment. In 

terms of treatment, while surgery and radiotherapy are necessarily different 

between the cancers due to anatomical differences, targeted therapy and 

treatment of metastatic disease are the same (Tamas et al., 2015). However, 

colon and rectal cancers exhibit defined expression patterns for certain genes 

and have distinct patterns of metastatic spread despite their similar expression 

profiles (Tamas et al., 2015). For this reason, distinguishing between colon and 

rectal cancer in research and in the clinic may ultimately lead to improved 

outcomes for patients (Sanz-Pamplona et al., 2011).  

Considering these differences between the two cancer types, PDE expression was 

expected to be distinct. Identifying these unique patterns could reveal possible 

associations to cancer type-specific pathways of pathogenesis or indicate targets 

for prognosis or therapy. To this end, differential gene expression analysis of 

TCGA RNA-seq data between cancer and normal tissues was performed, and PDE 

expression changes were compared between colon and rectal cancer. As a 

result, PDE expression patterns in cancer tissues were found largely the same 

between the colon and rectal cohorts. In colon cancer, downregulation in PDE1A-

C, PDE2A, PDE3A-B, PDE4C-D, PDE5A, PDE6A-B, PDE6G, PDE7B, PDE8A, PDE9A 

and upregulation for PDE7A and PDE10A was found. From the unscaled 

expression data, it was clear that PDE3A, PDE4D, PDE5A, PDE8A and PDE9A had 
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the highest baseline level of expression in the normal colon tissues. These PDE 

changes were largely reflected in the rectal cohort, with the exception of PDE4C 

and PDE10A which were not differentially expressed. Additionally, PDE8B was 

found significantly downregulated in rectal cancer tissues but not in the colon 

cohort. These differences found in the rectal cohort could be biologically 

representative, but may instead be attributed to sample bias due to the smaller 

group sizes (157 cancer and 10 normal) compared to the colon cancer cohort 

(455 cancer and 42). These findings could be validated by RNA-seq analysis of 

larger rectal cohorts available on the GEO database (Edgar et al., 2002).  

With these minor differences aside, these data support the view that PDE 

expression profiles are almost identical between colon and rectal cancers. For 

this reason, the mechanistic importance of PDEs in pathogenesis and their 

potential as prognostic and therapeutic targets are likely to be the same across 

the diseases. Similarly, CRC pathogenic genes KRAS, NRAS, PIK3CA, PTEN, and 

SMAD4 are equally mutated between colon and rectal cancers, while BRAF, 

CTNNB1 (encoding β-catenin), APC, HER2, and TP53 show preferential mutation 

in one or the other (Hong et al., 2012). With the shift in research towards 

personalised medicine and tumour genotyping, these data suggest that potential 

targeted therapies involving cyclic nucleotides or PDEs could be applied equally 

to colon or rectal tumours. 

3.3.2 PDE expression and colorectal cancer progression 

Dynamic regulation of gene expression across cancer stages is important for 

understanding the pathogenic mechanisms driving tumour progression. For 

example, early gene expression may relate to tumorigenesis, while late-stage 

upregulation may reflect adaptive responses to nutrient exhaustion, hypoxia, 

invasion and metastasis (Wang and Luo, 2021). Dynamic expression patterns may 

allow for the prognosis of cancer progression and patient outcomes or inform the 

timing of treatments.  

To this end, samples in the colon and rectal cohorts were stratified by cancer 

stage to investigate PDE expression in CRC progression. As a result, most PDEs 

were downregulated in CRC with no dependency on cancer stage. Only in rectal 

cancer, PDE8B found to have dynamic expression with early-stage 
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downregulation and late-stage upregulation. However, the magnitude of these 

changes was small and PDE8B exhibited low expression overall. Taken together, 

these data indicate that PDE expression does not depend on cancer stage after 

tumorigenesis. 

3.3.3 PDE expression and colorectal tumour location 

TCGA RNA-seq analysis revealed PDE expression to be almost identical between 

colon and rectal cancer. Within the colon however, proximal and distal tumours 

exhibit divergent pathogenic pathways, somatic mutation profiles, tumour 

phenotypes and patient outcomes (Al-Joufi et al., 2022). Furthermore, it has 

been suggested that differences in gene expression and phenotype between 

proximal and distal colon tumours are greater than those between distal colon 

and rectal tumours (Tamas et al., 2015). This divergence may result from the 

proximal colon originating from the embryonic midgut and the distal colorectum 

developing from the hindgut (Hong et al., 2012). In light of this, it was expected 

that PDE expression would vary by tumour location within the colon, even 

though no such difference was found between colon and rectal tumours by RNA-

seq analysis. 

To investigate this, cancer samples were stratified by tumour location as well as 

by cancer stage for each location. Expression across the whole PDE family was 

altogether homogenous across the bowel tract and site-specific cancer stages. A 

difference was only observed between normal and CRC samples as determined in 

the previous analysis.  

Pathogenic genes pathways in CRC are either highly dependent on tumour 

location and progression, such as TP53, BRAF, and MLH1 mutation, or are early 

and ubiquitous across subtypes, such as Wnt/β-catenin pathway activation. 

(Müller et al., 2016; Al-Joufi et al., 2022). Taken together, these data suggest 

that PDE downregulation could be a similar early event in CRC tumorigenesis and 

ubiquitous across tumours regardless of anatomical site, cancer stage, and 

specific tumour location.  
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3.3.4 No link between PDE promotor methylation and gene 
expression in colorectal cancer 

CpG islands are regions of the genome rich in cytosine and guanine dinucleotides 

and are often found in the promoter regions of genes. Hypermethylation of CpG 

islands in promoter regions is a well-known method of epigenetic silencing, as 

the addition of methyl groups can inhibit transcription (Deaton and Bird, 2011). 

The epigenome in cancer exhibits general hypomethylation across the genome 

but also promotor hypermethylation of specific genes, many of which are tumour 

suppressors or important for pathogenesis (Baylin and Jones, 2011). For 

example, negative regulators of the Wnt pathway are common targets for 

transcriptional silencing in CRC (Suzuki et al., 2004).  

This pattern of epigenetic modification suggests that the same mechanism could 

be responsible for the broad downregulation of PDE genes in CRC as observed in 

this project. Elucidating the source of PDE downregulation may inform 

pathogenic importance and provide new biomarkers. For instance, SEPT9 and 

MLH1 methylation are used as biomarkers both commercially and in the clinic for 

CRC diagnosis and determination of microsatellite stability status (Pérez-

Carbonell et al., 2010; Lin, 2019).  

Using TCGA CRC datasets, probes from gene methylation array data were 

mapped to PDE promotor regions, and differential methylation was determined 

between cancer and normal tissues. Because of the limited size of gene 

methylation arrays, the genome cannot be comprehensively covered (Peters et 

al., 2015). Accordingly, probes only mapped to promotors of PDE4A, PDE4C, and 

PDE7A, which were found less methylated in cancer tissues, and also PDE6D, 

which was more methylated. By Spearman correlation, no association between 

promotor methylation and RNA-seq gene expression was found for any of the PDE 

genes. This supports the view that the CRC-linked differential expression of 

PDE4A, PDE4C, PDE6D and PDE7A is not regulated by promotor methylation.  

However, these results may not be biologically representative since this analysis 

approximated promotor regions as a 2 kb window upstream from PDE 

transcription start sites. If the promotors did not span this whole region, and 

methylation probes mapped to sites outside the promotors, the results would not 
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reflect epigenetic regulation. By detailed characterisation of PDE promotors 

combined with increased genome coverage by probes using larger methylation 

arrays, such as the Infinium MethylationEPIC BeadChip, more confidence could 

be placed in the results (Walker et al., 2015; Wu et al., 2022). Furthermore, the 

results could be cross-validated by other epigenetic methods like ATAC-seq, 

which would indicate PDE genes accessible to chromatin that may be undergoing 

translation (Grandi et al., 2022). 

Taken together, this data suggested that the broad downregulation of PDEs in 

CRC was not influenced by PDE promotor regulation, but further epigenetic 

characterisation across the whole PDE family is required. The signalling 

pathways of cAMP and cGMP are far-reaching and very complex, and PDE 

transcription may instead be regulated by a multitude of stimuli, either acting 

alone or in coordination. These may include regulation by a network of 

transcription factors, enhancers, or silencers, or by other means such as 

chromatin remodelling or RNA-level regulation (Lee and Young, 2013).  

3.3.5 Gene set enrichment analysis of cAMP and cGMP signalling 
pathways 

To determine whether the cAMP and cGMP signalling pathways exhibit 

differential expression beyond PDE genes, gene set enrichment analysis was 

performed on differentially expressed genes between cancer and normal tissues 

in TCGA COADREAD cohort.  

cGMP is a known tumour suppressor in CRC, and early attenuation of cGMP is a 

key step in CRC tumorigenesis (Pitari et al., 2007; Rappaport and Waldman, 

2018). This was reflected by cGMP pathway analysis, in which downregulation of 

guanylate cyclases and PKG in CRC was suggestive of impaired cGMP synthesis 

and signalling. 

The role of cAMP in CRC is less clear than for cGMP, but adenylate cyclase 

agonism by forskolin has consistently exhibited anti-proliferative effects by 

increasing cAMP in cell lines (Gamet et al., 1992; Höpfner et al., 2001; McEwan 

et al., 2007; Cristóbal et al., 2014) and mouse xenograft models (Yoshizawa et 

al., 1995). By pathway analysis of cAMP signalling, broad downregulation of 
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many genes was observed, and downregulation of adenylate cyclases, PKA, and 

POPDC suggested that the synthesis and action of cAMP was disrupted in the 

cancer tissues. Given this disruption and the anti-proliferative effects of cAMP in 

CRC, downregulation of cAMP may be an early and important event necessary for 

CRC tumorigenesis analogous to cGMP downregulation. 

While the Pathview analysis served to provide a broad overview of the cAMP and 

cGMP pathways, unexpected downregulation of oncogenes such as CREB, MEK-

ERK and PI3K-AKT was found in the CRC tissues. This finding may reflect that 

CRC subtypes and stages have divergent dependencies on different pathways (Al-

Joufi et al., 2022), and that averaging subtypes into one CRC group for the RNA-

seq analysis may have led to these unexpected results. Alternatively, this could 

have been caused by genes being averaged by family during the Pathview 

analysis, and this representation does not indicate individual gene expression. 

For instance, inspection of gene expression in the same TCGA dataset using the 

UALCAN data analysis portal (Chandrashekar et al., 2017; Chandrashekar et al., 

2022) revealed CREB1 and CREB5 to be upregulated in CRC, while CREB3 was 

downregulated (data not shown). For this reason, separate pathway analysis or 

analysing patient tissues by RT-qPCR or western blot would better suit the 

investigation of cancer signalling pathways.   

3.3.6 Validation of differential PDE expression by 
immunohistochemistry and proteomic analysis 

At this point, broad downregulation of PDEs was observed by RNA-seq analysis in 

CRC compared to normal tissue, and this was found independent of colon or 

rectum location, cancer stage, and specific tumour site. To verify whether these 

changes in gene expression translated to the protein level, IHC and mass-

spectrometry proteomic data was acquired from public databases and analysed. 

Firstly, IHC images were obtained from THPA for the PDEs found most highly 

expressed in colorectal tissues and downregulated in CRC by the RNA-seq 

analysis (section 3.2.1.1). In agreement with the transcript level results, protein 

detection of PDE3A and PDE8A were found strongly downregulated in CRC 

compared to normal tissue. Also in agreement, a slight upregulation in 

expression was observed for PDE7A. However, contrasting with the 
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transcriptomic data, which found a strong downregulation of PDE5A transcripts, 

the IHC data showed that some cancer samples exhibited a slight increase in 

PDE5A, although this may be attributed to the high level of individual variation 

observed. This discrepancy between PDE5A transcript and protein may 

accurately represent the expression in patient tissues but may also be caused by 

non-specific binding of the antibody. Although THPA validates antibodies used 

for IHC by western blot or antigen array (section 2.1.4), there is a chance that 

the lysates used for blotting do not correspond to the tissue, therefore failing to 

indicate non-specificity, or that the antigen array did not capture antigens 

binding non-specifically present in the tissue. Without this information, 

specificity could be validated by in-house western blot of appropriate lysates to 

increase confidence of the results (O’Hurley et al., 2014).  

Additionally, no clear trends were seen for PDE4D, which showed strong and 

highly variable staining. The strength of staining suggests that the staining 

protocol required optimisation and lower antibody concentrations or shorter 

incubations may allow better comparison of protein expression between 

samples. Lastly, PDE9A was not detected in either tissue type, and this may 

reflect lack of binding by the antibody or a need to optimise the protocol.  

One limitation of this dataset from THPA was the relatively low number of 

normal samples, which made it difficult to identify conclusive changes in 

expression. For instance, there were only 2 normal patient tissues and 12 cancer 

patient tissues for PDE5A. There was also high variation within the groups. For 

this reason, validation using larger group numbers would provide more 

representative results. For example, with permission and further time, larger 

cohorts could be analysed such as the Colorectal Cancer Glasgow Royal Infirmary 

Tumour Micro Array Cohort and the INCISE Longitudinal Polyp Study Cohort 

prepared by the group of Professor Joanne Edwards at the University of Glasgow 

(Park and Edwards, 2021; Edwards and Ritchie, 2023). Additionally, the use of 

automated quantification tools like Visiopharm would avoid subjective error. 

To cross validate these IHC data, PDE expression was analysed in the CPTAC 

dataset. Unlike IHC, which can be prone to variability due to human 

interpretation, mass spectrometry offers a sensitive and objective method for 

quantifying protein expression (Rezaul et al., 2010). However, this method does 
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not provide spatial and cell distribution information of protein expression. 

Additionally, expression data may be influenced or masked by signals from the 

surrounding stroma or microenvironment, which is dependent on how the 

samples are prepared. Nevertheless, by comparing the IHC data, proteomic 

analysis, and later western blot results in this project, these limitations of the 

individual techniques could be overcome.  

Surprisingly, only PDE3A, PDE4D, and PDE5A were found by survey of PDE genes 

in the CPTAC proteomic data. The other PDE genes may have been filtered out 

during quality control steps if they had low abundance or signal to noise ratio. 

Additionally, since there is a high level of conservation within the PDE family, 

proteins might not be digested into peptides that uniquely map to sequences 

that are characteristic of specific PDE proteins, or they may not be produced in 

sufficient quantities, and thus may not be quantified (Nesvizhskii, 2014). 

All three of the detected genes, PDE3A, PDE4D, and PDE5A, were significantly 

downregulated in CRC compared to normal tissues. For PDE3A, this agreed with 

the RNA-seq TCGA data and THPA IHC data, supporting the view that PDE3A is 

robustly downregulated in CRC. For PDE4D, this was congruous with the RNA-seq 

TCGA data, although the IHC data was inconclusive. For PDE5A, it was surprising 

that PDE5A was downregulated. This agreed with the transcript-level RNA-seq 

TCGA data, but the IHC data was suggestive of a slight increase in protein 

expression. In order to validate these findings, RT-qPCR and western blot 

analysis were conducted and will be discussed shortly.  

3.3.7 PDE genes as prognostic markers for colorectal cancer 
patient outcomes 

Due to the urgent need for reliable methods to determine patient subtypes and 

predict treatment responses in CRC, the prognostic potential of PDE gene 

expression for overall patient survival was evaluated. TCGA survival data was 

analysed using the THPA web application. Patients were stratified into high and 

low expression groups for Kaplan-Meier analysis, and the expression threshold 

was optimised by log rank test significance. Additionally, a cut-off for mean 

expression of 1 FPKM was chosen, ensuring that only genes with a biologically 

relevant expression level were detected and reducing the impact of background 
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noise. THPA also takes this approach using mean expression cut-offs when 

classifying genes as prognostic or not (Thul and Lindskog, 2018). Resultingly, 

PDE3B, PDE4B, PDE4D, and PDE8A were found to be significantly associated with 

overall survival, and the high expression groups indicated better prognosis and 

longer survival duration.  

From the unscaled RNA-Seq TCGA data (see section 3.2.1.1), PDE3A, PDE4D, 

PDE5A, PDE8A and PDE9A exhibited a high level of expression in the colorectal 

tissues and were greatly reduced in the cancer samples. For this reason, it was 

plausible that they could be important for CRC pathogenesis and prognosis. Of 

these, only PDE4D and PDE8A were prognostic and predicted better patient 

outcomes, and this highlights these genes as potentially important for 

pathogenesis. Additionally, PDE3B was not highly expressed in the RNA-seq data 

but was still significantly downregulated in cancer tissues, while PDE4B was 

lowly expressed and not differentially expressed. These data indicate that a 

gene does not need to be highly or differentially expressed to be prognostic, and 

a small relative change in expression within cancer samples, even at low 

abundance, could have significant impacts on cancer-related processes. 

Furthermore, these data suggest that PDE3B, PDE4B, PDE4D, and PDE8A may be 

involved in mechanisms related to CRC aggression and severity.   

3.3.8 RT-qPCR validation of PDE expression in colorectal cancer 

At this point, PDE family expression in colon and rectal cancers had been 

characterised and cross-validated using various omics methods, cohorts, and 

databases. Nevertheless, it was important to verify that these changes were 

experimentally observable in vitro. A collaboration was initiated with Dr Kathryn 

Pennel and Professor Joanne Edwards at the University of Glasgow who provided 

tumour and normal-matched tissue samples of ten colorectal cancer patients. 

Changes in mRNA expression in cancer compared to normal tissues were assessed 

using RT-qPCR for some of the PDE genes that were most highly expressed and 

most differentially regulated by RNA-seq, comprising PDE3A, PDE4D, PDE5A, 

PDE6A and PDE9A.  

In RT-qPCR, the use of reference genes is essential for the normalisation of 

target gene expression. However, this relies on the assumption that reference 
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gene expression is stable across experimental conditions. This may not be the 

case, and reference genes can exhibit variation (Lü et al., 2018). To reduce this 

risk, the two common CRC reference genes, GAPDH and 18S rRNA, were used 

together to increase accuracy and confidence of results (Hu et al., 2023).  

Of the PDE genes analysed, transcript amplification was only detected for 

PDE3A, PDE4D, and PDE5A. The lack of PDE6A detection was not entirely 

unexpected given its low expression in the colorectal tissues shown by the TCGA 

RNA-seq data. Contrastingly, PDE9A indicated a high level of expression by RNA-

seq, so it was surprising that amplification was not observed by RT-qPCR. 

Instead, the lack of detection may be attributed to non-specificity or inadequate 

affinity of primers (Rodríguez et al., 2015). The limited amount of tissue 

available was a significant challenge in this experiment, but with more tissue, 

alternative primers could be tested using more replicates to increase precision 

of the results.  

Even though PDE3A, PDE4D, and PDE5A were detected, significant differential 

expression was detected only for PDE3A, which indicated downregulation in the 

cancer tissues. This suggests that expression of PDE4D and PDE5A was not 

perturbed in CRC. However, given that differential expression was found by RNA-

seq and CPTAC, the lack of change found by RT-qPCR may originate from the low 

sample number and high variability of expression values within the groups. With 

more time, analysing more samples would increase statistical power and 

increase confidence in these results.  

3.3.9 Western blot validation of PDE expression in colorectal 
cancer 

To validate PDE protein expression in CRC, western blot analysis was carried out 

on patient tissues. Antibodies for PDE3A, PDE4B, PDE4D, PDE6A, and PDE9A were 

tested. Only PDE9A was detected and was significantly downregulated in tumour 

compared to normal tissue, which agreed with the transcript-level TCGA RNA-

seq data. For the other antibodies, protein was not observed at the expected 

molecular weight, with many non-specific bands being detected outside this 

range. This may be attributed to several factors: the abundance of the proteins 

could be too low, suggesting that with more time and material, larger amounts 
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of protein could be loaded to increase detection. Alternatively, the protein 

could have been degraded in the tissue or during lysis, which could explain the 

presence of lower molecular weight non-specific bands. Using freshly resected 

tissues or performing lysis in a cold room at 4 ºC may counteract this. 

Additionally, the antibodies may lack specificity, and other antibodies could be 

tested given more time and tissue. Furthermore, other techniques such as IHC 

could be employed, although antibody specificity would be a key determinant. 

Immunoprecipitation-enriched western blot analysis would be another valid 

option, and may overcome the issue of low protein abundance (Trieu et al., 

2009). In either case, these data support PDE9A to be robustly downregulated in 

CRC.  

3.3.10 Literature context of PDE expression in colorectal 
cancer 

3.3.10.1 PDE2 

There is little existing research on PDE2 in CRC, but one study showed 

downregulation in HT29 cells compared to FHC normal colonocytes (Tinsley et 

al., 2010). Considering that CRC cell lines have been shown to completely lack 

PKG expression, an essential component of the cGMP pathway that is expressed 

in CRC patient tissues, CRC cell lines are not representative of the disease in 

critical ways (Hou et al., 2022b). Additionally, few conclusions can be made 

from a single comparison of healthy vs CRC cell lines. Nevertheless, this 

preliminary data agreed with TCGA RNA-seq data in this project, supporting 

downregulation of PDE2 in CRC. Also in agreement, one study demonstrated that 

PDE2 inhibition in HT29 lysates accounted for only a 12% reduction in overall 

cGMP hydrolysis (compared to 31% and 42% reduction for PDE3 and PDE5 

inhibition respectively), supporting that PDE2 expression has a minor influence 

on cGMP in CRC (Tinsley et al., 2010). Counterintuitively, while these 

observations show PDE2 to be downregulated in CRC compared to normal tissues, 

inhibition of PDE2 reduced proliferation in CRC cell lines and murine cell line 

xenograft models (Zhao et al., 2021b). This mechanism was linked to an increase 

in cAMP levels and PKA-mediated phosphorylation of TFAM, preventing 

mitochondrial calcium induced growth (Zhao et al., 2021b). Additionally, THPA 

survival analysis in this project linked PDE2A to worse patient outcomes. This 



 

 

122 

 

highlights that while PDE2 appears downregulated in CRC, further inhibition in 

CRC or for chemoprevention in normal tissues presents a therapeutic 

opportunity. Furthermore, since the reduction of proliferation upon inhibition of 

PDE2 proceeded via an increase in cAMP and activation of PKA, it would be 

interesting to see if inhibition of other cAMP-specific PDEs, such as PDE4s, would 

exhibit the same effect. This could be easily investigated by testing PDE 

inhibitors on CRC cell lines and conducting western blotting to assess TFAM 

phosphorylation. 

3.3.10.2 PDE3 

PDE3A was found to be strongly downregulated in CRC compared to normal 

tissues by TCGA RNA-seq, THPA IHC, CPTAC proteomics, and by RT-qPCR 

conducted on patient tissues. RT-qPCR was performed by another group on 

patient tissues, in which PDE3A, while showing a high level of expression 

compared to other PDEs, indicated no change in CRC relative to normal tissues 

(Mahmood et al., 2016). The discrepancy of these results may be explained by 

the researchers using adenomatous tissue instead of carcinoma tissue that was 

used in TCGA RNA-seq and the RT-qPCR data in the present work. It could be 

that PDE3A expression is still at basal levels in the pre-cancerous adenomatous 

tissue. Nevertheless, IHC analysis by that same group indicated strong 

downregulation of PDE3A in CRC, which agreed with the protein level data 

presented in this project. In addition, one further study involving western blot 

analysis of CRC cell lines also supported these findings (Tinsley et al., 2010). 

Aside from PDE3A, PDE3B was found downregulated by TCGA RNA-seq in this 

project, and THPA survival analysis linked higher PDE3B expression to better 

patient outcomes. However, there is little data about PDE3B as distinct from 

PDE3A in CRC in the literature. While PDE3 appears robustly downregulated in 

CRC compared to normal tissues, inhibition of PDE3 has consistently inhibited 

growth in murine models of CRC (Kangawa et al., 2017; Elshazly et al., 2020) as 

well as in cell lines (Murata et al., 1999; Tinsley et al., 2010; Tsukahara et al., 

2013; Kangawa et al., 2017). As for PDE2, while PDE3 appears downregulated in 

CRC, further inhibition in combination with AC or GC agonists could present a 

promising therapeutic option, or as a means of chemoprevention in precancerous 

tissue.  
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3.3.10.3 PDE4B 

Existing research is discordant about the role of PDE4B in CRC. PDE4B was found 

upregulated by RT-qPCR and IHC of patient pre-cancerous adenoma tissues 

(Mahmood et al., 2016) and also in normal and early CRC tissues by IHC before 

downregulation in mid and late stage CRC (Pleiman et al., 2018; Bevanda et al., 

2024). In one study, PDE4B was found to be protective in mouse models of CRC, 

and genetic knockout significantly increased tumour multiplicity and morbidity 

(Pleiman et al., 2018). A proposed mechanism described early upregulation of 

PDE4B mediated by β-catenin signalling as a protective compensatory feedback 

mechanism which is lost in late-stage CRC (Pleiman et al., 2018). According to 

the model, increased PDE4B reduces cAMP levels, thereby inhibiting the pro-

tumorigenic action of cAMP signalling, PKA, and CREB (Pleiman et al., 2018). 

However, this theory depicts cAMP as a pro-cancerous factor, which goes against 

a large body of research supporting anti-cancer effects of cAMP in cell lines 

(Gamet et al., 1992; Höpfner et al., 2001; McEwan et al., 2007; Cristóbal et al., 

2014) and murine xenograft models (Yoshizawa et al., 1995). Also in contrast, 

pharmacologic or siRNA-mediated inhibition of PDE4B in cell lines and xenograft 

models reduced proliferation (Tsunoda et al., 2012; Nishi et al., 2017; Kim, 

Kwak, et al., 2019). Additionally, some reports have linked PDE4B to oncogenic 

mechanisms. One study demonstrated that c-Myc directly upregulates PDE4B 

expression to oppose cAMP pathway inhibition of c-Myc (Kim, Kwak, et al., 

2019). Another study involving 16 CRC patients showed that PDE4B expression 

was enriched in patients who exhibited recurrence following polyp resection 

(Bandrés et al., 2007; Tsunoda et al., 2012).   

In this project, PDE4B was not found to be differentially expressed by TCGA RNA-

seq in CRC relative to normal tissue or across cancer stages. This disagreed with 

the dynamic expression pattern described in the literature (Mahmood et al., 

2016; Pleiman et al., 2018; Bevanda et al., 2024). Given that the RNA-seq 

analysis was performed on a much larger cohort compared to the RT-qPCR and 

IHC data in these reports (Mahmood et al., 2016; Bevanda et al., 2024), the lack 

of differential PDE4B expression shown by RNA-seq is more likely to be 

representative. Additionally, THPA analysis associated higher PDE4B expression 

with improved patient outcomes, and this agreed with the protective effects 

reported in CRC mice models (Pleiman et al., 2018), but disagreed with the 
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finding of increased PDE4B in patients with polyp recurrence (Bandrés et al., 

2007; Tsunoda et al., 2012). Despite conflicting results, these reports implicate 

PDE4B in CRC pathogenesis, and validation by RT-qPCR, western blot, and IHC in 

larger cohorts, as well as by inhibition or overexpression assays would clarify the 

potential of PDE4B as a prognostic or therapeutic target.  

3.3.10.4 PDE4D 

Previous findings on PDE4D in CRC are also conflicting. One study demonstrated 

the downregulation of PDE4D in CRC using RT-qPCR analysis of eight matched 

pairs of CRC and normal tissues, as well as by examining gene expression 

microarray data (Chen et al., 2018). This was also supported by IHC of patient 

tissue in other work (Bevanda et al., 2024). These reports agreed with the PDE4D 

downregulation shown by TCGA RNA-seq and CPTAC data in this project. 

However, PDE4D did not exhibit differential expression by RT-qPCR of 10 CRC 

and normal pairs of patient tissue in this project, but the small sample number 

and high variability may have masked differential expression.  

Contrasting to these results, one study showed no change in PDE4D expression by 

RT-qPCR and IHC in patient tissues (Mahmood et al., 2016), while another study 

showed strong upregulation in CRC by RT-qPCR analysis of a larger cohort (Cao et 

al., 2016). PDE4D inhibition studies are equally conflicting. Anti-proliferative 

effects of PDE4D inhibition were found in cell lines (Kim, Nam, et al., 2019; 

Nummela et al., 2024), and mice xenograft models (Cao et al., 2016), while 

other cell line data showed PDE4D inhibition to increase proliferation, migration, 

and survival (Chen et al., 2018). Furthermore, PDE4D was found to be negatively 

regulated by two miRNAs. PDE4D inhibition by one miRNA exhibited anti-

proliferative effects in CRC (Cao et al., 2016), while inhibition of the other 

promoted proliferation (Chen et al., 2018), but this may be attributed to 

divergent PDE4D-independent effects.  

From TCGA survival analysis in this project, PDE4D was found to be protective. 

However, given the conflicting results of PDE4D inhibition on CRC in the 

literature, steadfast conclusions could not be made. Validation of expression by 

IHC in larger cohorts and testing the effect of inhibition or overexpression using 

proliferation assays on cell lines may reveal the prognostic and therapeutic 
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potential of PDE4D. Additionally, mouse- or patient-derived CRC tumour 

organoids would better represent the CRC molecular profile compared to cell 

lines and could be used to validate initial cell line data. Furthermore, 

delineation of PDE4D isoform expression in CRC may support the use of isoform-

specific inhibitors for treatment which may produce fewer side effects (Liu et 

al., 2019). Lastly, exploring PDE4D expression between CRC subtypes may reveal 

pathogenic importance and indicate prognostic potential. This could be done by 

RNA-seq analysis of datasets with this clinical information, or by RT-qPCR or 

western blot of tissues from these subtypes.  

3.3.10.5 PDE5 

PDE5 is one of the more extensively studied genes in CRC. One network of 

researchers, primarily based at universities in Alabama, have shown PDE5 to be 

upregulated in CRC cell lines by western blot (Tinsley et al., 2010; Whitt et al., 

2012; Li et al., 2013; Nan Li et al., 2015). However, the control group consisted 

of only one normal colonocyte cell line in each study, making it difficult to draw 

decisive conclusions. Additionally, cell lines do not fully recapitulate the 

molecular profile of CRC tumours, as indicated by a lack of PKG expression in 

CRC cell lines that is present in patient tissues (Hou et al., 2022b). For these 

reasons, these PDE5 western blot results should be interpreted with caution.  

Reports of PDE5 differential expression analysis by other methodologies are also 

conflicting. RT-qPCR experiments have shown PDE5 to be upregulated in CRC 

patient tissues (Mahmood et al., 2016) but downregulated in murine mice 

models of CRC (Islam et al., 2022). Similarly, IHC of patient tissues indicated 

PDE5 upregulation in CRC by one study (Tinsley et al., 2010) but no differential 

expression in another (Mahmood et al., 2016). 

The results from this project are equally incongruous. PDE5A was found 

downregulated in CRC by TCGA RNA-seq, possibly upregulated by THPA IHC, and 

downregulated by CPTAC proteomics. With these discordant results in this 

project and in the literature, no steadfast conclusions could be made. 

Nevertheless, these context dependent results may be attributed to a highly 

variable expression of PDE5 in CRC, or by uneven representation in each cohort 

of CRC subtypes, which could exhibit heterogeneous PDE5 expression. More 
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insight may be gained by RT-qPCR or western blot analysis of PDE5 expression 

using multiple large cohorts which include subtype representation. Additionally, 

meta-analysis of publicly available RNA-seq data from the Gene Expression 

Omnibus or other repositories may identify overarching patterns of expression 

between CRC and normal tissues or between CRC subtypes (Edgar et al., 2002). 

Despite the ambiguity of PDE5 expression in CRC, inhibition and resultant cGMP 

increase has a clear chemopreventative effect in CRC (Islam et al., 2017; 

Sharman et al., 2018). 

3.3.10.6 PDE8 

In this project, TCGA RNA-seq data and THPA IHC analysis showed PDE8A to be 

downregulated in CRC. Furthermore, THPA survival data linked higher PDE8A 

expression to improved patient outcomes. In the literature, PDE8A has been 

shown to promote growth of K-Ras/c-Raf dependent cancers by preventing 

inhibition of c-Raf via phosphorylation by PKA (Mukherjee et al., 2024; Cooke et 

al., 2024). This pro-cancer role seems to conflict with the downregulation of 

PDE8A and its prognostic role in CRC shown in this project. However, given that 

PDE8A opposes c-Raf inhibition by forming cAMP deficient nanodomains around 

c-Raf (Cooke et al., 2024), this inhibition may operate regardless of bulk-level 

PDE8A expression. Furthermore, the RNA-seq data in this project did not account 

for subtypes dependent on K-Ras/c-Raf, and any differential expression specific 

to these subtypes may have been masked by averaging into one cancer group. 

Nevertheless, given the strong downregulation in CRC and the protective role of 

PDE8A, it may participate in protective mechanisms opposing CRC tumorigenesis 

independent of c-Raf. Exploratory analysis of PDE8A expression across CRC 

subtypes may identify associations between PDE8A and specific pathogenic 

pathways. This could be done by IHC, RT-qPCR, or western blot of large cohorts 

with subtype representation. 

3.3.10.7 PDE9 

PDE9A was found downregulated in CRC by TCGA RNA-seq and western blot of 

patient tissues. In the literature, one study similar to this project employed a 

database mining approach centred mainly on TCGA and THPA to characterise 

PDE9A and also discovered strong downregulation in CRC (Susmi et al., 2021). 
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However, their analysis of THPA PDE9A IHC images, which were also used in this 

project, was misguided. They misleadingly claimed PDE9A to be downregulated 

in the CRC tissue, with no reference to the images of the normal tissue, which 

indicated an equal absence of PDE9A expression (Susmi et al., 2021). The 

authors also made misleading claims regarding the association between PDE9A 

expression and patient survival. They generated numerous Kaplan-Meier survival 

analyses of patients stratified by high and low PDE9A expression and claimed a 

correlation between PDE9A and patient outcomes, despite the fact that none of 

the plots showed statistical significance (Susmi et al., 2021).  

Regardless, TCGA RNA-seq analysis in this project indicated strong 

downregulation in CRC compared to normal tissue. Additionally, this pattern was 

also demonstrated at the protein level for the first time by western blot of 

patient tissues. Together these data support strong downregulation of PDE9A in 

CRC. In follow up studies, a possible dependence of PDE9A downregulation on 

CRC subtype could be investigated by RNA-seq, IHC, RT-qPCR, or western blot 

using cohorts with subtype representation. Furthermore, a similar approach 

could be used to determine an association with CRC treatment response, and 

these results would indicate the value of PDE9A as a prognostic marker.  

3.3.10.8 PDE10 

A large body of literature describes PDE10 as upregulated in CRC by RT-qPCR, 

western blot, and IHC of cell lines, mice models of CRC, and patient tissues (N. 

Li et al., 2015; Nan Li et al., 2015; Lee et al., 2015; Lee et al., 2021). This 

agreed with TCGA RNA-seq data in this project which showed PDE10A to be 

upregulated. However, PDE10A upregulation was not found in the rectal cohort 

by RNA-seq, but this may be attributed to the lower sample number compared to 

the colon cohort.  

As for PDE5, PDE10 inhibition in CRC cell lines was shown to reduce 

proliferation, suggesting that PDE inhibitors could be used for primary CRC 

treatment beyond chemoprevention (Lee et al., 2015). However, this effect was 

shown to be due to off-target effects induced by the extremely high dose of 

compound (Hou et al., 2022b). Additionally, cGMP signalling, while exhibiting 

efficacy for chemoprevention, was shown not to inhibit proliferation of CRC 
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tumours in a mice model (Islam et al., 2022). This suggests that inhibition of 

PDE10 for the increase of cGMP in established tumours would not be an effective 

treatment, even though PDE10 appears upregulated in CRC. Furthermore, since 

cGMP synthesis is downregulated in CRC, inhibiting hydrolysis by PDE inhibition 

may not result in an impactful increase of cGMP. It would be useful to validate 

this by testing PDE10 inhibitors, and also PDE5 inhibitors, on mouse- or patient-

derived organoids or mouse models (Heyer et al., 1999). Changes in cGMP 

concentration could be detected by ELISA (Hackett et al., 2014), and effects on 

proliferation could be assessed by tracking organoid size or by western blot 

analysis of proliferation markers like Ki-67.  

3.3.11 Conclusions 

Generally, reports in the literature about PDE expression and function in CRC are 

either sparse or in disagreement. In this project, broad downregulation of PDEs 

in CRC was found in addition to upregulation of a few genes, and some of these 

findings were in agreement and some in disagreement with previous reports. 

This highlights the need for comprehensive profiling of PDE expression in CRC, 

which could be achieved by RNA-seq, RT-qPCR, IHC, and western blot analysis of 

multiple large cohorts. Furthermore, if data or samples from different CRC 

subtypes is available, subtype-specific PDE expression patterns could be 

characterised, which could be valuable for prognosis or reveal subtype-specific 

pathogenic mechanisms. Serving as a starting point, this research paves the way 

for future efforts that could provide more tangible targets for prognosis and 

treatment. By addressing these gaps in understanding, subsequent studies can 

enhance the development of prognostic methods and targeted therapies and 

improve patient outcomes. 

All of the methods in this chapter were based on computational methods, except 

from THPA IHC datasets. For this reason, it was important to ensure that 

expression patterns were representative of the epithelial cells in CRC and did 

not originate from stromal tissues or the immune microenvironment. This 

investigation is described in the proceeding chapter.  
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Chapter 4 scRNA-seq analysis of PDE 
expression in colorectal cancer 

4.1 Introduction  

In the previous chapter, PDE expression in CRC was assessed by data mining of 

publicly available repositories to uncover pathogenic associations and identify 

potential targets for prognosis or therapeutic development. Furthermore, 

validation of differential PDE expression found by computational methods was 

performed on patient tissues using RT-qPCR and western blot. Resultingly, most 

PDE genes and the cAMP and cGMP signalling pathways were found to be 

downregulated in CRC, with the exception of PDE7A and PDE10A which were 

upregulated.  

Having identified these expression patterns, it was important to ensure that they 

were biologically representative of normal and cancerous epithelial cells in CRC 

rather than alterations of the stroma or immune microenvironment. For this 

purpose, scRNA-seq analysis was used to determine differential expression 

within specific cell populations. In addition, the pathogenic pathways and 

mutational landscapes of CRC are highly divergent between subtypes, such as 

MSI status (Al-Joufi et al., 2022). Stratification of samples by CRC subtype could 

reveal subtype-specific changes which may be masked by analysing all CRC 

samples together as a single cancer group. Although the results described in the 

previous chapter indicated that PDE expression was homogenous across tumour 

stage and location within the colon and rectum, PDE expression may be 

dependent on other subtype classifications, such as MSI status. To determine if 

this was the case, a scRNA-seq dataset with MSI classification was chosen for 

analysis from the Gene Expression Omnibus.  

To this end, the work presented in this chapter was carried out with the 

following aims: 

1. To perform scRNA-seq analysis on a publicly available dataset from the 

Gene Expression Omnibus to analyse differential PDE expression within 

the epithelial cell population.  
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2. To carry out gene set enrichment analysis of the cAMP and cGMP 

signalling pathways. 

3. To conduct differential expression analysis on epithelial cells stratified by 

MSI status to identify MSI-linked PDE genes.  
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4.2 Results 

4.2.1 Cell clustering and annotation 

The scRNA-seq dataset GSE200997 was selected for analysis and comprised 16 

tumour and 7 normal tissues. The raw count matrix and cell annotations were 

downloaded and consisted of 49,828 cells. This dataset was processed using a 

standard Seurat pipeline. After quality control and doublet removal, the 26,212 

remaining cells were clustered and visualised by t-distributed stochastic 

neighbour embedding (t-SNE) (Figure 4-1). The cells formed numerous clusters 

and grouped together by cell type (cancer or normal) within the clusters.  

 

Figure 4-1. Cells from normal and colorectal cancer clustered and annotated by tissue type. 
26,212 total cells clustered and visualised using t-SNE.  

The expression of marker genes was then visualised across the clusters for 

approximation of major cell types (Figure 4-2). Accordingly, the expression of 

KRT8, KRT18, and EPCAM identified the epithelial cell population, THY1 marked 

fibroblasts, PECAM1 located endothelial cells, CD3D revealed T cells, CD79A 

identified B cells, and LYZ indicated myeloid cells.  
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Figure 4-2. Marker gene expression of normal and colorectal cancer cells. 
Canonical marker genes were visualised to identify epithelial cells (KRT8, KRT18, and EPCAM), 
fibroblasts (THY1), endothelial cells (PECAM1), T cells (CD3D), B cells (CD79A), and myeloid cells 
(LYZ). Expression level indicated by normalised counts. Cells n=26,212. 

The clusters were then annotated by cell type, and strong separation of cells by 

cell type could be seen (Figure 4-3). Notably, epithelial cells shown in blue 

formed two clusters: cluster 1 comprised the majority of epithelial cells and 

contained a mix of both normal and cancer cells, while cluster 2 was much 

smaller and was formed of mostly normal cells.  
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Figure 4-3: Cells from normal and colorectal cancer clustered and annotated by cell type. 
26,212 total cells clustered and visualised using t-SNE. Cell type was determined by marker gene 
expression. Cells n=26,212. The epithelial cells formed two clusters, which are indicated by red 
boxes.  

4.2.2 Differential expression of epithelial cells 

All epithelial cells were combined into a separate dataset, and differential 

expression was determined between CRC and normal cells at the single-cell 

level. To provide initial validation, expression of marker genes associated with 

normal and CRC cells were checked. In the cancer epithelial cells compared to 

normal, the normal epithelial cell marker CA2 was found downregulated and the 

CRC markers CST1 and LYZ were found upregulated, reflecting expression 

profiles consistent with their physiological state (Figure 4-4:A). Next, 

differential expression across the PDE family was assessed, and PDE1C, PDE2A, 

PDE3A, PDE4D, PDE8A, and PDE9A were found downregulated in CRC compared 

to normal epithelial cells (Figure 4-4:B).  
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Figure 4-4. Differentially expressed genes between colorectal cancer and normal epithelial 
cells. 
A: Differential marker gene expression of malignant colorectal epithelial cells and normal epithelial 
cells. B: Differential phosphodiesterase (PDE) expression. Significance signified by Benjamini-
Hochberg adjusted p values. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Cancer n=1762, normal 
n=726. 

To visualise the spatial distribution of gene expression across the cancer and 

normal epithelial cells, the epithelial cells were clustered separately from other 

cell types and t-SNE plots were generated (Figure 4-5). Notably, there was an 

inverse and spatially separated expression profile within the normal epithelium 

between PDE1C, PDE2A, and PDE4D (localised to cluster 1) and PDE3A and PDE9A 

(localised to cluster 2), while PDE8A was evenly distributed. 
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Figure 4-5. Gene expression of marker genes and phosphodiesterases in colorectal cancer 
and normal epithelial cells. 
t-SNE plots indicating gene expression as log-normalised counts. Some phosphodiesterase (PDE) 
genes were found to localise to the upper epithelial cluster (cluster 2) or the lower cluster (cluster 1) 
in normal cells. Cancer n=1762, normal n=726.  

Differential expression at the single-cell level can lead to a high level of false 

positives, as each cell is treated as an individual sample with no consideration of 

sample or patient groupings (Lee and Han, 2024a). In order to assess PDE 

expression more rigorously, pseudobulk differential analysis was performed, in 
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which cells were aggregated by patient and tissue type. Reflecting the stricter 

statistical method and the relatively low sample number (cancer n=16, normal 

n=7) compared to the cell-based analysis (cancer n=1762, normal n=726), 

significant differential expression was only found for CA2, PDE8A, and PDE9A, 

while PDE3A showed a trend towards significance (Figure 4-6:A-B).  

 

Figure 4-6. Differentially expressed genes between colorectal cancer and normal epithelial 
cells at the pseudobulk level. 
A: Differential marker gene expression of malignant colorectal epithelial cells and normal epithelial 
cells. B: Differential phosphodiesterase (PDE) expression. Cells were aggregated by patient and 
tissue type, and differential expression was determined using DESeq2. Significance was signified 
by Benjamini-Hochberg adjusted p values. ns>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Cancer n=16, normal n=7. 
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4.2.3 cAMP and cGMP pathway gene set enrichment analysis 

To determine whether the cAMP and cGMP signalling pathways were perturbed 

as a whole beyond PDE expression in the cancer epithelial cells compared to the 

normal epithelial cells, GSEA was carried out. The differentially expressed genes 

between cancer and normal epithelial cells, determined at the single-cell level, 

were tested against the cAMP pathway (hsa04024) and the cGMP-PKG pathway 

(hsa04024) using GSEA (Figure 4-7). Both pathways were found significantly 

depleted, as indicated by a negative normalised enrichment score (NES), in the 

cancer epithelial cells compared to the normal epithelial cells. 

 

Figure 4-7. Gene set enrichment analysis (GSEA) of cAMP and cGMP signalling pathways 
between cancer and normal epithelial cells. 
Differentially expressed genes were pre-ranked by a signed score metric (log2FoldChange * (-
log10(p_value))) and tested against the hsa04024 and hsa04022 pathways using GSEA. 
Normalised Enrichment Score (NES) indicates gene set upregulation or downregulation normalised 
for gene set size. Benjamini-Hochberg corrected p values are indicated by FDR p_value. Cancer 
n=1762, normal n=726. 

To get an overview of the individual genes and their arrangements in the 

pathways, the R package Pathview was used to visualise the differential 

expression. By inspection of the cAMP signalling pathway (hsa04024), broad 

downregulation of many genes could be seen (Figure 4-8). Upstream in the 

pathway, adenylate cyclase (AC) was downregulated. After cAMP, PKA was 

downregulated and formed a central hub of target genes, many of which were 
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also downregulated. In contrast, key components of this pathway were found 

upregulated, including the PKA target CREB and the cAMP effector EPAC.  

 

Figure 4-8. Pathview visualisation of differential gene expression in the cAMP signalling 
pathway (hsa04024). 
Differential gene expression represented by a signed score metric (log2FoldChange * -
log10(p_value)), with values ranging from low to high indicated by a blue to red gradient. Cancer 
n=1,762, normal n=726. 

Using Pathview analysis of differential gene expression in the cGMP-PKG 

pathway, broad downregulation of genes was found in CRC compared to normal 

epithelial cells, many of which formed a hub around PKG, which was also 

downregulated. However, expression of guanylate cyclases (NPR-A/GUCY2A, 

NPR-B/GUCY2B) could not be determined. Interestingly, homogenous differential 

expression was not observed in the PI3K/AKT and RAF/MEK/ERK cancer-linked 

pathway modules, with genes indicating mixed modulation. Within the PI3K/AKT 

module for instance, PI3K was downregulated, AKT was not differentially 

expressed, whereas in the RAF/MEK/ERK module, RAF1 was not differentially 

expressed, MEK was upregulated, and ERK was downregulated. 
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Figure 4-9. Pathview visualisation of differential gene expression in the cGMP-PKG 
signalling pathway (hsa04022). 
Differential gene expression represented by a signed score metric (log2FoldChange * -
log10(p_value)), with values ranging from low to high indicated by a blue to red gradient. Cancer 
n=1,762, normal n=726. 

4.2.4 Differential PDE expression in microsatellite instable 
colorectal cancer 

Differential expression analysis was carried out across normal, MSS, and MSI-H 

samples (Figure 4-10). By dimensionality reduction, the cells were shown to 

cluster by MSI status (Figure 4-10:A). To verify that the gene expression of the 

cells was representative of MSI status, expression of four marker genes was 

checked: MLH1, MSH2, MSH6, and PMS2. MLH1 was found downregulated in MSI-H 

cells compared to normal epithelial cells, but MSH2, MSH6, and PMS2 were not 

differentially expressed. For the PDE superfamily, PDE1C, PDE2A, PDE3A, PDE8A, 

and PDE9A were significantly downregulated in both CRC subtypes relative to 
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normal cells, and expression was not significantly different between MSS and 

MSI-H cells (Figure 4-10:B). On the other hand, PDE5A was upregulated in MSI-H 

compared to MSS cells, and PDE11A was strongly upregulated in MSI-H compared 

to MSS and normal cells. 
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Figure 4-10. Differential expression of epithelial cells stratified by microsatellite instability 
status 
A: t-SNE plot of cells coloured by microsatellite instability (MSI) status. B: Differential expression of 
MSI marker genes and phosphodiesterase (PDE) genes. MSI-H; microsatellite instable colorectal 
cancer (CRC), MSS; microsatellite stable CRC, N; normal cells, log2Fc; log2(fold change). 
Significance indicated by Benjamini-Hochberg adjusted p values. ns>0.05, *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. MSI-H n=726, MSS n=1401, N n=361.  
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4.3 Discussion 

4.3.1 Cell clustering and annotation 

In this chapter, scRNA-seq analysis was employed to examine differential 

expression of PDEs within the epithelial cell population as opposed to the stroma 

and immune microenvironment. Additionally, a scRNA-seq CRC dataset was 

selected, which included MSI status of patients, allowing for PDE expression to 

be analysed across MSI-H, MSS, and normal epithelial cell types. Since 

mutational landscape and pathogenic pathway are highly dependent on CRC 

subtypes, such as MSI status (Al-Joufi et al., 2022), it is plausible that PDE 

expression is similarly dependent. Identification of MSI-specific PDEs could be of 

value for prognosis and therapeutic development or reveal associations with MSI 

pathogenesis.  

After standard quality control, doublet removal and clustering, the cluster cell 

types were determined by examining expression of canonical marker genes (R. 

Wang et al., 2022). Resultingly, expression of KRT8, KRT18, and EPCAM led to 

the identification of two epithelial cell clusters: a smaller cluster of normal 

cells, and a large cluster of both normal and CRC cells.  

In the original work published on this dataset, these two epithelial clusters were 

also identified by the authors (Khaliq et al., 2022). Given that the smaller 

epithelial cluster was comprised almost entirely of normal cells, this group may 

represent a certain cell type within the normal epithelium, such as goblet cells 

or enteroendocrine cells (Colony, 1989). To explore differences in expression 

profile between the two clusters, gene ontology (GO) analysis was performed. 

However, the eclectic mix of pathways found enriched did not provide a clear 

physiological explanation for the difference between the clusters (data not 

shown). Given that this second cluster represented only a small proportion of 

normal cells, and that characterisation of normal epithelial cell subtypes was 

beyond the scope of this project, distinction between the two clusters was not 

made during differential expression analysis between the normal and cancer 

epithelial cells. Nevertheless, further characterisation could reveal associations 

between PDE expression and normal epithelial cell subtypes or CRC pathogenic 

pathways before tumorigenesis. This could be done by visualising expression of 
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more granular marker genes associated with epithelial subpopulations (Montoro 

et al., 2020). Also, these normal epithelial cell clusters may originate from 

patients with specific subtypes. For example, hypothetically, cluster 1 may 

originate from patients with MSI-H CRC, while cluster 2 originates from MSS CRC 

patients, or vice versa. By detailed examination of differential gene expression 

between these clusters, genes associated with subtype-specific CRC 

pathogenesis before tumorigenesis could be found.  

4.3.2 Differential expression in colorectal cancer epithelial cells 

Once the epithelial population was identified, differential PDE expression in the 

cancer cells was determined at the single-cell level by Wilcoxon Rank Sum test 

(Satija et al., 2015). As an initial validation step, expression of three marker 

genes was assessed. The carbonic anhydrase gene CA2 has been inversely linked 

to colorectal adenoma and tumour growth and is a marker for non-cancerous 

epithelial cells (Maurya et al., 2023). Conversely, the cysteine protease inhibitor 

gene CST1 and a gene coding for an enzyme that digests bacterial cell walls LYZ 

are both associated with proliferation and CRC progression (Jiang et al., 2018; 

Glyn et al., 2024). By single-cell level differential analysis, CA2 was 

downregulated, and CST1 and LYZ were upregulated. These findings indicated 

that the expression profile of the cancer and normal epithelial groups are 

representative of their expected biological state and supported the validity of 

subsequent PDE expression analysis. 

By scRNA-seq differential expression analysis between CRC and normal epithelial 

cells, significant downregulation was found for PDE1C, PDE2A, PDE3A, PDE4D, 

PDE8A, and PDE9A. This agreed with the bulk-level TCGA RNA-seq data (Section 

3.2.1.1), supporting downregulation of these genes to be a robust pattern in 

CRC. Nevertheless, differential expression of many PDE genes identified at the 

bulk level were not found at the single-cell level. This was true for genes PDE1A, 

PDE1B, PDE3B, PDE5A, PDE6A, PDE6B, PDE6G, PDE7B, and PDE8B found 

downregulated, and genes PDE7A and PDE10A found upregulated in TCGA colon 

and rectal cohorts. Since the scRNA-seq analysis indicated the same findings as 

the bulk analysis, albeit with fewer of the PDE genes found significantly 

changed, the difference could be attributed to the reduced statistical power of 

scRNA-seq compared to bulk RNA-seq, resulting from lower sequencing depth 
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and signal-to-noise ratio (Zyla et al., 2023). This would prevent weaker changes 

in PDE expression from being detected. Alternatively, it was possible that these 

differential PDEs detected only by bulk RNA-seq originated from alterations in 

stromal cells or the immune microenvironment in CRC. Though unlikely, this 

could not be ruled out, and further investigation could be done by scRNA-seq 

differential PDE expression analysis within these non-epithelial cell populations. 

Nonetheless, these results, in addition to bulk-level cross-validation in TCGA 

cohort, support PDE1C, PDE2A, PDE3A, PDE4D, PDE8A, and PDE9A to be strongly 

downregulated in CRC epithelial cells. In future work, having comprehensively 

characterised these genes at the mRNA level, it would be important to validate 

that these changes translate to the protein level. 

4.3.3 Differential PDE expression at the single-cell and 
pseudobulk level 

The single-cell level differential expression results were validated using 

pseudobulk analysis. Single-cell level analysis is advantageous since the large 

number of cells is leveraged, leading to increased sensitivity (Lee and Han, 

2024a). However, each cell is treated as an independent sample with no 

consideration for patient-origin dependency, increasing the risk for p value 

inflation and false positives (Lee and Han, 2024a). Additionally, single-cell level 

count data often has a complex and inconsistent distribution with many zero 

counts. This can be difficult to model, and real expression changes can be 

obscured (Lee and Han, 2024a). Pseudobulk analysis overcomes this by averaging 

cells across patients and tissue types, which accounts for patient grouping and 

reduces variability and zero-inflation of count distributions (Lee and Han, 

2024b). However, weaker expression patterns can be lost, and statistical power 

is reduced due to the smaller sample size (Lee and Han, 2024b).  

By pseudobulk analysis, only CA2, PDE8A, and PDE9A were found differentially 

expressed while the other significant genes identified by single-cell analysis 

were lost, reflecting the smaller group sizes and the reduced statistical power 

after cell aggregation. Also of note, PDE3A approached significance and was 

downregulated. Overall, this highlights PDE8A and PDE9A downregulation as a 

strong and consistent change in CRC, increasing confidence in the findings, as 
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the strongest expression patterns were consistent across both methods used in 

this project. 

4.3.4 PDE expression distribution across the normal epithelial 
cells 

Once certain PDEs were identified as downregulated in the CRC epithelial cells 

compared to the normal cells, their expression was visualised across the 

epithelial cell cluster using t-SNE. Upon inspection, downregulation could clearly 

be seen, but it was surprising to see that some PDEs had an almost mutually 

exclusive distribution in the normal cells. While PDE8A was evenly expressed 

across the two normal epithelial clusters, PDE1C, PDE2C, and PDE4D were 

localised mainly to the smaller cluster, cluster 2, while PDE3A, and PDE9A were 

restricted to the larger cluster, cluster 1. This binary expression pattern clearly 

shows that there are subtypes within the normal epithelial cells which are 

characterised by distinct PDE expression profiles. Although beyond the scope of 

this project, it would be fascinating to see if PDE expression correlates to 

specific cell lineages within the epithelia (Colony, 1989), or to patients 

predisposed to tumours of a specific pathogenic subtype or phenotype, as 

discussed above (Section 4.3.1).      

4.3.5 Pathway analysis 

GSEA and Pathview analysis indicated that the cAMP and cGMP-PKG pathways 

were broadly downregulated in the cancer epithelial cells compared to the 

normal cells, and this agreed with the bulk-level TCGA RNA-seq dataset (Section 

3.2.1.1). For cGMP, this was consistent with its established tumour suppressive 

role in CRC and the downregulation necessary for tumorigenesis (Rappaport and 

Waldman, 2018). For cAMP, these findings suggest that cAMP could play a similar 

protective role in CRC and could be equally downregulated during tumorigenesis. 

Interesting expression patterns of other genes were shown by the Pathview 

representation of cAMP and cGMP pathway depletion. The cAMP effector EPAC 

and the PKA effector CREB were found upregulated in the CRC epithelial cells. 

EPAC has demonstrated both pro- and anti-cancer effects depending on cancer 

type and context (Wehbe et al., 2020; Zhang et al., 2024), but these data 

support a deleterious action of EPAC in CRC. Conversely, CREB has a clear 
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deleterious action in cancer and CRC (Cheng et al., 2020; Sapio et al., 2020), 

and this was reflected by the upregulation found by Pathview. Nonetheless, the 

Pathview data represented a gene family average, and inspecting differential 

expression of separate EPAC and CREB genes would be much more insightful. 

Similarly, this may explain the mixed modulation of PI3K/AKT and RAF/MEK/ERK 

genes shown by Pathview. Furthermore, this analysis did not account for CRC 

subtypes, which exhibit highly divergent pathways of pathogenesis. Therefore, 

averaging subtypes together as one group here likely obscured subtype-specific 

expression of cancer signalling pathways. For detailed characterisation of cancer 

signalling pathways, separate GSEA and Pathview analysis could be conducted in 

addition to examining individual gene expression and performing validation by 

RT-qPCR, western blot, and IHC on patient tissues while accounting for CRC 

subtypes.  

4.3.6 Differential PDE expression in microsatellite instable 
colorectal cancer 

Microsatellite stable and instable CRC tumours exhibit different mutational 

profiles and pathogenic pathways (Boland and Goel, 2010). Profiling PDEs across 

these subtypes may reveal mechanistic roles and targets for prognosis or therapy 

that were obscured by averaging into a single cancer group. To this end, 

differential gene expression analysis was performed at the single-cell level 

between MSI-H, MSS, and normal epithelial cells.   

To validate the reliability of the data, the expression of MSI marker genes was 

determined. The genes MLH1, MSH2, MSH6, and PMS2 are essential components 

of the MMR system that maintains genomic stability (Baretti and Le, 2018). 

Genetic or epigenetic loss of these genes is central to pathogenesis of inherited 

CRC (Lynch Syndrome/HNPCC) and MSI CRC (Boland and Goel, 2010). For more 

information, see Section 1.3.2. By scRNA-seq, strong downregulation of MLH1 

was observed in the MSI-H but not the MSS cells. On the other hand, MSH2, 

MSH6, and PMS2 were not found differentially expressed. This was unexpected 

but may be explained by the low sequencing depth and statistical power of 

scRNA-seq (Zyla et al., 2023). In addition, MLH1 may be a stronger biomarker for 

MSI CRC compared to the other genes. This is supported by two studies which 

described the development of gene signatures for the classification of MSI CRC, 
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and both included MLH1 but not MSH2, MSH6, or PMS2 (Zhang et al., 2018; 

Pačínková and Popovici, 2019). Taken together, the strong downregulation of 

MLH1 in the MSI group validated that the gene expression of these groups in this 

dataset was representative of their biological states. However, the lack of 

differential expression detected for the other MMR system genes suggests that 

larger datasets may be required to detect weaker patterns of expression.  

Across the PDE family, PDE1C, PDE2C, PDE3A, PDE8A, and PDE9A were found 

significantly downregulated in both CRC subtypes relative to normal epithelial 

cells, and this agreed with the single-cell differential expression conducted 

between cancer and normal epithelial cells. Importantly, expression of these 

genes was not dependent on MSI status.  

Intriguingly, PDE5A was found significantly increased in MSI compared to MSS 

cells, but this was not significantly different to normal cells. This suggests that 

PDE5A may be slightly increased in MSI CRC. However, existing data about PDE5A 

expression in CRC is conflicting, and cannot provide support for this finding. For 

instance, bulk RNA-seq and CPTAC proteomic analysis in the previous chapter 

showed PDE5A to be downregulated in CRC compared to normal tissues. 

Additionally, reports in the literature involving western blot analysis of CRC cell 

lines as well as IHC and RT-qPCR analysis of patient tissues indicate divergent 

results (Tinsley et al., 2010; Whitt et al., 2012; Li et al., 2013; N. Li et al., 2015; 

Mahmood et al., 2016; Islam et al., 2022). This was discussed in detail in Section 

1.8.3.4. For this reason, differential expression of PDE5A across MSI CRC 

subtypes requires validation in other scRNA-seq cohorts with larger sample 

numbers. Alternatively, IHC analysis of normal patient tissues and both MSS and 

MSI-H CRC would validate this finding at the protein level. Nevertheless, these 

results may reflect a biologically representative upregulation of PDE5A in MSI-H 

CRC. While one study indicated that cGMP signalling did not reduce proliferation 

in established tumours, only showing efficacy for reducing polyp initiation in 

mice models (Islam et al., 2022) (See Section 1.8.2), it would be interesting to 

validate this finding by testing PDE5 inhibitors on models of MSI-H CRC after 

tumorigenesis. This could involve the comparison of CRC cell lines exhibiting 

dMMR like HCT116 and DLD-1 or MMR like WiDr and SW403 (Genther Williams et 

al., 2015). Alternatively, tumour organoids of MSI and MSS mice models could be 

used, such as those bearing mutations for MLH1 and APC respectively, but this 
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would be considerably more expensive (Heyer et al., 1999). Additionally, testing 

could be performed using patient-derived organoids, which would provide more 

clinically relevant results but would also be more costly. Though unlikely, if 

efficacy is discovered, this could represent a strategy for personalised targeted 

therapy for MSI-H CRC. Additionally, since cGMP synthesis is downregulated in 

CRC, the increase in cGMP induced by PDE inhibitors may not be sufficient for 

possible tumour suppression (Hou et al., 2022b). In other words, if there is no 

substrate present for PDE hydrolysis, then inhibiting PDEs could have no effect.  

Aside from PDE5A, PDE11A was found strongly upregulated in MSI compared to 

MSS and normal cells. This was intriguing, since differential expression was not 

detected by bulk or scRNA-seq analysis between normal samples and all CRC 

samples grouped together. In the literature, there are no reports about the role 

of PDE11 in CRC, but deleterious associations have been found in other cancers 

including brain, prostate and adrenocortical cancer (Faucz et al., 2011; Kong et 

al., 2022). As for PDE5, it would be interesting to determine whether PDE11 

inhibitors, such as BC11-38 (Ceyhan et al., 2012), could provide a means for 

personalised targeted therapy of MSI-H CRC.  

4.3.7 Summary 

Taken together, the results described in this chapter suggest that the broad 

downregulation of the PDE family in CRC, along with disruption in cAMP and 

cGMP signalling pathways, is representative of epithelial cells specifically and 

not of the stroma or immune microenvironment. Additionally, this 

downregulation was shown to be largely independent of MSI status subtype and 

the respective pathways of pathogenesis. In theory, potential prognostic or 

therapeutic methods exploiting these changes in PDE expression or the cAMP and 

cGMP pathways should be equally effective across MSI subtypes. Crucially, PDE5A 

and PDE11A displayed a possible upregulation in MSI-H CRC and further research 

involving functional studies could pave the way for MSI prognostic methods or 

novel personalised therapies.  
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Chapter 5 Final Discussion 

In CRC, advancements in chemotherapy and targeted therapies have been 

transformative for patient outcomes, yet major challenges persist, including 

inadequate patient response, difficulty in predicting patient responses, the 

development of drug resistance, and the lack in understanding of the link 

between pathogenic subtypes and patient response (Xie et al., 2020; Gmeiner, 

2024). For this reason, there is an urgent need for novel targeted therapies, 

improved means for predicting patient response and prognosis, as well as 

increased understanding of the mechanisms underpinning pathogenic subtypes 

(Xie et al., 2020; Gmeiner, 2024).  

PDE inhibitors have been greatly successful as established drugs for the 

treatment of several diseases, including pulmonary hypertension, chronic 

obstructive pulmonary disease, and heart failure (Schudt et al., 2011). While 

PDE inhibitors and modulators of cyclic nucleotides cAMP and cGMP have 

demonstrated utility in preclinical studies in CRC, none have yet completed 

clinical trials for CRC (Peng et al., 2018). In CRC, the cGMP signalling axis has 

been well established to have tumour suppressive effects, and cGMP attenuation 

has been demonstrated as an early and essential event in CRC tumorigenesis 

(Pitari et al., 2007; Rappaport and Waldman, 2018). Furthermore, inhibitors of 

PDE5 have been found to reduce CRC risk in population studies (Huang et al., 

2019; Sutton et al., 2020; Cullinane et al., 2023), and have exhibited consistent 

reduction of CRC tumorigenesis in animal models via cGMP increase (Islam et al., 

2017; Sharman et al., 2018). For these reasons, PDE5 and PDE10 inhibitors are 

undergoing preclinical development as CRC chemopreventatives (A. Lee et al., 

2023; Ramesh et al., 2023). Considering current research on cGMP hydrolysis by 

PDE5, the other PDE genes remain understudied in CRC, and it is unclear 

whether cAMP signalling is protective or deleterious. By characterising the 

expression of the whole PDE superfamily in CRC, the goal of this thesis was to 

elucidate the role of PDEs and cyclic nucleotides in CRC and its pathogenic 

subtypes and to highlight promising targets for the development of therapies or 

prognostic methods.  
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5.1 Major findings 

By RNA-seq analysis of TCGA datasets, the majority of the PDE superfamily were 

downregulated in CRC compared to normal tissue, with the highest expression in 

normal tissue and strongest downregulation observed for PDE3A, PDE4D, PDE5A, 

PDE8A, and PDE9A. In contrast to this trend, only PDE7A and PDE10A exhibited 

weak upregulation in CRC tissues. Next, PDE expression was assessed based on 

several clinical descriptors. By comparison of TCGA cohorts, the colon and 

rectum exhibited an almost identical profile of differential PDE expression 

between CRC and normal tissue. This was not entirely unexpected, as colon and 

rectal cancers occupy neighbouring anatomical sites and share risk factors and 

similar landscapes of cancer mutation and pathogenesis (Hong et al., 2012). 

Similarly, comparison of cancer stages after tumorigenesis and of tumour 

locations within the colon revealed PDE expression to be independent of these 

factors, and homogenous PDE downregulation was observed across all tumours. 

This was more surprising, since proximal and distal colon tumours have been 

proposed to be more distinct in mutational landscape and tumour phenotype 

than for distal colon and rectal tumours (Hong et al., 2012).   

One major finding of the omics analysis in this project was that both the cAMP 

and cGMP signalling pathways were depleted in CRC compared to normal tissue. 

This attenuation of cGMP and its protective signalling has been well 

characterised in CRC, but downregulation of the cAMP signalling pathway was a 

novel discovery. Given the protective effects of adenylate cyclase agonists in 

CRC (Gamet et al., 1992; Yoshizawa et al., 1995; Höpfner et al., 2001; McEwan 

et al., 2007; Cristóbal et al., 2014), this downregulation may reflect an 

analogous anti-cancer effect of cAMP signalling in CRC. Importantly, scRNA-seq 

analysis linked downregulation of PDEs and pathways of cAMP and cGMP 

specifically to the epithelial cell population and not to other cell types present 

in the surrounding tissue. Of these, PDE3A, PDE8A, and PDE9A were reaffirmed 

as strongly downregulated in CRC, but downregulation was also shown at the 

single-cell level for PDE1C, PDE2A, and PDE4D. Furthermore, scRNA-seq analysis 

also revealed a weak upregulation of PDE5A and a strong upregulation of PDE11A 

in MSI compared to MSS CRC cells, but PDE1C, PDE2A, PDE3A, PDE8A, and PDE9A 

exhibited strong and homogenous downregulation regardless of microsatellite 

instability subtype. 
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5.2 Conceptual model of major findings 

With the key findings of broad downregulation of PDE signalling in CRC tumours 

regardless of anatomical site, cancer stage, and MSS/MSI pathogenic subtype, in 

addition to the downregulation observed for cAMP and cGMP pathways in CRC, 

this project supports the following model (Figure 5-1). Attenuation of cGMP 

signalling and tumour suppressive functions has been identified as an early and 

important event in CRC pathogenesis (Pitari et al., 2007; Rappaport and 

Waldman, 2018). Downregulation of cAMP in CRC found by this project suggests 

that cAMP has a similar protective role and could be equally attenuated during 

CRC tumorigenesis. This is supported by preclinical studies demonstrating the 

anti-proliferative effects of adenylate cyclase agonism and consequent cAMP 

increase in CRC models (Gamet et al., 1992; Yoshizawa et al., 1995; Höpfner et 

al., 2001; McEwan et al., 2007; Cristóbal et al., 2014). These two observations 

could also explain the broad downregulation of PDEs seen here in CRC.  

Many PDEs are transcriptionally upregulated in response to cyclic nucleotide 

signalling in different tissue types, and this could form a means for long term 

homeostatic negative regulation (Swinnen et al., 1989). For instance, cAMP 

signalling can trigger transcription of many genes via activating phosphorylation 

of the transcription factor CREB by PKA. Such pCREB-mediated transcription has 

been found for PDE3A and PDE3B (Liu et al., 2006; Sucharov et al., 2019). Both 

genes were found to contain cAMP response elements (CREs) in their promotor 

regions, which bind pCREB to induce transcription. Accordingly, increase in cAMP 

levels or treatment of cAMP agonists stimulated PDE3A and PDE3B transcription 

in various cell types (Swinnen et al., 1989; Swinnen et al., 1991; Liu et al., 2006; 

Sucharov et al., 2019).   

The same mechanism was discovered for PDE4D5, PDE4D6, and PDE4D7, which 

all contain promotor CREs, and treatment of cAMP agonist induced expression of 

PDE4D5 (Le Jeune et al., 2002; Wang et al., 2003). Similarly, other work showed 

transcription of PDE4B, PDE4D1, and PDE4D2 to be inducible by cAMP agonism, 

but the exact mechanism may involve cAMP-responsive transcription factors Sp1 

and AP2 instead of CREB (Swinnen et al., 1991; Vicini and Conti, 1997; Ma et al., 

1999). Additionally, promotor Sp1 binding elements have been found for 

PDE4A10 and PDE4A11. In the promotor region for PDE5A, binding elements have 
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been found for CREB, Sp1, and AP2, and both sites have been linked to 

transcriptional upregulation in response to cAMP and cGMP agonism (Kotera et 

al., 1999; Lin et al., 2001). CRE elements have also been found in the promotor 

of PDE7A, and ectopic overexpression of CREB or cAMP agonism both were shown 

to induce transcription of the gene (Lee et al., 2002; Torras-Llort and Azorín, 

2003). Similarly, cAMP agonism by 8-Br-cAMP induced expression of PDE7B, 

although the mechanism remains unelucidated (Sasaki et al., 2004).   

From these studies, it is clear that cyclic nucleotide signalling can influence 

transcription of PDE genes, and this possible homeostatic feedback mechanism 

would explain broad PDE downregulation in response to disrupted cyclic 

nucleotide signalling shown in this project. However, these mechanisms 

described above have only been found for a subset of PDE genes in non-

colorectal cell types. Further study is clearly required to determine whether 

these observations apply to colorectal tissues and are broadly applicable across 

PDE genes, thus explaining the model proposed here.  

Taken together, attenuation of both cAMP and cGMP signalling could be an 

important event facilitating CRC carcinogenesis, resulting in downstream PDE 

downregulation as a secondary effect. Critically, PDEs were found to be 

homogenously downregulated in this project irrespective of tumour location, 

cancer stage, or MSI subtype, suggesting that this signalling attenuation is an 

early and ubiquitous event in CRC carcinogenesis. This type of ubiquitous 

pathogenic pattern has already been demonstrated by the Wnt pathway, which 

exhibits strong upregulation early in tumorigenesis and is shared across almost 

all CRC tumours regardless of genotype and phenotype, although the specific 

activating mutations vary (Müller et al., 2016). 

If this model is accurate, then increasing cAMP concentration could be effective 

for CRC chemoprevention like for cGMP, and could be achieved by either AC 

agonists, cAMP-specific PDE inhibitors, or a combination of both. In terms of 

primary targeted treatments after CRC tumorigenesis, this model suggests that 

PDE inhibitors may not be effective. If PDEs are already downregulated in CRC, 

as shown by the present work, then further inhibition may not significantly 

impact cyclic nucleotide levels. Furthermore, cGMP synthesis is well 

characterised as downregulated in CRC (Pitari et al., 2007). Therefore, if 
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synthesis is the limiting factor, inhibiting PDEs may not significantly affect cGMP 

levels. As a work around, PDE inhibitors could be combined with GC agonists. In 

any case, one study demonstrated that cGMP signalling, while reducing tumour 

multiplicity, did not impact tumour proliferation, as shown by comparison of 

CRC mice models with and without genetic knockout of PKG (Islam et al., 2022). 

This suggests that even if cGMP concentration could be elevated by PDE 

inhibition in CRC tumours, tumour suppression may not result. Since the cAMP 

signalling pathway was shown to be downregulated in CRC in this project like for 

cGMP, cAMP synthesis could be similarly downregulated, albeit by a different 

mechanism. This would therefore discourage development of PDE inhibitors the 

treatment of CRC tumours.  

In this project, insight into the expression of cAMP and cGMP signalling pathways 

and PDEs in CRC has been gained, but many questions remain about the role of 

cAMP and cGMP in CRC and their potential as drug targets. Given the clear 

efficacy of cGMP elevation for chemoprevention, further research in this area 

could reveal further impactful discoveries.   
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Figure 5-1: Model of cAMP, cGMP, and PDE downregulation in colorectal cancer 
pathogenesis. 
cAMP may be a tumour suppressor in colorectal cancer. Therefore, downregulation of cAMP and 
cAMP-mediated signalling may be an important and early event for colorectal cancer tumorigenesis 
analogous to cGMP downregulation. This may cause downregulation of phosphodiesterase (PDE) 
enzymes as a secondary effect due to feedback transcriptional regulation, in which low cyclic 
nucleotide levels fail to stimulate PDE transcription. Tumour image generated using Biorender.com. 

5.3 Limitations and future work 

5.3.1 Validation of differential PDE expression in colorectal 
cancer 

This project comprehensively characterised differential PDE expression in CRC at 

the mRNA level using RNA-seq. However, comprehensive validation of these 

changes at the protein level was not possible due to limitations of the datasets 

available and practical challenges during in vitro experiments. For this reason, 

confidence in these findings would be greatly increased by broad validation in 

larger cohorts using proteomics, IHC and western blot of patient tissues. By 

establishing new collaborations, these cohorts could include the Colorectal 

Cancer Glasgow Royal Infirmary Tumour Micro Array Cohort and the INCISE 
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Longitudinal Polyp Study Cohort prepared by the group of Professor Joanne 

Edwards at the University of Glasgow (Park and Edwards, 2021; Edwards and 

Ritchie, 2023). 

Importantly, representation of CRC subtypes would allow for subtype-specific 

alterations to be detected. This would validate the proposed model of subtype-

agnostic downregulation of cAMP, cGMP, and PDEs in CRC pathogenesis described 

above, and would also affirm upregulation of divergent genes, such as PDE11A in 

MSI-H CRC. Additionally, carrying out proteomic analysis on patient tissues would 

enable comprehensive characterisation of PDE protein and pathways of cAMP and 

cGMP analogous to the mRNA profiling used in this project. 

5.3.2 Validation of cAMP and cGMP downregulation in colorectal 
cancer 

Signalling pathways of cAMP and cGMP were found to be downregulated by RNA-

seq and scRNA-seq in this project, which was proposed to be critical for CRC 

pathogenesis. This has been characterised for cGMP previously (Pitari et al., 

2007; Rappaport and Waldman, 2018), but this is a novel finding for cAMP. Since 

the levels of these cyclic nucleotides were inferred indirectly from mRNA 

expression of their pathway genes, changes in their concentration should be 

directly validated in further work. For instance, cyclic nucleotide levels could be 

measured by ELISA between normal and CRC patient tissue samples (Hackett et 

al., 2014).  

Moreover, disruption of cyclic nucleotide dynamics could be investigated using 

Förster resonance energy transfer (FRET) (Förster, 1948). Domains of a protein 

that change proximity to each other upon a conformational shift can be 

genetically fused to donor and acceptor fluorophores. Such a change in 

fluorophore proximity can be detected by a shift in FRET wavelength. In this 

way, fluorescent probes for protein binding events can be generated. For 

instance, reporters for indicating the presence of cyclic nucleotides can be made 

by inserting fluorophores near a cyclic nucleotide binding domain (DiPilato and 

Zhang, 2009). Alternatively, FRET reporters for cyclic nucleotide effector 

activity can be generated by positioning probes near binding domains for 

effectors on substrate proteins (Allen and Zhang, 2006). Using such probes, the 
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distribution across the cell of the activation of cyclic nucleotide effectors, such 

as PKA and PKG, could be visualised using confocal microscopy (Sample et al., 

2012). These dynamics could be compared between CRC and normal patient 

tissues or in organoids of mice models or patients, and if the model of cAMP 

downregulation in CRC proposed by this project is correct, a reduced presence 

of cAMP and lower activation of PKA could be directly observed.  

FRET probes could also be used to investigate alterations in the regulation of 

cyclic nucleotide nanodomains, which have been associated with cancer. In 

melanoma for instance, soluble AC (sAC) has been shown by IHC to migrate to 

the nucleus as part of a shift from differentiation to proliferation during 

tumorigenesis of melanocytes (Desman et al., 2014). Furthermore, this pattern 

was diagnostic of melanoma subtypes and was hypothesised to be prognostic of 

patient progression (Desman et al., 2014). Analogous changes of nanodomain 

regulatory components could be investigated in CRC by IHC in patient tissues and 

FRET of CRC cell lines or primary cells from patients.  

5.3.3 Validation of cAMP in chemoprevention and tumour 
treatment 

Since the cAMP signalling pathway was found to be downregulated in CRC in this 

project like cGMP, cAMP may have a similar tumour suppressive role, and further 

investigation might reveal its potential as a drug target for chemoprevention. 

Additionally, it would be valuable to characterise the effect of cAMP on CRC 

tumours after carcinogenesis. This could be assessed by testing AC agonists like 

forskolin or cAMP analogues in various CRC models. These could include normal 

and CRC cell lines, or mouse- or patient-derived organoids, which would be more 

representative (Lechuga et al., 2023). Alternatively, an approach could be 

adopted similar to the study involving the comparison of CRC mice models with 

and without genetic knockout of PKG (Islam et al., 2022). In this case, the 

impact of genetic knockout of PKA or other cAMP effectors on tumour 

multiplicity and size could be assessed, therefore revealing the role of cAMP on 

tumorigenesis and proliferation respectively. Lastly, if cAMP is identified as a 

tumour suppressor like cGMP, then the signalling components and effectors 

responsible for the mechanism should be investigated. This could involve testing 

cAMP-elevating agents alongside inhibitors of cAMP signalling components to 
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observe their impact on CRC proliferation and apoptosis. For example, inhibitors 

of EPAC, PKA, and their downstream effectors could be evaluated (Cho-Chung, 

1990; Fajardo et al., 2014; Ahmed et al., 2022). 

5.3.4 Investigation of subtype-specific PDEs 

PDE11A was found to be strongly upregulated in MSI-H compared to normal cells 

by scRNA-seq, while no differential expression was found between normal and 

CRC cells. This suggests that PDEs can have specific mechanisms that result in 

upregulation instead of the hypothetical superfamily-wide PDE downregulation 

proposed in this work. For example, studies have suggested PDE4B to be a target 

for transcriptional upregulation by c-Myc and β-catenin (Pleiman et al., 2018; 

Kim, Kwak, et al., 2019). It would be interesting to see if PDE11A upregulation is 

similarly linked to MSI-specific pathogenic pathways such as MMR dysfunction or 

constitutive BRAF signalling (Boland and Goel, 2010). 

To investigate this in further work, PDE11A differential expression should first be 

validated by IHC of MSI patient tissues or by RT-qPCR or western blot analysis of 

models for CRC MSI subtypes. This could include cell lines representative for 

MMR or dMMR CRC like WiDr and SW403 respectively (Genther Williams et al., 

2015), or could involve mice models that recapitulate MSI subtypes, such as 

those bearing APC or BRAF mutations (Heyer et al., 1999). Meanwhile, the 

mechanisms underlying PDE11A upregulation could be investigated by GSEA of 

genes co-expressed with PDE11A in the scRNA-seq dataset used in this project. If 

promising candidate pathways are identified, their involvement could be 

investigated by testing the effect of inhibitors on the expression level of PDE11A 

in CRC MSI-H/dMMR cell lines. Lastly, the functional role of PDE11A could be 

assessed by observing the effect of PDE11A inhibition on proliferation and 

apoptosis in CRC dMMR cell lines. Following this, mouse- or patient-derived 

organoid models representing MSI-H and MSS would provide more representative 

results but would be more costly (Lechuga et al., 2023). These efforts may result 

in increased understanding of MSI-H CRC pathogenesis and reveal the value of 

PDE11A as a therapeutic target.  
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5.3.5 PDE expression as a biomarker for patient treatment 
response 

One of the major challenges in current CRC treatment is the unpredictable 

response and outcomes among patients (Xie et al., 2020). Some individuals 

receive treatments they do not require or will not respond to and are then 

subject to the adverse effects (Foersch et al., 2023). Therefore, an increased 

understanding of the factors that influence treatment responses, as well as the 

development of reliable prediction methods, is essential for improving patient 

outcomes in CRC. 

The discovery of PDE11A upregulation in MSI-H CRC suggests that analogous 

responder-specific PDEs may exist that could allow for the prediction of patient 

response and outcomes to chemotherapeutics or targeted therapies. This could 

be explored by conducting RNA-seq, RT-qPCR, IHC, and western blot in patient 

tissues representing responder and non-responder groups. This work could 

potentially be done in the context of rectal cancer in collaboration with Dr 

Campbell Roxburgh at the University of Glasgow, whose research group uses 

these techniques on patient tissues to predict response to radiotherapy in rectal 

cancer (Hillson et al., 2024).  

5.4 Conclusion 

In conclusion, this thesis has identified broad downregulation of PDEs and cyclic 

nucleotide signalling pathways in colorectal cancer, suggesting that attenuation 

of both cAMP and cGMP signalling is an early and ubiquitous event in 

tumorigenesis. These findings support the use of PDE inhibitors for 

chemoprevention rather than treating established tumours and point toward the 

promise of AC or GC agonists as therapeutic strategies. Additionally, 

identification of PDE genes upregulated in CRC subtypes could reveal specific 

disease mechanisms or prognostic targets. Future validation of these results and 

further exploration of the mechanisms underlying PDE dysregulation, particularly 

in MSI-H CRC, will be essential for advancing novel targeted therapies and 

improving patient outcomes. 
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Bioinformatic discovery of Dengue 
virus disruptor peptides 
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Chapter 6 Introduction 

6.1 Dengue virus epidemiology and clinical features 

Dengue virus (DENV) is the fastest spreading vector-borne viral disease in the 

world and is a severe detriment to global health (World Health Organization, 

2009). Dengue virus is a positive-sense single-stranded RNA flavivirus transmitted 

by Aedes mosquitos throughout tropical and subtropical regions (Figure 6-1) 

(Nanaware et al., 2021). Nearly half of the global population lives under risk of 

infection (Bos et al., 2018). Currently, no antiviral treatments are available, and 

candidate vaccines are undergoing late-stage clinical trials (Palanichamy Kala et 

al., 2023). Every year, there are approximately 100-400 million cases and 36,000 

deaths from Dengue virus infection worldwide (Bhatt et al., 2013; Santana et al., 

2022). One in four cases manifest in acute febrile illness, and one in twenty 

require hospitalisation, in which case fatality rates range from 2.5 - 5 % (Castro 

et al., 2017; Bere et al., 2021). For these reasons the World Health Organization 

has classified Dengue virus as one of the top ten threats to global health (World 

Health Organization, 2019).  

 

Figure 6-1: Predicted environmental suitability for Dengue virus in 2050.  
Based on models of projected temperature, rainfall, and mosquito population growth. NASA Earth 
Observatory map by Lauren Dauphin generated from data from Janey Messina, University of 
Oxford (Patel and Dauphine, 2020).  
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Mild cases of Dengue virus infection present as a typical fever, with symptoms of 

high body temperature, headache, abdominal pain, musculature pain, joint pain, 

orbital pain, flushing, rash, and swollen glands (Oishi et al., 2007). However, 

around one in twenty individuals develop severe infection, characterised by low 

platelet count and haemorrhaging (Tsheten et al., 2021). Severe infection is life 

threatening, and afflicted individuals need urgent supportive care and 

symptomatic treatment (Tsheten et al., 2021). There are four genetic variants of 

Dengue virus called serotypes, each with distinct epitopes (Soo et al., 2016). The 

serotypes cocirculate and are individually capable of inciting full disease 

(Srikiatkhachorn et al., 2017). Once an individual recovers, serotype-specific 

neutralising antibodies provide lifelong immunity from reinfection with that 

serotype (Srikiatkhachorn et al., 2017). However, antibodies cross-reactive with 

other serotypes are rarely neutralising and can even increase risk of severe 

symptoms upon re-infection with a different serotype (Srikiatkhachorn et al., 

2017). For these reasons, repeat infection of Dengue virus is common (St. John 

and Rathore, 2019).  

Dengue virus is endemic in over 128 countries in South Asia, Southeast Asia, the 

West Pacific, Africa, the Americas, and the East Mediterranean (Brady et al., 

2012). Countries most affected include Brazil, Vietnam, India, Colombia, and the 

Philippines (Akter et al., 2024). Dengue virus is mainly spread by the Aedes 

aegypti mosquito, which thrives in tropical urban environments with open water 

(Schmidt et al., 2011). This is a prominent issue in areas with rapid urban 

expansion without access to piped water, where the Aedes aegypti mosquito can 

lay eggs and reproduce in open water sources such as water tanks, drains and 

artificial debris that collect rainwater (Schmidt et al., 2011). With this growing 

urbanisation in combination with global warming, the regions hospitable to this 

mosquito are rapidly expanding (Murugesan and Manoharan, 2020). A recent 

outbreak in Brazil in January and February 2024 is a prime example of this 

(Lenharo, 2024). With a warming climate and expanding urban zones, Dengue 

infection is intensifying in cities and advancing south into more temperate 

regions of Brazil (Lenharo, 2024). In these two months alone, there were over a 

million cases of infection (Lenharo, 2024). This is larger than the peak in 2023, 

which usually occurs from March to May (Lenharo, 2024). In addition to Aedes 

aegypti, Dengue virus is also spread by Aedes albopictus, also known as the Asian 
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tiger mosquito (Lambrechts et al., 2010). Aedes albopictus is adapted to more 

temperate climates and is spreading Dengue virus into Europe and China (Akter 

et al., 2024). With all these factors taken together, Dengue virus is expanding 

rapidly in terms of incidence and geography. 

6.2 Dengue virus structure and life cycle 

Dengue virus is a flavivirus belonging to the Flaviviridae family (Roy and 

Bhattacharjee, 2021). Other members include West Nile Virus, Japanese 

Encephalitis Virus, Zika Virus, and Yellow Fever. The 11 kB genome of Dengue 

virus is comprised of positive-sense (+) single-stranded RNA containing a single 

open reading frame that is translated in host cells into a single polyprotein, 

which is cleaved into the ten Dengue proteins (Figure 6-2) (Murugesan and 

Manoharan, 2020). There are three structural proteins: envelope (E), membrane 

(M/PrM), and capsid (C), and seven non-structural proteins NS1, NS2A, NS2B, 

NS3, NS4A, NS4B, and NS5 (Roy and Bhattacharjee, 2021). The nonstructural 

proteins function after virus entry into the host cell and perform vRNA 

replication, virus particle assembly, and modulate the host immune system, 

whereas the structural proteins comprise the mature virus particle (Roy and 

Bhattacharjee, 2021). This particle, called a virion, is a smooth enveloped 

sphere with a diameter of 50 nm (Figure 6-2) (Roy and Bhattacharjee, 2021). 

Forming the outer surface, 90 homodimers of the E protein are organised in an 

icosahedral herringbone pattern (Roy and Bhattacharjee, 2021). In addition, the 

E proteins are glycosylated at two sites, which is important for function (Yap et 

al., 2017). Below the E protein is a layer of M protein and a lipid bilayer 

originally derived from the host endoplasmic reticulum (Chew et al., 2017). Both 

the E and M proteins possess transmembrane domains, which anchor the proteins 

to the bilayer and maintain structural integrity of the virus particle (Chew et al., 

2017). Below the lipid bilayer, capsid protein encapsulates a single copy of the 

RNA genome (Kuhn et al., 2002).  
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Figure 6-2: Structure of the Dengue virus particle. 
The Dengue virion is composed of a layer of E protein dimer (blue) and M protein (yellow) 
anchored to a lipid bilayer. Within the membrane is the nucleocapsid comprised of C protein and 
one molecule of the RNA genome. The genome codes for the Dengue polyprotein which is 
translated shortly after virus internalisation. Image sourced from (Souza et al., 2022). Reuse is 
permitted under a CC BY 4.0 License (https://creativecommons.org/licenses/by/4.0/).  

 

Infection with Dengue virus begins when an infected female Aedes mosquito 

takes a bloodmeal and injects saliva containing virus into the dermis (Figure 6-3) 

(Chew et al., 2017). The process of virus internalisation then proceeds by three 

stages. First, Dengue virus attaches to host cells by protein-protein interaction 

between the E protein and host receptors on the membrane (Yap et al., 2017). 

Second, further receptor interactions trigger endocytosis, in which the virus is 

engulfed in a membrane-bound vesicle and taken into the cell (Piccini et al., 

2015). This process is not fully understood, but putative receptors include DC-

SIGN, heparan sulfate, CD14, HSP90/HSP70, claudin-1, GRP78, mannose, 

laminin, integrins, and TIM and TAM proteins (Nanaware et al., 2021). Third, the 

virus must then escape the endosome to release the nucleocapsid into the 

cytoplasm (Yap et al., 2017). This is achieved by the Dengue E protein mediating 

fusion of the viral and endosome membranes (Kuhn et al., 2002). The low pH 

environment of the endosome triggers drastic conformational changes in the E 

protein, and E homodimers dissociate and reform as trimers (Kuhn et al., 2002). 

Resultingly, a structure on the E protein called the fusion loop becomes exposed 
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and merges the membranes to form pores through which the nucleocapsid is 

released (Schmidt et al., 2010).  

The vRNA migrates to the rough endoplasmic reticulum (RER) and is translated 

by host machinery to produce the Dengue polyprotein (Figure 6-3) (Yap et al., 

2017). After cleavage and post-transcriptional modification, the ten Dengue 

proteins are produced (Yap et al., 2017). The non-structural proteins interact 

with host factors to form the ‘replication complex’ which carries out replication 

of vRNA (Lescar et al., 2018). This complex is composed of the Dengue NS2A, 

NS2B, NS4A, NS4B, and NS5 proteins interacting with host proteins embedded in 

the membranes of the RER, Golgi Apparatus, or associated vesicles (Lescar et 

al., 2018). Virion formation begins when the structural proteins accumulate and 

become enclosed in the RER membrane, which buds into the lumen (Nanaware 

et al., 2021). The immature virion is produced when one molecule of the vRNA 

genome is coated in capsid protein and incorporated into the bud (Kuhn et al., 

2002). The immature virion is characterised by the presence of the Pr domain 

linked to the M protein (Vázquez et al., 2002), which caps the M protein and 

prevents the E fusion loop from prematurely fusing the virus and host 

membranes during secretion from the infected cell (Nicholls et al., 2020). The 

immature virion travels through the trans-Golgi network secretory pathway, in 

which furin protease in the low pH environment cleaves the Pr domain to 

produce the mature particle characterised by a smooth outer coat (Nicholls et 

al., 2020). Virions then exit the cell via exocytosis and continue the life cycle by 

infecting a new host cell (Nicholls et al., 2020). 
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Figure 6-3: The Dengue virus life cycle. 
Dengue virions interact with host factors for cell attachment and internalisation. Inside endosomes, 
the acidic environment triggers conformational change of the E protein to expose the fusion loop 
structure. The E fusion loop initiates fusion of endosome and virion membranes, releasing the 
Dengue nucleocapsid into the host cytoplasm. The capsid is shed, and the Dengue genome travels 
to the rough endoplasmic reticulum. The genome is translated into the Dengue polyprotein which is 
then processed into the ten mature Dengue proteins. A membrane bound replication complex 
forms consisting of Dengue and host proteins. This machinery replicates vRNA. New vRNA and 
Dengue proteins assemble with membrane and bud off into immature virions. These particles travel 
through the secretory pathway to exit the cell. In the acidic environment of the secretory vesicles, 
furin cleaves the Pr domain off of the PrM protein to form the mature virions. The Pr peptide 
remains associated with the virions to prevent premature membrane fusion. The virus is secreted, 
and the Pr peptides dissociate. Image sourced from Nicholls et al., 2020.  
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6.3 Dengue virus pathogenesis and host immune 
response 

6.3.1 From mosquito bite to viremia 

Following injection of Dengue virus into the dermis during a blood meal from a 

female Aedes mosquito, Langerhans cells and keratinocytes are among the first 

cells to become infected (Garcia et al., 2017). These immune cells migrate and 

spread infection to the lymph nodes (Garcia et al., 2017). Subsequently, 

infected monocytes and macrophages circulate the virus throughout the 

lymphatic system which eventually leads to viremia (Garcia et al., 2017). The 

main sites of replication are the liver, kidney, spleen, and lungs (Jain et al., 

2023). Viremia lasts 10-12 days and febrile symptoms emerge within 24-48 hours 

(Mansour and Abu-Naser, 2019). 

6.3.2 The innate immune response 

The interferon (IFN) pathway is the main antiviral defence mechanism of the 

innate immune system (Figure 6-4) (Uno and Ross, 2018). Once a cell becomes 

infected, the IFN response is triggered when pattern recognition receptors 

(PRRs) interact with pathogen-associated molecular patterns (PAMPs) (Loo and 

Gale, 2011). For Dengue virus, the main PRRs are the RIG-1-like receptors (RLRs) 

(Loo and Gale, 2011) and toll-like receptors (TLR) 3 and 7 (Wang et al., 2006; 

Nasirudeen et al., 2011), and both systems detect viral replication inside the 

cell. RLRs are responsible for vRNA detection in the cytoplasm (Loo and Gale, 

2011). Upon vRNA binding with RIG-1 or MDA5, signalling begins with recruitment 

of the mitochondrial membrane associated MAVS (Nasirudeen et al., 2011). This 

leads to activation of IKKε and TBK1 kinases, which in turn activate IRF3 and 

IRF7, ultimately triggering production of IFNs (Ngono and Shresta, 2018). 

Complimentary to the RLR pathway, vRNA binding to TLRs also triggers IFN 

production. TLR3 is an important receptor which recognises vRNA in endosomes, 

inducing activation of TRIF then TRAF3 (Baum and García-Sastre, 2010). TRAF3 

goes on to activate IKKε and TBK1 kinases which mediate IFN production (Akira 

and Takeda, 2004). TLR7 has a different action from TLR3, in that it detects 

vRNA in the endosomes of dendritic cells and induces an antiviral 

proinflammatory response through NFκB (Wang et al., 2006). Following vRNA 
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binding, TLR7 recruits the adaptor protein MyD88 to activate TRAF6, which 

subsequently activates IKK⍺/β/ɣ kinases (Wang et al., 2006). This triggers the 

nuclear translocation of NFκB to induce inflammatory signalling, and at the same 

time, TRAF6 also initiates INF production via the activation of IRF7 (Ngono and 

Shresta, 2018).  

In addition to the RLR and TLR pathways, the cGAS/STING pathway also induces 

TNF signalling in response to viral infection (Figure 6-4) (Sun et al., 2017). Upon 

infection with Dengue virus, mitochondria become damaged and release mtDNA, 

and this is detected by cyclic GMP-AMP synthase (cGAS) (Sun et al., 2017). 

Production of the cGAMP second messenger then promotes IFN signalling in an 

activation sequence involving STING, TBK1, and finally IRF3/7 (Wu et al., 2013). 

 

Figure 6-4: Innate immune response pathways. 
The RIG-1-like receptor and Toll-like receptor pathways initiate IFN production in response to 
vRNA detection in endosomes. Additionally, Toll-like receptors activate proinflammatory signalling 
via NFκB. The cGAS/STING pathway also activates IFN production in response to mtDNA 
recognition, indicative of virus-induced mitochondrial damage. Figure prepared in Microsoft 
PowerPoint.  
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Once IFNs are produced and secreted, they bind to cell surface IFNAR receptors, 

which activate JAK1 and Tyk2 kinases (Figure 6-5) (Morrison and García-Sastre, 

2014). These enzymes phosphorylate STAT proteins, so that phosphorylated 

STAT1 and STAT2 along with IRF9 form the ISGF3 transcription factor complex, 

which triggers expression of interferon-stimulated genes (ISGs) (Morrison and 

García-Sastre, 2014). These genes can disrupt the life cycle and replication of 

viruses by affecting many cellular processes. For example, ISGs can modulate 

the immune response, the cell cycle, and metabolism, as well as induce 

apoptosis (Stark et al., 1998). ISGs also bind to and directly interfere with viral 

protein function to inhibit infection (Stark et al., 1998). 

 

Figure 6-5: Interferon (IFN) and cytokine induced expression of antiviral interferon-
stimulated genes (ISGs).  
Binding of IFN and other cytokines induces the phosphorylation of STAT1 and STAT2 by JAK1 and 
Tyk2. Phosphorylated STAT1 and STAT2 form transcription factor complexes to promote 
expression of ISGs. Figure sourced from Moon et al., 2021.  

6.3.3 The adaptive immune response 

If the innate response fails to resolve the infection locally, the infected 

Langerhans cells and other immune cells will reach lymphatic tissues, where 

they activate B cells and CD4+/CD8+ T cells (M.F. Lee et al., 2022). This 
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interaction initiates both a humoral (antibody-mediated) and cell-mediated 

response which comprise adaptive immunity.  

In the humoral response, the Langerhans cells and other immune cells present 

viral antigens on major histocompatibility complex (MHC) type-II proteins at the 

cell surface to CD4+ T cells, which become activated and undergo clonal 

expansion with specificity towards that antigen (Figure 6-6) (Luckheeram et al., 

2012). The CD4+ T cells then distribute throughout the body. Some subtypes, 

especially T follicular helper cells migrate to B cell follicles in the lymphatic 

system where they interact with B cells (Ma et al., 2012). B cells which have also 

encountered the same antigen become activated by the T follicular helper cells 

via cytokine release and ligand-receptor interactions (Ma et al., 2012). 

Subsequently, the B cells proliferate, differentiate, and begin antibody 

production (Hoffman et al., 2016). Antibodies of different isotypes are 

produced, which have different effector functions, such as neutralisation of viral 

epitopes or opsonisation by phagocytic cells (Spiegelberg, 2009). To provide long 

term immunity, some B cells differentiate into memory B cells, which can 

rapidly re-initiate the adaptive immune response upon subsequent infection 

(Hoffman et al., 2016). 

Contrastingly, the cell-mediated adaptive response primarily involves CD8+ T 

cells. When the Langerhans, dendritic cells, and other cell types become 

infected or internalise Dengue antigens, they present the antigen peptides on 

class I MHC proteins (Schmid et al., 2014). They then migrate to the lymph node 

where they activate CD8+ T cells, which undergo clonal expansion, proliferation, 

and differentiation into cytotoxic T lymphocytes (CTL) (Figure 6-6) (Rivino, 

2018). Additionally, CD4+ T cells can promote the ability of antigen presenting 

cells (APCs) like the Langerhans cells to activate CD8+ T cells (Luckheeram et 

al., 2012). Alternatively, the CD4+ cells can activate the CD8+ T cells directly by 

cytokine release or receptor-ligand interaction (Luckheeram et al., 2012). As a 

result, levels of CTLs rise and they spread throughout the body. Cells infected 

with Dengue virus will present Dengue antigens on class I MHCs (Rivino, 2018). 

The CTLs recognise the antigens and induce apoptosis by release of perforin and 

granzymes (Rivino, 2018).  
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Figure 6-6: T cell activation in the adaptive immune response. 
CD4+ T cells are activated when APCs present Dengue antigens on MHC class II proteins. CD8+ T 
cells are activated when APCs present Dengue antigens on MHC class I proteins.  

Taken together, the adaptive immune system combats viral infection by the 

combination of virus neutralisation and clearance by the binding of antibodies 

produced by the humoral response as well as the targeted cell death of infected 

cells by CTLs as part of the cell-mediated response.  

6.3.4 Severe Dengue infection 

Severe infection of Dengue virus is much less prevalent than mild infection, 

representing only one in twenty cases (Pintado Silva and Fernandez-Sesma, 

2023). However, severe infection presents with very contrasting clinical features 

and has a much higher fatality rate (Md-Sani et al., 2018). Counterintuitively, 

onset of severe disease occurs when viremia and acute fever subside, and severe 

symptoms can last two to seven days (World Health Organization, 2024). Severe 

infection is classified into two types. Dengue Haemorrhagic Fever (DHF) is 

associated with plasma leakage, thrombocytopenia (low platelet count), and 

coagulopathy (deficient blood clotting) which predisposes an individual to 

oedema, heavy bleeding, and haemorrhaging, particularly in the chest and 

abdominal cavity (Kalayanarooj, 2011). Dengue Shock Syndrome (DSS) is the 

most serious form of infection and is characterised by hypovolemic shock that 
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arises from escalation of DHF (Kalayanarooj, 2011). Such circulatory impairment 

can lead to tissue and organ damage and death (Kalayanarooj, 2011). The 

underlying mechanisms of severe Dengue infection are not well understood, and 

studying these conditions is very challenging for several reasons (Srikiatkhachorn 

et al., 2017). Firstly, the pathogenesis of DHF and DSS is a complex interaction 

between viral influences, host immune response, and vascular and circulatory 

dysfunction (Srikiatkhachorn et al., 2017). Secondly, animal models can only 

recapitulate some aspects of severe infection, and data on vaccine and drug 

interventions may not be representative (Srikiatkhachorn et al., 2017). Thirdly, 

the infrequency of DHF and DSS coupled with the seasonality of Dengue 

outbreaks makes it difficult to recruit individuals for human studies and clinical 

trials (Wallace et al., 2013). Adding to this, the tropical and subtropical 

countries most affected by Dengue virus often lack the funding and facilities 

necessary to conduct research (Wallace et al., 2013). 

Despite these challenges, researchers have managed to achieve insight into 

mechanism, prognostic biomarkers, and potential drug targets (Srikiatkhachorn 

et al., 2017). Antibody-dependent enhancement (ADE) has been shown to play a 

big role in severe Dengue virus infection (Shukla et al., 2020). Primary infection 

of a specific Dengue serotype provides lifelong immunity against that serotype 

via the production of neutralising antibodies (Shukla et al., 2020). However, 

primary infection has been shown to greatly increase the risk of severe disease 

following infection by the other three serotypes (Katzelnick et al., 2017). This 

has been linked to high concentrations of non-neutralising serotype cross-

reactive antibodies produced alongside the serotype-specific neutralising 

antibodies (Shukla et al., 2020). These cross-reactive antibodies cannot 

neutralise virions because they either lack sufficient affinity or may target non-

neutralising epitopes (Tsai et al., 2013). Furthermore, these antibodies can 

promote infection by binding to immune cells expressing Fc receptors for the 

immunoglobulin constant region (Figure 6-7) (Halstead et al., 2010). This triggers 

internalisation of Dengue virions via the phagocytic pathway (Halstead et al., 

2010). Furthermore, cells infected in such a manner exhibit suppressed immune 

responses characterised by decreased INF-⍺ and increased IL-10 (Ubol et al., 

2010). Taken together, ADE exacerbates Dengue virus infectivity and viremia and 

increases the risk of severe infection. 
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Figure 6-7: Antibody-dependent enhancement (ADE). 
ADE facilitates Dengue virus entry into cells with Fc receptors. Non-neutralising or subneutralising 
antibodies bind to Dengue virus. Subsequent interaction with immune cells expressing Fc receptors 
leads to phagocytic internalisation and infection. Figure adapted from Farouq et al., 2022.  

As well as ADE, numerous studies have implicated a dysregulated immune 

response and cytokine storm effect in the pathogenesis of severe Dengue 

infection (Srikiatkhachorn et al., 2017). One key piece of evidence is that severe 

circulatory symptoms rapidly and completely resolve at the end of infection 

(Screaton et al., 2015). This suggests a fully reversible functional change in the 

vasculature and circulatory systems induced by short-acting immune effectors 

(Srikiatkhachorn et al., 2017). Correspondingly, the current understanding is 

that uncontrolled infection, exacerbated by ADE, triggers an intensified and 

unbalanced immune response (Srikiatkhachorn et al., 2017). High levels of 

cytokines and chemokines circulate, causing aberrant vascular permeability, 

thrombocytopenia, and coagulopathy (McBride et al., 2020). TNF-⍺ and VEGF-A 

in particular are known to strongly influence these pathways, but other immune 

mediators seem to be involved, such as IL-6, IL-8, IL-10, CCl2/MCP-1, and 

CXCL10/IP10 (Srikiatkhachorn et al., 2017). However, reported levels of these 

biomarkers in patients have been variable and conflicting (Srikiatkhachorn et al., 

2017). Further research is required to validate these findings and to delineate 

inter-individual variation from structured, time-dependent patterns. In this way, 

novel drug targets may be found. For example, TNF-⍺ or angiogenesis inhibitors 

have been suggested (Srikiatkhachorn et al., 2017). 
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6.4 Vaccine development for Dengue virus 

6.4.1 Challenges to Dengue virus vaccine development 

Currently, there is a lack of effective vaccines for Dengue virus, though 

promising candidates are emerging from clinical trials (Akter et al., 2024). 

Vaccine candidates will be described in Section 6.4.2. Dengue vaccine 

development is incredibly challenging for several reasons. Firstly, the four 

serotypes of Dengue virus are antigenically distinct, and a separate full immune 

response against each serotype is required for immunity (Pintado Silva and 

Fernandez-Sesma, 2023). If vaccine-induced antibodies are non-neutralising, 

cross-reactive, and capable of ADE, risk of severe infection is increased (Shukla 

et al., 2020). Secondly, there is a lack of animal models that are cheap, 

accessible, and representative of the Dengue infection (Yauch and Shresta, 

2008). This is especially true for severe Dengue infection. Compared to humans, 

Dengue virus cannot inhibit IFN signalling in mice, making mice naturally 

resistant (Yauch and Shresta, 2008). However, the AG129 mice model, deficient 

in type-1 and type-2 IFN signalling, has been a useful tool in research (Johnson 

and Roehrig, 1999). AG129 can exhibit viremia, vascular permeability, 

thrombocytopenia, coagulopathy, haemorrhaging and cytokine storm (Yauch and 

Shresta, 2008). Nonetheless, the model is limited in that the influence of IFN 

signalling is absent. Nonhuman primates are another useful model for Dengue 

virus infection and can generate a robust immune response (Jain et al., 2023). 

However, they are incapable of developing overt disease and so are more useful 

for studies on tolerance and safety of candidate vaccines (Jain et al., 2023). 

Additionally, swine models are not useful since Dengue virus infection is 

asymptomatic (Zompi and Harris, 2012). Lastly, the pathology and immune 

response of Dengue infection and severe Dengue infection involve many 

physiological systems and are incredibly complex. Our limited understanding, 

especially of the protective and deleterious role of the immune response, makes 

it challenging to induce adequate immunity and avoid adverse effects during 

vaccine development (Akter et al., 2024).  



 

 

174 

 

6.4.2 The current state of Dengue virus vaccine development 

Different types of vaccine strategy have been employed in Dengue virus research 

(Table 6). These include live-attenuated virus, inactivated virus, DNA and RNA 

vaccines, and recombinant protein and peptide vaccines. Of these, live-

attenuated vaccines have been the focus of most research and have been most 

successful (Pintado Silva and Fernandez-Sesma, 2023).  

Table 6: Dengue virus vaccines currently licensed or under development. 
NIAID, National Institute of Allergy and Infectious Diseases; WRAIR, Walter Reed Army Institute of 
Research; GSK, GlaxoSmithKline; AMRDC, U.S. Army Medical Research and Development 
Command; NMRC, U.S. Naval and Medical Research Center. 

Name Type Developer Stage Adjuvant ref 

Dengvaxia 
/ CYD-TVD  

Chimeric 
live- 
attenuated 

Sanofi Pasteur Licensed N/A 
(Thomas 
and Yoon, 
2019) 

Qdenga 
/ TAK-003 

Chimeric 
live- 
attenuated 

Takeda Licensed N/A (Patel et 
al., 2023) 

TV003/TV005 
/ Butantan 

Chimeric 
live- 
attenuated 

NIAID, Butantan Phase III N/A (Whitehead
, 2016) 

TDEN 
Live- 
attenuated 

WRAIR, GSK Phase II N/A 
(Watanavee
radej et 
al., 2016) 

DPIV Inactivated WRAIR, GSK, FIOcruz Phase I/II Alum (Diaz et al., 
2018) 

D1ME100 DNA US AMRDC Phase I N/A 
(Beckett et 
al., 2011) 

TVDV DNA 
US AMRDC, WRAIR, NMRC, 
Vical 

Phase I Vaxfectin 
(Porter et al., 
2012) 

DDV DNA 

Molecular Virology 
Laboratory, Rajiv Gandhi 
Centre for Biotechnology 
(RGCB), India 

Pre 
clinical N/A 

(Sankarados
s et al., 
2022) 

E80 mRNA mRNA 

CAS laboratory of Molecular 
Virology and Immunology, 
Institute Pasteur of 
Shanghai 

Pre 
clinical 

N/A 
(M. Zhang 
et al., 
2020) 

V180 
Recombina
nt Protein 
LNP 

Merck and co. Phase I ISCOMATRIX 
(Manoff et 
al., 2019) 

PepGNP-
Dengue 

Peptide 
GNP 

Unisanté Institute, Emergex 
Pre 
clinical 

GNP 
carbohydrate 
layer 

(Miauton et 
al., 2024) 
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6.4.2.1 Live attenuated and chimeric vaccines 

Dengvaxia (CYD-TDV) developed by Sanofi Pasteur was the first Dengue vaccine 

to be developed and was made commercially available in 2016 (Thomas and 

Yoon, 2019). Dengvaxia is a live-attenuated vaccine composed of four chimeric 

components. Each component consists of the PrM and E proteins of one Dengue 

serotype inserted into an attenuated yellow fever backbone (Thomas and Yoon, 

2019). Dengvaxia was licensed in many countries in 2016, approved by the FDA in 

2019, and was rolled out in several national public vaccination programmes 

(Mendoza et al., 2020). However, the immunity induced by Dengvaxia was 

insufficient and unbalanced between serotypes (Salje et al., 2021). Moreover, 

the vaccine was shown to provide limited protection in children younger than 

nine years, and seronegative individuals had increased risk for severe disease, an 

observation linked to ADE (Shukla et al., 2020; Tully and Griffiths, 2021). For this 

reason, Dengvaxia use has been restricted to seropositive individuals over nine 

years of age who live in endemic regions (Thomas and Yoon, 2019). In particular, 

this serostatus requirement has limited the use of the vaccine, as serostatus 

testing is expensive and requires laboratory facilities for conducting biomarker 

detection assays (Luo et al., 2019; Pearson et al., 2019). Taken together, the 

first Dengue vaccine Dengvaxia has not been as impactful in Dengue virus control 

as was initially hoped, and alternative vaccines are urgently needed.  

Qdenga (TAK-003) is another live-attenuated chimeric vaccine that completed 

phase III clinical trials and was first licensed in 2022 in Indonesia (Mallapaty, 

2022). The vaccine is composed of a live-attenuated PDK-53 DENV2 backbone 

with DENV1, 3, and 4 proteins inserted (Patel et al., 2023). In clinical trials, 

Qdenga provided strong and balanced immune protection with no adverse 

effects (Patel et al., 2023). The vaccine was approved by the European 

Medicines Agency (EMA) in 2022, and is licensed in Brazil, Indonesia, the United 

Kingdom, Thailand, and Argentina (Freedman, 2023). Additionally, Brazil will be 

the first country to undertake public vaccination programmes using Qdenga 

(Alves, 2024). Overall, Qdenga is a very promising emerging vaccine that seems 

to lack the efficacy and adverse effect of Dengvaxia.  

Another live-attenuated chimeric vaccine is TV003 (Butantan vaccine). TV003 is 

composed of three non-chimeric components of mutagenically attenuated 
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DENV1, 3, and 4, and a fourth chimeric component of a mutagenically 

attenuated DENV4 backbone with DENV 2 proteins inserted (Whitehead, 2016). 

The related vaccine TV005 has the same composition but with different ratios of 

components (Whitehead, 2016). TV003/T005 have undergone several phase I and 

II clinical trials (Whitehead, 2016), and TV003 is undergoing a phase III clinical 

trial in Brazil (Kallás Esper G. et al., 2024). Both vaccines have demonstrated a 

balanced immune response and have been well tolerated (Akter et al., 2024).  

In addition to Dengvaxia, Qdenga, and TV003/TV005, one further live-attenuated 

vaccine had some initial success in clinical trials. The Walter Reed Army Institute 

of Research (WRAIR) and GlaxoSmithKline (GSK) developed the vaccine TDEN, 

which is composed of four non-chimeric DENV components attenuated by cell 

culture passage (Watanaveeradej et al., 2016). After demonstrating varied 

success in phase I/II trials, development was ultimately terminated due to a lack 

of durable immunogenicity (Watanaveeradej et al., 2016).  

6.4.2.2 Inactivated vaccines 

Research into inactivated vaccines have also proven successful. Instead of 

attenuating viruses by genetic mutation or serial passage, viruses are inactivated 

by chemical or heat treatment (Sanders et al., 2015). In this way, the vaccine 

candidate DPIV was developed by WRAIR, GSK, and FIOcruz, and is comprised by 

formalin inactivated viruses from each serotype (Diaz et al., 2018). In addition, 

the immune response to the Dengue antigens is boosted by the use of Alum as an 

adjuvant (Diaz et al., 2018). DPIV has undergone several phase I trials and has 

completed a phase II trial (Pintado Silva and Fernandez-Sesma, 2023). As of yet, 

the vaccine has demonstrated good immunogenicity and has been well tolerated 

with no adverse effects (Pintado Silva and Fernandez-Sesma, 2023).  

6.4.2.3 DNA and mRNA vaccines 

DNA or mRNA vaccine strategies involve introducing nucleic acids into cells to 

induce expression of viral epitopes that trigger the immune response and 

generate immunogenicity (Jain et al., 2023). One DNA vaccine candidate D1ME100 

was a monovalent DENV2 vaccine containing the sequence of the PrM and E 

proteins cloned into a pVR1012 vector (Beckett et al., 2011). In a phase I trial 

begun in 2006, D1ME100 failed to induce a strong immune response (Beckett et 
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al., 2011). Following this, a tetravalent equivalent TVDV was developed and 

contained the PrM and E sequences from all four serotypes and was combined 

with the cationic lipid-based adjuvant Vaxfectin (Beckett et al., 2011). In a 

phase I clinical trial begun in 2016, poor immunogenicity was observed similar to 

D1ME100 (Beckett et al., 2011). Recently a new tetravalent preclinical DNA 

vaccine candidate DDV was reported, and is comprised of tandem EDIII domain 

sequences of each serotype linked to the DENV2 NS1 sequence (Sankaradoss et 

al., 2022). DDV induced robust and balanced immunogenicity in murine 

preclinical studies and is yet to undergo clinical development (Sankaradoss et 

al., 2022).  

Efforts in mRNA vaccine development have been limited, and only monovalent 

candidates have been tested in preclinical in vivo studies. One vaccine 

comprised of mRNA encoding the PrM and E proteins of Dengue serotype 1 in a 

lipid nano particle induced strong immunisation in mice and protected 

immunocompromised AG129 mice from a lethal dose of live virus (Wollner et al., 

2021). In a similar study, candidates were designed by packaging mRNA encoding 

either the PrM and E proteins, a truncated E protein (E80), or the NS1 protein of 

DENV2 into lipid nanoparticles (M. Zhang et al., 2020). The E80 alone or E80 

combined with the NS1 candidate both induced a robust immune response in 

mice (M. Zhang et al., 2020). Recently, mRNA vaccines have proven very 

successful in preventing infection and reducing severity in the SARS-Cov-2 

pandemic which began in late 2020 (Szabó et al., 2022). With further 

development, the Dengue DNA and mRNA candidates may lead to vaccines with 

similar success.  

6.4.2.4 Recombinant protein and peptide vaccines 

Like mRNA vaccines, there has been limited research on recombinant protein 

vaccines. One study outlined the design of the V180 vaccine from a mixture of 

the E80 truncated E proteins of each serotype adjuvanted with ISCOMATRIX 

(Govindarajan et al., 2015). In a phase I clinical trial, V180 elicited a strong 

immune response and was well tolerated with no adverse effects (Manoff et al., 

2019).  
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Like recombinant vaccines, peptide-based vaccines use virus epitope peptides to 

stimulate an immune response. There have been many studies reporting the 

identification of peptide vaccine candidates via computational methods with no 

experimental validation. Recently however, a peptide vaccine candidate that 

activates CD8+ T cells has emerged (Miauton et al., 2024). To identify CD8+ T cell 

activator peptides, human leukocyte antigen (HLA) typed cells were infected 

with Dengue virus, and virus peptides presented on class I MHC proteins were 

submitted to proteomic analysis (Miauton et al., 2024). Nine peptides of capsid 

and non-structural proteins covering each serotype were selected for packaging 

into gold nanoparticles to generate the candidate PepGNP-Dengue (Miauton et 

al., 2024). Furthermore, a ‘self-adjuvanting’ carbohydrate layer was 

incorporated to enhance immunogenicity (Miauton et al., 2024). In a phase I 

clinical trial, PepGNP-Dengue was well tolerated and successfully induced a 

Dengue-specific CD8+ T cell response with little activation of the humoral 

response (Miauton et al., 2024). In this way, the researchers aim to provide cell-

mediated immunity whilst avoiding risk of ADE-mediated adverse effects 

(Miauton et al., 2024). 

There have also been efforts into development of viral vector and virus-like 

particle vaccines, but current candidates remain in preclinical stages (Akter et 

al., 2024).  

Taken together, given the preclinical and clinical success of live-attenuated 

virus vaccines as well as emerging candidates developed via diverse strategies, it 

is likely that new tools for controlling Dengue virus will become available in the 

next few decades.  
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6.5 Antiviral development for Dengue virus 

6.5.1 Challenges to Dengue antiviral research 

Antiviral therapies are an alternative and complimentary strategy to vaccines for 

the control of Dengue virus (M.F. Lee, Wu, et al., 2023). Antiviral compounds 

inhibit infectivity or the lifecycle of viruses and can be of different molecular 

classes, such as small molecules, proteins, peptides, monoclonal antibodies, 

oligomers, DNA/RNA aptamers, or carbohydrates (M.F. Lee, Wu, et al., 2023). 

They can disrupt any part of the lifecycle to induce an antiviral effect. Some 

examples include entry inhibitors, structural disruptors, fusion inhibitors, 

polymerase inhibitors, helicase inhibitors, protein-protein interaction disruptors, 

and immune modulators (Obi et al., 2021; M.F. Lee, Wu, et al., 2023). Antivirals 

typically have a different patient use-case compared to vaccines, because they 

are often administered to individuals already infected with the virus, for whom 

the antiviral can quickly reduce symptoms, reduce severity, and shorten 

duration of infection (Andrei, 2021). Antivirals are also useful when no vaccine is 

available or for administration to immunocompromised individuals who do not 

respond to vaccination (See, 2022). Contrastingly, vaccines have a prophylactic 

use in preventing or reducing severity of infection and provide long-term 

protection instead of the transitory benefit of antiviral therapeutics (Andrei, 

2021).  

Antiviral compounds can be classified as targeting either host or viral factors, 

and each strategy has impactful advantages and disadvantages, which are 

summarised in Figure 6-8. One major consideration is drug resistance. Viruses 

have a high mutation rate, and this combined with the selective pressure of a 

vaccine or an antiviral can lead to the emergence of resistant strains (Kimberlin 

and Whitley, 1996). By targeting host proteins, it is much harder for the virus to 

circumvent the action of a treatment by mutation (Ji and Li, 2020). On the other 

hand, this strategy has the risk of interfering with the endogenous function of 

those targeted proteins, and this can lead to toxicity (Ji and Li, 2020). By 

targeting virus factors, this is avoided (Ji and Li, 2020). Another important 

consideration is specificity. Many viral proteins are unique to the virus without a 

human or host homologue, and targeting these proteins greatly reduces the risk 

of off-target binding and toxicity (Xia and Liang, 2019). In contrast, the target 
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epitopes of host proteins may be conserved across protein families and pathways 

(Xia and Liang, 2019). Lastly, one important advantage of host-targeted 

antivirals is that a single host protein or pathway can be exploited by multiple 

viruses, making broad-spectrum activity possible (He et al., 2024). Conversely, 

viral proteins can be divergent between serotypes or strains, and it can be 

challenging to identify conserved epitopes or viral mechanisms (Ji and Li, 2020).  

 

Figure 6-8: Advantages and disadvantages of targeting host or viral factors. 
 

Even though effective vaccines for Dengue virus are starting to emerge, there 

has been relatively little progress in Dengue virus antivirals, and there are 

currently no licensed Dengue-targeted antivirals (M.F. Lee, Wu, et al., 2023). 

This is because antiviral development is challenging and faces similar obstacles 

as vaccine research. Firstly, the four virus serotypes need to be addressed, and 

an effective antiviral would need to inhibit each variant, which is difficult to 

achieve (Lim, 2019). Secondly, many compounds have undergone in vitro 

development, but few have progressed to animal models or clinical testing (M.F. 

Lee, Wu, et al., 2023). This is mainly due to the lack of accessible and cheap 

animal models, which makes it difficult to model safety and efficacy before 

investment in clinical trials (M.F. Lee, Wu, et al., 2023). Thirdly, given the 

relative rarity and unpredictability of severe Dengue infection combined with 

the shortfall of research facilities in many endemic areas, conducting clinical 
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trials can be difficult (Wallace et al., 2013). Lastly, pharmaceutical research is 

mainly incentivised by return on investment, and areas most affected by Dengue 

virus often have limited resources and healthcare funding (Mueller-Langer, 

2013).  

6.5.2 The current state of Dengue virus antiviral development 

Despite these difficulties, there has been a marked rise in the clinical 

development of Dengue antivirals in the last decade, and compounds targeting 

both viral and host factors have achieved some clinical success (Table 7) 

(Palanichamy Kala et al., 2023). Research into viral factors is mostly focused on 

the E, NS3 and NS5 proteins because of their multiple roles and importance to 

the Dengue lifecycle (M.F. Lee, Wu, et al., 2023). This is exemplified by the 

small molecule compounds JNJ-64281802 and doxycycline which inhibit NS3 from 

acting as a protease in cleaving the Dengue polyprotein (Rothan et al., 2014; 

Kesteleyn et al., 2024). Furthermore, the small molecule AT-752 is a guanosine 

analogue and inhibits NS5 vRNA replication by acting as a chain terminator for 

new vRNA strands (Good et al., 2021). These compounds are currently being 

assessed in clinical trials (NCT05201794, NCT05048875).  

In contrast, host-targeting antivirals mainly act on pathways responsible for 

vascular pathology. For example, the small molecules ketotifen, montelukast, 

and rupatadine counteract mast cells and other immune cells from producing 

vasoactive mediators that disrupt endothelial function and promote vascular 

leakage (St John et al., 2013; Malavige et al., 2018). Acting on a different 

pathway, the small molecule Zanamivir, a repurposed influenza drug, was 

suggested to normalise platelet levels and relieve symptoms of bleeding and 

plasma leakage (Glasner et al., 2017). Zanamivir is a neuraminidase inhibitor 

that prevents platelet clearance driven by neuraminidase enzymes, which 

remove sialic acid from platelet membranes (Quach et al., 2018). In addition to 

small molecules, Carica papaya leaf extract also increases platelet levels, 

though the mechanism remains unclear (Kasture et al., 2016; Gadhwal et al., 

2016).  

The increased momentum in antiviral research and clinical research is promising, 

and a licensed drug may emerge in the near future (M.F. Lee, Wu, et al., 2023). 
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However, Dengue antiviral research has been historically underfunded and 

remains neglected in comparison to other viruses like human immunodeficiency 

virus (HIV) (Perry et al., 2011). As such, further funding and research into 

Dengue virus antivirals is urgently warranted, especially given the uncertainty of 

emerging vaccine candidates.  
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6.6 Peptides as Dengue virus antivirals 

As described in the previous section, Dengue antiviral candidates have only 

recently entered clinical trials, and development has had a predominant focus 

on small molecules. To increase clinical success, emphasis should also be placed 

on the development of peptide therapeutics, since they have distinct advantages 

that allow them to outperform small molecules and other drug classes in many 

contexts (Craik et al., 2013; Fosgerau and Hoffmann, 2015; Henninot et al., 

2018). Reflecting this, licensing and FDA approvals of peptide-based drugs have 

been steadily increasing over the last 60 years, despite the dominance of small 

molecules (Muttenthaler et al., 2021). Currently, there are over 80 FDA-

approved peptide therapeutics, 150 peptides in clinical trials, and 400-600 

peptides in preclinical testing (Fosgerau and Hoffmann, 2015; Lau and Dunn, 

2018; Muttenthaler et al., 2021).  

6.6.1 Advantages of peptides as therapeutics 

This success of peptide therapeutics is due to their exceptional pharmacokinetic 

properties (Muttenthaler et al., 2021). Compared to small molecules, peptides 

have a larger binding surface allowing for more interactions with target sites, 

ensuring remarkable potency and specificity while reducing the risk of off-target 

binding and subsequent toxicity (Henninot et al., 2018). Such benefits are 

becoming increasingly important for the pharmaceutical industry, since toxicity 

and low efficacy are the leading cause of compound attrition in clinical 

development, and safety regulations are becoming more stringent (Craik et al., 

2013; Roberts et al., 2014).  

Additionally, the larger binding surface of peptides allows the targeting of the 

mostly large, flat, and featureless interfaces of protein-protein interactions, 

which are intractable for small molecules (Lee et al., 2019). This profoundly 

increases the range of targets accessible for modulation and may lead to 

breakthroughs for diseases lacking small molecule treatments (Lee et al., 2019).  

Another advantage of peptides is that their modular structure makes them easy 

to rationally design and optimise for affinity, specificity, and pharmacokinetics 

(Wang et al., 2021). Furthermore, because their amino acid structure is 
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endogenous to the body and has established metabolic pathways, peptides are 

less likely to form toxic metabolites (Kong and Heinis, 2021). On the other hand, 

small molecules have incredibly diverse structures, and it can be difficult to 

predict metabolic pathways and ensure safety of metabolites (Lomana et al., 

2022).  

Peptides are also advantageous compared to proteins and antibodies as 

therapeutics due to their smaller size, allowing for better tissue penetration and 

less accumulation in the body (Craik et al., 2013; Muttenthaler et al., 2021).  

6.6.2 Disadvantages of peptides as therapeutics 

Despite the advantages of peptides, small molecule drugs are predominant in 

the pharmaceutical industry due to key drawbacks of peptides that have 

historically limited their use (Muttenthaler et al., 2021). Firstly, peptides are 

often highly charged and polar, preventing membrane permeability and limiting 

their use to extracellular targets alone (Henninot et al., 2018). Secondly, 

peptides are highly sensitive to protease degradation in the digestive tract and 

blood stream, as well as to hydrolysis in the acidic and basic environments of the 

stomach and gut (Henninot et al., 2018). Adding to this, peptides are rapidly 

removed from circulation by renal clearance, whereas small molecules are often 

retained by binding to plasma proteins (Zolla, 2008). Taken together, peptides 

are poorly bioavailable and must be administered by non-oral routes (Verma et 

al., 2021). In contrast, small molecules are often membrane permeable and 

bioavailable by oral administration (Gurevich and Gurevich, 2015). This key 

drawback of peptides limits their use significantly, since alternative 

administration routes such as injection are costly and have low patient 

adherence (Patel et al., 2014).  

Another key limitation of peptides is the cost of manufacture. While peptides 

may be cheaper to produce than proteins and antibodies, organic synthesis and 

purification of small molecules is significantly cheaper (Di, 2015). This combined 

with the lack of bioavailability of peptides explains why small molecules have 

been the predominant focus in therapeutic development (Muttenthaler et al., 

2021).  
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Peptides also have other limitations such as insolubility or aggregation risk, 

which can be difficult to address by structural modification without 

compromising affinity and specificity (Li et al., 2018). Lastly, because the 

immune system recognises pathogens through the protein structure of epitopes, 

peptides can induce immune responses, which can be a critical source of toxicity 

and need to be thoroughly assessed to mitigate risk (Fernandez et al., 2018).  

6.6.3  Pharmacokinetic optimisation of peptides 

Historically, the unfavourable pharmacokinetic properties of peptides have 

largely precluded their use as therapeutics (Muttenthaler et al., 2021). 

Nevertheless, given advances in strategies to overcome these limitations, as well 

as breakthroughs in peptide synthesis and manufacture, peptide drug 

development has seen remarkable growth and gain in momentum since the late 

1980s (Muttenthaler et al., 2021).  

Many methods have been developed to overcome protease susceptibility, rapid 

renal clearance, and short half-life (Di, 2015). Cyclisation of peptides, either 

head to tail, head to side chain, tail to side chain, or side chain to side chain, 

confines the conformation and hides cleavage sites from proteases (Figure 6-9) 

(Hayes et al., 2021). This is achieved by lactonisation, lactamisation, or 

instalment of sulfide linkages (Di, 2015). Similarly, peptides can be stapled using 

covalent linkages to increase rigidity and prevent protease recognition, and this 

is most commonly done on alpha helices (Ali et al., 2019).  
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Figure 6-9: Approaches to peptide cyclisation.  
Peptides can be cyclised in different ways to improve pharmacokinetic properties. Figure sourced 
from (Hayes et al., 2021). Reuse is permitted under a CC BY 3.0 License 
(https://creativecommons.org/licenses/by/3.0/).  
 

Another common technique to improve stability and clearance of peptides is 

conjugation (Pollaro and Heinis, 2010; Pisal et al., 2010). Peptides can be linked 

to large polymers such as polyethylene glycol (PEG) or polysialic (PSA) to 

increase their size and hydrodynamic volume, which reduces glomerular 

filtration (Pollaro and Heinis, 2010). Additionally, conjugation can block termini 

or sterically block recognition sites for proteases (Pollaro and Heinis, 2010). 

Likewise, peptides can be conjugated to plasma proteins like albumin or 

immunoglobulin which have particularly long circulation times (Pollaro and 

Heinis, 2010). In this way, the half-life of peptides can be increased from hours 

to weeks (Di, 2015). This strategy has been applied in the design of the two FDA-

approved GLP1 analogue drugs dulaglutide and albiglutide for the treatment of 

diabetes and has allowed for a once-weekly treatment regimen (Jimenez-Solem 

et al., 2010; Poole and Nowlan, 2014). Instead of direction conjugation, plasma 

proteins can also be exploited by addition of small molecule binders such as 
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small fatty acids (Pollaro and Heinis, 2010). Fatty acid conjugation can provide a 

further benefit by reducing risk of immunogenicity by shielding binding of T cell 

receptors (Kurtzhals et al., 2023).  

Chemical modification of termini or cleavage sites is another powerful way to 

prevent recognition by proteases (Di, 2015). Many types of modification have 

been established, but the most common strategies include termini acetylation 

and amidation, N-methylation, alpha carbon modification, or use of non-

proteinogenic amino acids (Di, 2015). One important example of non-

proteinogenic amino acids are D-amino acids, which are stereoisomers of L-

amino acids (Feng and Xu, 2016). While D-amino acids share very similar 

physiochemical properties with their L counterparts, proteases are much less 

likely to recognise them, increasing the stability and half-life of the peptide 

(Feng and Xu, 2016). While chemical modification is an effective and versatile 

way to optimise peptide pharmacokinetics, introduction of non-endogenous 

structures can increase the risk of metabolic toxicity, tissue accumulation, and 

immunogenicity (Di, 2015). Therefore, it is important to balance and mitigate 

these trade-offs during development (Di, 2015).  

Permeability is key for the targeting of intracellular proteins, and many 

techniques have been developed to address peptide impermeability (Di, 2015). 

Many of the strategies that improve protease resistance also promote 

permeability. For example, conformational restriction by cyclisation or stapling 

can mask intramolecular hydrogen bonds and reduce hydrodynamic volume, 

which promotes membrane permeation (Jwad et al., 2020). To the same effect, 

methylation of backbone nitrogen atoms removes hydrogen bond donors and 

promotes hydrophobicity and permeability (Chatterjee et al., 2008). In addition 

to permeability, cyclisation and stapling have the additional benefits of 

enhancing potency and specificity (Jwad et al., 2020). These constraints limit 

the conformational flexibility of peptides to reduce the entropic penalty of 

binding (Unal et al., 2009). 

Permeability can also be addressed by the use of cell-penetrating peptides 

(CPPs) (Guidotti et al., 2017). CPPs are short 5-30 amino acid long peptides that 

are either polycationic, containing many basic positively charged residues, or 

amphipathic, comprising an alternating sequence of charged and hydrophobic 
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residues (Guidotti et al., 2017). CPPs can traverse cell membranes by either 

direct penetration or endocytosis by mechanisms that are not fully elucidated, 

and can carry therapeutic peptides as cargo inside the cell (Pirhaghi et al., 

2024). Despite representing a powerful approach, CPPs have only recently 

entered clinical development and have been limited by the need to characterise 

toxicity risk and tissue/cell specificity (Pirhaghi et al., 2024). Nevertheless, the 

first CPP containing protein therapeutic was approved by the FDA in 2022 for the 

treatment of glabellar lines, and many CPP candidates are undergoing advanced 

clinical testing (Bottens and Yamada, 2022; Dowdy et al., 2023).  

Such advancements have resolved the challenges of peptide pharmacokinetics, 

and the full potential of peptide therapeutics can now be exploited in the 

treatment of disease.  

6.7 Drug targets for Dengue virus 

6.7.1 The Dengue Envelope protein as a drug target 

Dengue antiviral research has focussed mainly on the E, NS1, and NS5 proteins 

because of their multiple functions critical to the virus life cycle (M.F. Lee, Wu, 

et al., 2023). The Dengue E protein comprises the outer surface of the mature 

virus particle (Figure 6-10), maintains structural integrity of the virion and 

mediates the functions of host cell attachment (Chen et al., 1996), receptor 

mediated endocytosis (Piccini et al., 2015), and endosomal membrane fusion 

(Modis et al., 2004). For more detail on the E protein and the Dengue life cycle, 

see Section 6.2. The E protein has a weight of 53 kDa, contains two critical 

glycosylation sites, and forms the virion surface as homodimers arranged in a 

herringbone pattern (Kuhn et al., 2002). The E protein is comprised of three 

domains: Domain I has a beta barrel structure and is located centrally between 

the other two domains (Modis et al., 2005); Domain II has an elongated finger 

like structure and contains the hydrophobic fusion loop that mediates fusion of 

the virus and endosomal membranes (Modis et al., 2005); Domain III has an 

immunoglobulin structure and forms the solvent exposed surface of the virus 

particle (Zhang et al., 2004). Domain III is thought to mediate receptor binding 

during internalisation and is the main target for serotype-specific neutralising 

antibodies (Bhardwaj et al., 2001). On the C-terminus after domain III, the E 
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protein has a stem region, which secures the E and M proteins, and a 

transmembrane motif, which anchors the E protein to the lipid bilayer of the 

virus (Zhang et al., 2003). 

 

Figure 6-10: Structure of the Dengue E protein. 
A: Domain organisation of the E protein. The Domain II fusion loop is indicated. B: E homodimer 
orientation. Dimer interface and Domain II fusion loop indicated. C: Virion particle. Icosahedral 
herringbone organisation of E homodimers on the virion surface. An icosahedral asymmetric unit is 
indicated by a white triangle. Figure adapted from (Wilken and Rimmelzwaan, 2020). 

6.7.2 Peptide inhibitors of the Dengue Envelope protein 

Efforts in peptide drug development targeting the Dengue E protein have 

resulted in several preclinical compounds with high efficacy and pan-serotype 

activity (Table 8) (Anasir et al., 2020; Akshantha et al., 2021). These peptides 

target three main functions: virion structure and integrity, host cell attachment 

and endocytosis mediated by receptors, and membrane fusion (Anasir et al., 

2020). The compounds DN57opt and MLH40 are biomimetic peptides designed to 
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target host cell attachment and endocytosis (Costin et al., 2010; Panya et al., 

2015). DN57opt is an optimised analogue of an E domain II (EDII) hinge region 

peptide, and MLH40 originates from the N-terminal ectodomain of the M protein 

(Costin et al., 2010; Panya et al., 2015). Both peptides were shown to bind the 

Dengue E protein, disrupting its conformation on the virion surface to hinder 

host cell attachment and endocytosis (Costin et al., 2010; Panya et al., 2015). 

DN57opt was more potent with an IC50 of 8 µM and was revealed to cause 

structural abnormalities in Dengue virions by cryogenic electron microscopy 

(Costin et al., 2010).  

P7 is another biomimetic peptide originating from domain III of the E protein 

(Cui et al., 2018). Instead of disrupting Dengue E conformation, P7 was designed 

as a competitive inhibitor of a Dengue host cell receptor integrin β3 (Cui et al., 

2018). Binding of P7 disrupted the integrin β3-E domain III interaction, resulting 

in impaired virus attachment and internalisation with an IC50 of 13 µM against 

serotypes 1 and 2 (Cui et al., 2018). Acting in a similar mechanism, the peptide 

DET4 was developed by de novo computational design (Alhoot et al., 2013). DET4 

was designed to bind to a lateral loop structure on E domain III implicated in 

receptor interaction, possibly with the receptor heparan sulfate (Hung et al., 

2004; Mazumder et al., 2007). DET4 inhibited Dengue serotype 2 with an IC50 of 

35 µM and was found to disrupt the virion surface structure by transmission 

electron microscopy (Figure 6-11) (Alhoot et al., 2013).  

 

Figure 6-11: Disruption of Dengue Virion Structure by DET4 shown by transmission electron 
microscopy. 
Untreated virions indicate a regular round structure, whereas DET4-treated virions show distorted 
irregular structures. Image sourced from Alhoot et al., 2013. 
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E inhibitors have also been discovered from natural products. LL-37 is an 

antimicrobial peptide found in human skin and was found to inhibit infection of 

Dengue serotype 2 at 10-15 µM (Alagarasu et al., 2017). Likewise, the bioactive 

peptide Pep-RTYM was discovered from Acacia catechu and inhibited Dengue 

serotype 2 with the low IC50 of 7.9 µM (Panya et al., 2020). Both peptides were 

shown to bind E domain III but the inhibitory mechanism remains unclear 

(Alagarasu et al., 2017; Panya et al., 2020).  

Other peptides target E-mediated membrane fusion and subsequent 

nucleocapsid release. In this process, the E protein undergoes extensive 

conformational changes to expose the fusion loop and bring the virus and 

endosomal membranes into contact (Modis et al., 2004). Potent biomimetic 

peptide inhibitors have been designed to bind the E fusion intermediates and 

disrupt this process. The peptides DV419-447 and DN59 both originate from the N-

terminal stem region of the E protein and effectively inhibit infection by 

preventing membrane fusion (Hrobowski et al., 2005; Schmidt et al., 2010). 

DV419-447 in particular exhibits pan-serotype inhibition with an impressive IC50 of 

0.1-2 µM (Schmidt et al., 2010). Additionally, cryogenic electron microscopy 

revealed that DN59 had virucidal action by disruption of the virion surface, 

causing pore formation and release of vRNA (Lok et al., 2012).  

Another fusion inhibitor peptide was designed by do novo docking to a conserved 

β-OG pocket positioned at a E domain I/II hinge region (Modis et al., 2003; Panya 

et al., 2014). The glutamic acid–phenylalanine dipeptide EF was found to occupy 

this site, and inhibited fusion by hindering E conformational mobility (Panya et 

al., 2014). EF inhibited DENV2 infection with an IC50 of 96 µM. Given the smaller 

structure of EF relative to other fusion inhibitors like DV419-447, EF may form 

fewer bonding interactions with the envelope protein, resulting in a higher IC50 

(Panya et al., 2015). 

In a recent large-scale investigation into biomimetic peptides, several inhibitory 

sequences were discovered from different positions on the E protein (M.F. Lee, 

Anasir, et al., 2023). Peptide 5F was the most potent and inhibited Dengue 

serotype 2 with an IC50 of 33 µM (M.F. Lee, Anasir, et al., 2023). Intriguingly, 

these compounds were found to act on both the pre and post-fusion stages and 

were active across serotypes (M.F. Lee, Anasir, et al., 2023). The mechanisms 
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were not elucidated in this study, and further investigation using techniques 

such as molecular docking or X-ray crystallography may reveal novel E target 

sites or strategies for inhibition.  

In summary, several preclinical peptide inhibitors of the Dengue E protein have 

been developed that exhibit high potency and pan-serotype activity. Analogous 

to these, two first-in-class peptides have been approved for use as therapeutics 

against other viruses. Bulevirtide was approved in 2020 by the European Medical 

Agency for the treatment of hepatitis D infection (HDV) (Kang and Syed, 2020). 

Bulevirtide is a biomimetic peptide of the hepatitis surface protein and binds to 

the host receptor sodium taurocholate co-transporter polypeptide (NTCP) to 

inhibit infection with an IC50 of 50 nM (Nkongolo et al., 2014). This strategy of 

competitive inhibition of host receptors is exactly analogous to the Dengue 

peptide P7 mentioned above.  

Similar to Bulevirtide, Enfuvirtide is another first-in-class peptide drug which 

was approved in 2003 by the FDA for the treatment of AIDS/HIV (Dando and 

Perry, 2003). Enfuvirtide was designed as a biomimetic peptide of the HIV gp41 

surface protein to bind and disrupt protein-protein interactions necessary for 

conformational rearrangement and membrane fusion (Dando and Perry, 2003). 

Like Bulevirtide, Enfuvirtide has a low nanomolar IC50 of 100 nM (Wild et al., 

1994). This allosteric fusion inhibitor strategy is directly analogous to the Dengue 

peptides DV2419-447 and DN59.  

Given the preclinical advances and diversity of Dengue E disruptor peptides, 

antiviral peptide research on this target is a promising route for the 

development of a successful drug for Dengue virus similar to the HDV and HIV 

drugs Bulevirtide and Enfuvirtide. To achieve such a potent and viable drug, 

additional research and funding is required for the discovery of more peptide 

disruptors, optimisation, and testing at in vivo and clinical stages.   
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Table 8: Antiviral peptides targeting the Dengue E protein. 

Peptide Type 
Design 
Method 

 Mechanism 
IC50 and 
Serotype 

Reference 

DN57opt Attachment 
or entry, 
structural 
disruptor 

EDII hinge 
peptide  

 
Disrupts conformation of 
DII hinge, disrupts virus 
surface (cryo-EM)  

DENV2, 8 
µM 

Costin et al., 
2010 

MLH40 Attachment 
inhibitor 

M peptide 
 

Disrupts M-E interaction, 
alters E dimer 
conformation, inhibits 
attachment 

DENV1-4, 
24-31 µM 

Panya et al., 
2015 

DET4 Attachment 
or entry, 
structural 
disruptor 

de novo 
 

Binds EDIII, may block 
heparan sulfate 
receptor 

DENV2, 35 
µM 

Alhoot et al., 
2013 

P7 Attachment 
or entry 

DIII peptide 
 

Binds integrin β3 to 
disrupt DIII-integrin β3 
receptor 

DENV1-2, 
13 µM 

Cui et al., 
2018, p.7 

LL-37 Unknown Natural 
product, 
human 
antimicrobial 
peptide 

 
Binds EDIII-EDII groove DENV2, 

10-15 µM 
Alagarasu et 
al., 2017 

Pep-RTYM Attachment 
or entry 

Natural 
Product, 
plant 
peptide 

 
Binds to EDIII, disrupts 
attachment or receptor 
mediated internalisation 

DENV2, 7.9 
µM 

Panya et al., 
2020 

DV2419-447 Fusion 
conformation 
inhibitor 

Stem 
peptide 

 
Disrupts fusion 
conformation, binds E 
stem 

DENV1-4, 
0.1-2µM 

Schmidt et 
al., 2010 

DN59 Fusion 
conformation 
inhibitor, 
structural 
disruptor 

Stem 
peptide 

 
Disrupts fusion 
conformation, binds E 
stem, disrupts virus 
surface (cryo-EM) 

DENV1-4, 2-
5 µM 

Hrobowski et 
al., 2005 
Lok et al., 
2012 

EF Fusion 
conformation 
inhibitor 

de novo 
 

Disrupts fusion 
conformation, binds β-
OG pocket 

DENV2, 96 
µM 

(Panya et al., 
2014) 

Peptide 3, 
4, 5F 

Multiple 
mechanisms 

E peptides 
 

Various activities pre-
attachment and pre and 
post-fusion 

5F: DENV2, 
33 µM, 
Peptides 
active 
against all 
serotypes 

(M.F. Lee, 
Anasir, et al., 
2023) 

 

6.8 Heat shock proteins and viral infection 

Since peptides are advantageous over small molecules, particularly in the 

disruption of protein-protein interactions, they have the potential to become 

effective Dengue antivirals. In developing a peptide disruptor, heat shock 

proteins (HSPs) are promising targets because they form extensive interactions 

with viral proteins to facilitate their life cycle (Zhang and Yu, 2022).  
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HSPs are a superfamily of protein chaperones which maintain proteostasis and 

protein turnover (Lindquist and Craig, 1988). HSPs are fundamental to cell 

biology and are expressed in all prokaryotic and eukaryotic organisms (Lindquist 

and Craig, 1988). They are highly conserved across species and comprise 5-10 % 

of all expressed protein (Pockley, 2003). HSPs regulate the folding, degradation, 

and transport of many proteins involved in diverse pathways and cellular 

processes (Lindquist and Craig, 1988). While fulfilling many functions under basal 

conditions, HSPs are upregulated in response to cell stressors such as heat, cold, 

hypoxia, heavy metals, toxins, starvation, irradiation, and microbial infection 

(Tkačová and Angelovičová, 2012). HSPs enhance cell survival against these 

factors by counteracting protein denaturation and coordinating cellular 

responses (Tkačová and Angelovičová, 2012).  

Among these external factors, viral infection is a significant cell stressor (Zhang 

and Yu, 2022). Because HSPs influence many cell processes, the relationship 

between HSPs and viral infection is complex. As antiviral factors, HSPs primarily 

activate and regulate the immune response, but direct inhibition of viral 

processes may also occur (Pockley, 2003; Zhang and Yu, 2022). Conversely, HSPs 

can be proviral when their function is usurped by viral factors to promote 

replication and infectivity (Zhang and Yu, 2022). Because viral genomes are 

small, viral proteins must be highly versatile and fulfil multiple functions in the 

lifecycle (Wei et al., 2024). To adopt the wide range of conformations required 

for these roles, viral proteins often exploit HSP chaperone function (Wei et al., 

2024). In addition, viral proteins disrupt HSP signalling pathways for immune 

suppression and to tune the cellular environment to favour viral replication 

(Pockley, 2003; Zhang and Yu, 2022).  

6.9 HSP90 in viral infection 

By exploitation of chaperone function and signalling, the heat shock protein 90 

(HSP90) family have been found to provide pro-viral functions for many different 

viruses including Dengue virus (Y. Wang et al., 2017; Zhang and Yu, 2022; Wei et 

al., 2024). HSP90 family proteins have a molecular weight of 90 kDa and have 

three main categories based on localisation and homology: cytoplasmic (HSP90⍺, 

HSP90β), ER (GRP94/endoplasmin), and mitochondrial (TRAP-1) (Hoter et al., 

2018). Of the cytoplasmic isoforms, HSP90⍺ is inducible upon cell stress, and 
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HSP90β is constitutively expressed (Hoter et al., 2018). These isoforms have high 

sequence homology of 85 % and share similar function (Johnson, 2012). Because 

of this, HSP90⍺ and HSP90β are often not distinguished in the literature, simply 

being termed HSP90 (Hoter et al., 2018). Like other HSPs, cytoplasmic HSP90 has 

an essential role in proteostasis by regulation of protein folding and aggregation 

(Wei et al., 2024). Compared to other HSPs, HSP90 is distinguished by an 

extensive involvement in cell signalling pathways, providing conformational 

maturation of transcription factors, kinases, and steroid hormone receptors (Wei 

et al., 2024). In this way, HSP90 influences processes including the cell cycle, 

apoptosis, development, differentiation, and immune signalling (Hoter et al., 

2018).  

HSP90 exists primarily as a homodimer and consists of three conserved domains 

(Figure 6-12) (Jackson, 2013). The N-terminal domain (NTD) contains an ATP 

binding site, which allows HSP90 to exert an active chaperone function on client 

proteins as part of an association-dissociation folding cycle (Li et al., 2011). This 

site is also a target for competitive inhibition by the main HSP90 inhibitors 

geldanamycin, 17-AAG, and radicicol (Sanchez et al., 2020). The middle or M 

domain (MD) is the main site for the binding of client proteins (Jackson, 2013). 

Lastly, the C-terminal domain (CTD) contains a dimerisation motif, a calmodulin 

binding site, and an additional nucleotide binding site that allosterically 

modulates ATP hydrolysis (Jackson, 2013). To regulate chaperone activity and 

specificity, HSP90 coordinates with a complex network of co-chaperones via 

binding sites located in each domain (Sanchez et al., 2020). In the CTD 

specifically, a characteristic MEEVD motif acts as a binding site for co-

chaperones with TPR-domains (Scheufler et al., 2000). HSP90 function is also 

regulated transcriptionally and by post-transcriptional modifications including 

phosphorylation, acetylation, nitrosylation and SUMOylation (Prodromou, 2016; 

Hoter et al., 2018). 
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Figure 6-12: Domain structure of HSP90. 
The HSP90 protein is homodimeric and is comprised of three domains. The N-terminal domain, 
middle domain, and C-terminal domain are shown in red, cyan, and magenta respectively. Figure 
sourced from Tassone et al., 2022.  
 

HSP90 is heavily implicated in viral infection (Y. Wang et al., 2017). The 

conformational maturation of HSP90 is known to be exploited by several viruses 

(Y. Wang et al., 2017). Polymerases of Indiana vesiculovirus (VSV), chikungunya 

virus, and respiratory syncytial virus (RSV) bind to HSP90 to promote stability 

and enzyme activity (Connor et al., 2007; Geller et al., 2013; Rathore et al., 

2014). Intracellular trafficking functions of HSP90 are also exploited by viruses. 

For example, the viral DNA polymerase of herpes simplex virus (HSV-1) and 

Epstein-Barr Virus (HBV) have been shown depend upon HSP90 for nuclear 

translocation (Burch and Weller, 2005; Kawashima et al., 2013). In the case of 

HSV-1, inhibition of HSP90 resulted in mis-localisation of the DNA polymerase 

and decreased viral yields in infected cells (Li et al., 2004; Burch and Weller, 

2005). Additionally, viral factors bind to HSP90 to inhibit its role in the immune 

response. For example, the HBV DNA polymerase was shown to bind to HSP90 

and disrupt the interaction between the HSP90/Cdc37 complex and IKK/NEMO, 

thereby preventing NFκB nuclear translocation and suppressing immune 

signalling (Liu et al., 2014).  
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Importantly for this thesis, HSP90 is a proviral factor in Dengue virus infection. 

HSP90 was found to interact with much of the Dengue proteome 

(Srisutthisamphan et al., 2018), facilitate host cell entry (Reyes-del Valle et al., 

2005; Chavez-Salinas et al., 2008; Howe et al., 2016), and modulate host innate 

immune responses (Roby et al., 2020; Li et al., 2021). This raises the possibility 

that HSP90 inhibition may be a valuable strategy for antiviral development 

against Dengue virus. However, HSP90 inhibitors for viral infection have failed to 

reach clinical use, despite increasing attention and research efforts (Zhang and 

Yu, 2022). This has been attributed to small molecule toxicity, stability, and 

adverse effects caused by inhibition of endogenous HSP90 function (Zhang and 

Yu, 2022). By using peptides to disrupt pro-viral interactions of HSP90 with 

Dengue factors rather than HSP90 inactivation or degradation, endogenous 

HSP90 function may be preserved, mitigating toxicity. Peptides are in a prime 

position to exploit this orthogonal mechanism and may prove to be effective 

Dengue antivirals.  

6.10 Roles of HSP90 in Dengue virus infection 

6.10.1 HSP90-E interaction 

Several studies have implicated HSP90 to be involved with Dengue virus 

internalisation mediated by the E protein (Reyes-del Valle et al., 2005; Chavez-

Salinas et al., 2008; Howe et al., 2016). Reyes-del Valle et al. (2005) discovered 

the interaction of HSP90 with the E protein using E affinity chromatography and 

pull-down assays in a neuroblastoma cell line, a monocytic cell line, and 

peripheral blood monocytes (PBMCs). This was corroborated by Srisutthisamphan 

et al. (2018) who surveyed the HSP90 Dengue interactome and validated E-HSP90 

binding by reciprocal co-immunoprecipitation and colocalisation experiments. 

Moreover, in the study by Reyes-del Valle et al. (2005), HSP90 was found to bind 

HSP70 and form a E receptor complex on the cell membrane of peripheral blood 

monocytes and macrophages. Competitive inhibition of Dengue virus infection 

was demonstrated using recombinant HSP90 as a decoy inhibitor, or by 

treatment of HSP90 or HSP70-directed antibodies in the neuroblastoma cell line 

(Figure 6-13) and PBMCs and macrophages (Reyes-del Valle et al., 2005). 

Furthermore, the HSP90/HSP70 receptor complex associated with lipid-enriched 

microdomains or rafts on the cell membrane of monocytic cells, and treatment 
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of a raft disruptor induced a strong antiviral effect (Reyes-del Valle et al., 

2005).  

 

Figure 6-13: Competitive inhibition of the E-HSP90/HSP70 interaction. 
Recombinant HSP90 or antibodies directed against HSP90 or HSP70 inhibited Dengue virus 
infection in in SH-SY5Y neuroblastoma cells. A: virus was incubated for 1 h before exposure to 
host cells and infection was inhibited. B: Cells were incubated with antibody for 1 h before 
exposure to Dengue virus. Treatment of control, anti-HSP70 or anti-HSP90 antibodies are 
indicated as diamonds, triangles, and squares respectively. Figure sourced from Reyes-del Valle et 
al., 2005.  

In a follow-up study by the same group, heat shock of monocytic cells increased 

cell surface expression of the HSP90/HSP70 complex, and Dengue virus 

infectivity was increased two-fold (Chavez-Salinas et al., 2008). Intriguingly, 

heat shock had no effect on virus attachment to host cells, but instead 

facilitated virus entry as shown by flow cytometry (Chavez-Salinas et al., 2008). 

HSP90 was therefore implicated in receptor-mediated endocytosis of Dengue 

virus and not in cell attachment (Chavez-Salinas et al., 2008). 

Taken together, the clear role of HSP90 as an endocytosis receptor for Dengue 

virus infection highlights its potential as a drug target. HSP90 inhibition may 

therefore prevent virus entry or interfere with E function after host cell 

engagement. However, existing data on the impact of chemical HSP90 inhibition 

on Dengue infectivity are conflicting. Srisutthisamphan et al. (2018) described 

that HSP90 inhibition by geldanamycin resulted in only a slight antiviral effect, 

and only the detection of Dengue E in the cell decreased with no effect on the 

other proteins. This was accompanied by increased E protein in the cell media 

(Srisutthisamphan et al., 2018). In another study, researchers investigating the 

impact of Dengue infection on a complex of HSP90 with NLRP12 showed that it 

mediates an antiviral IFN-induced innate immune response (Li et al., 2021). In 
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monocytic cells infected with Dengue virus, overexpression of NLRP12 potently 

reduced detection of NS5 and viral RNA (Li et al., 2021). Inhibition of HSP90 by 

17-DMAG exerted a pro-viral effect and reversed this change, and this vRNA 

restoration was also shown in Japanese Encephalitis, Yellow Fever and Zika 

Viruses (Li et al., 2021). This observation seemingly conflicts with the 

geldanamycin data from Srisutthisamphan et al. (2018). However, this pro-viral 

effect of HSP90 inhibition may be specific to NLRP12 overexpression, where pro-

immune signalling may be a limiting factor for Dengue infection. Results from 

HSP90 inhibition in other flaviviruses is also conflicting. In Japanese encephalitis 

virus, HSP90 inhibition resulted in NS5 degradation and reduced virus copy 

numbers (Lu et al., 2017). Contrastingly, HSP90 inhibition in WNV and ZIKV 

seemingly increased expression of virus genomic RNA and viral protein including 

NS5 (Roby et al., 2020).  

These discordant findings reflect that HSP90 has wide-reaching endogenous 

functions and has both proviral and antiviral roles during infection of Dengue 

virus and other flaviviruses. Therefore, chemical inhibition of HSP90 may disrupt 

both protective and deleterious HSP90 pathways and may not be a viable 

strategy. Compared to broad chemical inhibition, the study by Reyes-del Valle et 

al. (2005) showed that specific disruption of the Dengue E–HSP90 interaction 

resulted in robust inhibition of viral entry and infectivity. Given the advantages 

of peptides in disrupting PPIs, disruption of the E-HSP90 interaction by a peptide 

candidate may reproduce the viral entry inhibition shown by antibodies and 

recombinant HSP90 (Reyes-del Valle et al. 2005). In addition, the unique potency 

and selectivity of peptide compounds may increase the chance of success in 

clinical testing. This strategy of competitive inhibition of viral entry receptors 

has been proven by the licensed peptide drugs Bulevirtide for HBV and Miraviroc 

for HIV, which exhibit near picomolar affinity and are well tolerated (MacArthur 

and Novak, 2008; Kang and Syed, 2020). In conclusion, development of a peptide 

disruptor of the HSP90-E interaction may lead to a novel Dengue virus entry 

inhibitor which is urgently needed for treatment and control of this disease.  
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6.11 Peptide array screening for peptide discovery 

As postulated above, proviral interactions of HSP90 with the Dengue virus E 

protein represent promising drug targets. The project described in this thesis has 

the goal of advancing towards the development of an urgently needed Dengue 

antiviral therapeutic by the discovery and development of protein-protein 

interaction disruptor peptides. To this end, a discovery pipeline was designed 

centred on the screening of peptide arrays. Peptide array screening is a rapid, 

cost effective, and versatile technique for the high-throughput screening of 

hundreds of peptide sequences (Katz et al., 2011; Amartely et al., 2014). 

Peptide arrays are synthetic libraries of 2-25mer peptides immobilised on 

cellulose membranes (Katz et al., 2011). By use of a far-western screening 

method, peptides binding to a protein target can be identified for applications 

including epitope mapping of protein-protein interactions as well as rational 

peptide discovery and structural optimisation. 

6.12 Research aims 

Dengue virus is an increasingly critical threat to global health that remains 

unchecked. While second-generation vaccines are only just emerging into 

clinical use worldwide, research into antiviral inhibition is an underdeveloped 

field. Peptide therapeutics are demonstrating increasing clinical success, 

especially for targets intractable for small molecules such as protein-protein 

interactions. Given the limited progress in small molecule Dengue antivirals, 

peptide disruptors of viral protein-protein interactions are an unexplored and 

promising strategy.  

Studies have shown that Dengue virus exploits HSP90 chaperone function and 

signalling to promote infectivity and replication through interaction with the 

Dengue E protein (see Section 6.10.1). Disruption of the E-HSP90 interaction has 

been shown to inhibit receptor-mediated endocytosis of Dengue virus into host 

cells. In light of these findings, the following aims were addressed in this thesis 

with the overarching goal of developing novel antiviral peptide compounds of 

Dengue virus. 
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Chapter 8 

• To develop a method for preparing HSP90 protein by recombinant 

bacterial expression, IMAC isolation, and purification by ion exchange and 

size exclusion chromatography.  

Chapter 9 

• To identify binding epitopes on the Dengue E protein for HSP90 by peptide 

array screening. 

• To assess the pharmacokinetic suitability of E epitopes as peptide 

therapeutic candidates using computational prediction tools.  

• To develop epitopes into candidate peptides by structural optimisation 

using peptide array screening.  

• To evaluate cytotoxicity and antiviral efficacy of candidates by in vitro 

assays.  
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Chapter 7 Materials and Methods 

7.1 Antibodies 

7.1.1 Primary antibodies 

Table 9: List of primary antibodies. 
WB, western blot; PLA, proximity ligation assay; IFA, Dengue Virus immunofluorescence assay. 

Antibody Dilution Company 
Catalogue 

Number 

⍺-HSP90  
(rabbit polyclonal) 

WB: 1:2000 
PLA: 1:200 
Arrays: 1:1000 

Santa Cruz sc7947 

⍺-6His HRP  
(mouse monoclonal) 

WB: 1:2000 Sigma-Aldrich A7058 

⍺-DYKDDDDK (flag tag) M2  
(rabbit polyclonal) 

WB: 1:5000 
PLA: 1:200 Sigma-Aldrich F3165 

⍺-GAPDH  
(mouse monoclonal) 

WB: 1:80,000 Proteintech 60004-1-Ig 

4G2 ⍺-Dengue E  
(mouse monoclonal) 

- In-house, Chiang Mai 
University - 

⍺-NS5  
(mouse monoclonal) 

IFA: 1:100 Invitrogen MA5-17295 

 

7.1.2 Secondary antibodies 

Table 10: List of secondary antibodies. 
WB, western blot; IFA, Dengue Virus immunofluorescence assay. 

Antibody Dilution Company 
Catalogue 
Number 

⍺-rabbit IgG  
(donkey, 800 nm) 

WB: 1:5000 LI-COR 926-32213 

⍺-mouse IgG  
(donkey, 800 nm) 

WB: 1:5000 LI-COR 926-32212 

⍺-mouse IgG  
(goat, 680 nm) 

WB: 1:5000 Invitrogen A-21057 

⍺-mouse IgG  
(rabbit, HRP) 

ELISA: 1:2000 Agilent/Dako P026002-2 

⍺-mouse IgG  
(goat, 488 nm) 

IFA: 1:1000 Invitrogen A28175 
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7.2 Bacterial transformation and isolation of plasmid 
DNA 

7.2.1 HSP90 plasmids 

A plasmid containing HSP90 was ordered from GenScript Biotech (New Jersey, 

U.S.). The protein sequence of HSP90AA1 (GenBank accession NP_001017963.2) 

was converted to a nucleotide sequence based on the E. coli codon table. 

Additionally, CC and CTCGAG were added to the 5’ and 3’ ends respectively to 

facilitate cloning. This sequence was then inserted into pET-32b(+) vector using 

NcoI/XhoI restriction sites. By use of the pET-32b(+) vector, transformed 

bacteria could be grown in the presence of Ampicillin, and the recombinant 

HSP90 had a C-terminal His tag for purification.  

7.2.2 Bacterial Transformation 

A working stock of HSP90 plasmid was obtained by transforming competent E. 

coli cells and isolating plasmid DNA. First, HSP90 plasmid was resuspended in 

nuclease-free water. DH5⍺ competent E. coli (Invitrogen, cat. 18263012) were 

thawed on ice. 100 µL of bacteria were transferred to pre-chilled 

microcentrifuge tubes. 50 ng of plasmid DNA was added, and pUC19 DNA or 

nuclease-free water were used as positive and negative controls respectively. 

The bacteria were incubated at 4°C for 30 minutes, heat shocked for 45 seconds 

at 42 °C in a water bath, then returned to 4 °C for 2 minutes. 950 µL of Super 

Optimal broth with Catabolite repression (S.O.C.) media was added to each 

tube. The bacteria were shaken at 37 °C for 1 hour at 225 rpm. 100 µL of 

bacteria was spread on lysogeny broth (LB) agar plates (1% bacto-tryptone (w/v), 

0.5% yeast extract (w/v), 1% NaCl (w/v), and 1.5% agar (w/v)) containing 100 

µg/mL ampicillin and incubated for 16 hours at 37 °C.  

7.2.3 Plasmid DNA Isolation 

In order to obtain a stock of plasmid DNA from the transformed E. coli, a culture 

of E. coli was grown, and plasmid DNA was extracted. A single colony of HSP90 

transformed-DH5⍺ bacteria was picked and used to inoculate 10 mL of LB 

medium with ampicillin (1% bacto-tryptone (w/v), 0.5% yeast extract 

(w/v),150mM NaCl (w/v), 100 µg/mL ampicillin). This was incubated at 37 °C 
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overnight with shaking at 225 rpm. Plasmid was isolated using a Miniprep kit 

(Qiagen, cat. 27104) following the manufacturer’s protocol. At the last step, 

plasmid was eluted from the spin columns using nuclease-free water. The 

resultant plasmid stock was analysed on a Nanodrop spectrophotometer (Thermo 

Scientific, cat. ND-2000) for concentration and purity by A260/A280 and 

A260/A230 ratios, as contaminants can affect subsequent transfection or 

bacterial transformation. An A260/A280 ratio below 1.8 indicates the presence 

of protein, phenol, or other contaminants, and an A260/A280 ratio above 2.0 

indicates contamination with RNA. An A260/A230 ratio outside the range of 2.0 – 

2.2 indicates the contamination of phenol, guanidine, or other organic residues 

left over from the isolation process.  

7.2.4 DNA agarose gel electrophoresis 

Following plasmid isolation, the purity and molecular weight of the DNA was 

assessed using agarose gel electrophoresis. A 1 % agarose gel was prepared by 

dissolving agarose (Merck, cat. A9539) in TAE buffer (40 mM Tris-acetate, 1 mM 

EDTA, pH 8.0) using a microwave. The gel was allowed to cool and solidify in a 

casting tray with comb. The gel was placed in a Bio-Rad Sub-Cell GT 

electrophoresis tank (Bio-Rad, cat. 1704401) filled with TAE buffer. Plasmid DNA 

samples (4 µL each) were mixed with 1 µL of 6X loading dye (Thermo Scientific, 

cat. R0611) and 1 µL of SYTO 60 nucleic acid stain (Invitrogen, cat. S11342) and 

loaded into the wells alongside a 1 kb DNA ladder (5 µL). The gel was run at 100 

V for 1 hour. The DNA bands were visualised using a gel and blot imaging system 

(LI-COR Odyssey CLx). 

7.3 Growth, expression, and purification of recombinant 
HSP90 protein 

7.3.1 Recombinant production of HSP90 protein 

The DH5⍺ strain of E. coli was used to prepare plasmid DNA stocks because it has 

a high transformation efficiency and mutations that reduce alterations of the 

plasmid DNA sequence (Phue et al., 2008). On the other hand, the BL21(DE3) 

strain was used for the production of recombinant HSP90 protein, because it can 

express a T7 RNA polymerase when induced with IPTG (isopropyl-β-D-
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thiogalactopyranoside), allowing for high level expression of plasmid DNA protein 

under the control of the T7 promotor, such as pET-32b(+)-HSP90.  

BL21(DE3) competent E. coli were transformed with HSP90 plasmid (See Section 

7.2.2). A single colony was used to inoculate 10 mL of LB medium containing 100 

µg/mL ampicillin and was incubated overnight at 37 °C with shaking at 225 rpm. 

This starter was used to inoculate a 500 mL sample of LB medium with 

ampicillin, and this culture was incubated at 37 °C with shaking at 225 rpm for 

approximately 4 hours until an OD600 reading of 0.6-0.8 was reached. The main 

culture was then induced with 0.1 mM IPTG, VWR chemicals, cat. 437145X) to 

stimulate expression of the HSP90-pET-32b(+) construct. The culture was 

incubated for 18 hours at 18 °C with shaking at 225 rpm. The culture was 

pelleted by centrifugation at 6000 rpm for 10 min at 4 °C and frozen at -80 °C to 

aid lysis. The pellet was thawed and resuspended in 10 mL imidazole lysis buffer 

(50 mM tris base, 300 mM NaCl, 10 mM imidazole, pH 7.4, protease inhibitor 

(Roche, cat. 11873580001)). The solution was sonicated using a model 120 sonic 

dismembrator (Fisherbrand, cat. 12337338) with a 0.5-15 mL probe (Fisherbrand, 

cat. 12991171). Sonication was performed on ice at 40 % amplitude in cycles of 

30 seconds on, 10 seconds off for a total of 4 minutes. The lysate was divided 

into 1 mL aliquots and centrifuged at 13,000 rpm at 4 °C for 15 minutes. The 

supernatant was pooled and frozen at -80 °C.  

7.3.2 Immobilised metal affinity chromatography 

The pET-32b(+) plasmid of the HSP90 construct expresses the protein with a C-

terminal polyhistidine tag, which allows for the isolation of HSP90 by 

immobilised metal affinity chromatography (IMAC) (Block et al., 2009). By the 

use of a column loaded with beads conjugated to metal ions, such as Ni2+ or 

Co2+, to which the imidazole side chains of the polyhistidine tag coordinate to, 

recombinant protein can be isolated from bacterial lysate. Coordinating protein 

can then be eluted by applying an increasing concentration gradient of imidazole 

solution to the column. Proteins are therefore separated by affinity to the metal 

ions.  

Nickel NTA beads (Thermo Scientific, cat. 10449164) were washed three times 

with imidazole buffer (50 mM tris base, 300 mM NaCl, 10 mM imidazole, pH 7.4), 
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and resuspended to 1 mL in imidazole buffer. This bead solution was added to 

the HSP90 lysate and rotated for 1 hour at 4 °C. The bead-lysate mixture was 

added to a 20 mL Econo-Pac chromatography column (Bio-Rad, 7321010), and 

the flow through was collected. The column was then washed three times with 

imidazole buffer cooled to 4 °C. A buffer with an increasing gradient of 

imidazole was then applied to the column in 3 x 1 mL increments, and the elutes 

were collected. The buffer consisted of a tris buffer (50 mM tris base, 300 mM 

NaCl, pH 7.4) with increasing concentrations of imidazole (25, 50, 75, 100, 150, 

250 mM imidazole). The protein content and purity were analysed by Bradford 

assay, SDS-PAGE, Coomassie staining, and western blot (See Section 7.7).   

7.3.3 Ion exchange chromatography 

HSP90 elutes isolated by affinity chromatography were subjected to purification 

by anion exchange chromatography. This experiment makes use of a column 

loaded with stationary phase positively charged beads to separate proteins. 

Negatively charged proteins will bind to the column. By applying a solution 

gradient of increasing ionic strength (increasing NaCl concentration), sodium and 

chloride ions will compete with the protein for column-binding, and proteins will 

elute based on their net negative charge. Proteins with more negative charge 

will bind to the column more strongly and elute later than less negatively 

proteins.  

After analysing protein content and purity of HSP90 affinity chromatography 

elutes, the cleanest and most concentrated samples were loaded onto a pre-

equilibrated 1 mL-capacity Resource Q column (Cytiva, cat. 17117701) using an 

ÄKTA pure chromatography system (Cytiva). Low salt (100 mM NaCl) and high 

salt (1000 mM NaCl) solutions were prepared in tris buffer (50 mM tris, 5 % 

glycerol, 1 mM TCEP, pH 8). These were used to apply an increasing gradient of 

salt solution through the column and elute the protein. Fractions were collected 

in 1 mL increments, and protein elution was monitored by absorbance at 280 

nm.  
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7.3.4 Gel filtration chromatography 

Gel filtration was carried out to further purify the protein and normalise NaCl 

concentration. This experiment makes use of a column loaded with a porous 

resin. Proteins are separated by size/molecular weight. Small proteins will enter 

the pores in the gel and travel down the column slowly. Larger proteins cannot 

enter the pores and will travel through the column in a more direct and quicker 

route. Therefore, large proteins are eluted first, and smaller proteins are eluted 

later.  

HSP90 eluted from anion exchange chromatography was analysed by SDS-PAGE 

and Coomassie staining (see Section 7.7). By comparing protein bands, the 

fractions most concentrated with HSP90 protein and with the fewest impurities 

were applied onto a pre-equilibrated Superdex 200 Increase 10/300 GL column 

(Cytiva, cat. 28990944) connected to an ÄKTA pure chromatography system 

(Cytiva). The column was pre-equilibrated with gel filtration buffer (20 mM Tris-

base, 150 mM NaCl, 5% glycerol, 5 mM DTT, pH 8). The sample was loaded at a 

flow rate of 0.5 mL/min, and elutes were collected in 1 mL increments. Protein 

elution was monitored by 280 nm absorbance. The protein content and purity 

were assessed using SDS-PAGE and Coomassie staining (See Section 7.7).  

7.4 Peptide Arrays 

7.4.1 Peptide array SPOT synthesis 

Peptide arrays produced by SPOT synthesis allow for the high throughput 

screening of synthetic peptides for applications of epitope mapping, and rational 

peptide discovery and optimisation (Katz et al., 2011; Amartely et al., 2014). 

Peptide SPOT synthesis relies on standard solid phase Fmoc chemistry but is 

differentiated by the use of derivatised cellulose membrane as a solid support 

instead of beads. Peptides are synthesised from the C-terminus, which is 

attached to a PEG linker of the membrane, to the N-terminus. Reagents, such as 

amino acids and coupling reagents are spotted onto the membrane to synthesise 

the peptide. This droplet forms a miniature vessel in which the reaction is 

confined. By the synthesis of many peptide spots arranged in a grid formation, 

peptide array libraries can be made, in which each spot consists of thousands of 

peptide copies in an area of only around 2 mm2.  
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Peptide arrays were synthesised by SPOT synthesis using a Multipep RSi 

automated parallel peptide synthesiser (Intavis). DIC (N,N'-

Diisopropylcarbodiimide, Sigma-Aldrich, cat. D125407) and Oxyma Pure (Ethyl 2-

cyano-2-(hydroxyimino)acetate, Merck, cat. 8510860500) were used to ‘activate’ 

Fmoc amino acids dissolved in DMF (n,n-dimethylformamide, Rathburn, cat. 

RG2014) before spotting to the membrane (Figure 7-1). In the case of the first 

amino acid spotted, the amino acid reacts with PEG groups on the membrane to 

begin the peptide chain. Before spotting of the next amino acid building block, 

unreacted peptide chains were capped by washing with acetic anhydride (Sigma-

Aldrich, cat. 539996) to prevent elongation of deletion peptides. Fmoc groups on 

the nascent peptide chain were deprotected using piperidine (Sigma-Aldrich, 

cat. 104094). The membrane was then washed with NMP (1-Methyl-2-

pyrrolidinone ,Sigma-Aldrich, cat. 443778) to remove waste products. The next 

amino acid was then spotted to repeat the cycle, and peptides up to 25 amino 

acids in length were synthesised.  

 

Figure 7-1: Overview of SPOT synthesis of peptide arrays. 
Amino acids dissolved in DMF are ‘activated’ with DIC and Oxyma Pure (OxP). The synthesiser 
spots these reagents onto the membrane, and the first amino acid links to the membrane via the C-
terminus. The synthesiser washes piperidine over the membrane to deprotect the Fmoc group from 
the N-terminus. The new peptide chain is ready for the next amino acid. The second amino acid 
then reacts with DIC and Oxyma Pure, and is spotted onto the membrane to build the peptide 
chain. This process is repeated until the full peptide is synthesised.  
 

To work up, the arrays were incubated with deprotection solution (2 % 

triisopropylsilane (Sigma-Aldrich, cat. 233781) and 5 % distilled water in 

trifluoroacetic acid (Fluorochem, cat. F008708)) at room temperature for two 

hours with gentle agitation. The membranes were then washed three times for 2 

minutes each with gentle agitation using DMF, DCM (Sigma-Aldrich, cat. 650463), 
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then ethanol. After drying, the peptide arrays were visualised and cut to size 

using a transilluminator (Fisher Scientific, cat. 16515180) then stored at 4 °C.   

7.4.2 Peptide array screening by far-western blot 

For peptide array applications such as mapping binding epitopes or screening 

rationally designed peptide libraries, a far-western blot technique is used 

(Figure 7-2). In the process of mapping the epitopes of a protein-protein 

interaction, the sequence of one of the proteins is divided up into short 

overlapping fragments, typically 20mers. An example using the HSP90-E 

interaction is illustrated in Figure 7-2. These fragments are synthesised in a grid 

arrangement of peptide spots, with each spot containing many copies of a 

peptide sequence. A target protein is overlaid, and the binding sequences 

comprising the epitope are identified by immunodetection. Binding peptides can 

be developed into candidate disruptors by further peptide array screening for 

structural optimisation. 
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Figure 7-2: Fine-mapping of epitopes in a protein-protein interaction by peptide array 
screening. 
The HSP90-E interaction is used as an example. The sequence of one of the protein partners, in 
this case E, is synthesised on a peptide array as overlapping fragments. Each spot consists of 
many copies of one of those fragments. A protein sample of the other binding partner, in this case 
HSP90, is overlaid, and E binding peptides are identified by immunodetection. 
 

The protocol for this peptide array screening process is summarised in Figure 

7-3. Firstly, peptide arrays were rinsed with ethanol and Tris-buffered saline 

with Tween 20 (TBST) (20 mM tris base, 150 mM NaCl, 0.1 % Tween 20, pH 7.6). 

The arrays were blocked for two hours at room temperature with gentle 

agitation with 5 % (w/v) non-fat dry milk in Tris-buffered saline (TBS) (20 mM tris 

base, 150 mM NaCl, pH 7.6). After a rinse with TBS, the arrays were incubated 

with target protein overnight at 4 °C with gentle agitation. For cell lysates, a 

mass of 1-3 mg of total protein was used, which was diluted in TBS with 2.5 % 

(w/v) non-fat dry milk. For purified protein, a concentration of 0.1-2 µM was 

used, and was diluted in TBS with 2.5 % (w/v) non-fat dry milk. A buffer-only 

solution was used to incubate the negative control peptide. After protein 

incubation, the arrays were washed three times for 10 minutes with TBST. The 

arrays were then incubated with primary antibody overnight at 4 °C with gentle 

agitation. Antibodies were diluted in TBST with 2.5 % (w/v) non-fat dry milk (See 
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Table 5 for dilutions). Following this, the arrays were washed as before, then 

incubated with secondary antibody for 1 hour at room temperature with gentle 

agitation (See Table 10 for dilutions). The arrays were washed for a final time, 

then incubated for 5 minutes at room temperature with gentle agitation with 

either (i) Pierce Enhanced chemiluminescent substrate (Thermo Scientific, cat. 

32106), or (ii) WesternSure Premium Substrate (LI-COR, cat. 926-95000) to 

detect weak array-protein interactions. Arrays were then imaged on the C-DiGit 

blot scanner (LI-COR) on high sensitivity for 12 minutes. Spot densitometry and 

figure preparation were carried out using the PepGenie web application 

(http://pepgenie.pythonanywhere.com/).  

 

Figure 7-3: Summary of the peptide array screening process. 
Peptide arrays are first blocked then incubated with either target protein for the test array, or buffer-
only solution for the control array. After incubation with primary and secondary antibodies, binding 
peptides can be identified using enhanced chemiluminescence (ECL). TBS, Tris-buffered saline; 
TBST, Tris-buffered saline with Tween 20; O/N, overnight; RT, room temperature. 
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7.5 Computational peptide analysis tools 

7.5.1 3D structural modelling of proteins using PyMOL 

Protein and peptide structures were visualised using the PyMOL open-source 

molecular graphics system (version 3.0.0, Schrödinger Inc) (DeLano, 2002). 

Existing molecular structures were downloaded from the Research Collaboratory 

for Structural Bioinformatics (RCSB) Protein Data Bank (PDB, 

https://www.rcsb.org/) (Berman et al., 2000) in .pdb format. PDB accession 

codes are stated in figure legends.  

7.5.2 Prediction of peptide conformation using PEP-FOLD3 

Peptide secondary structure is a major determinant of physiochemical and 

pharmacokinetic properties, and therefore influences their efficacy as 

therapeutic agents. The prediction of peptide secondary structure was carried 

out using the de novo peptide structure prediction server PEP-FOLD3 (version 

3.5, https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/). PEP-

FOLD3 predicts predict the 3D structures of peptides ranging from 9 to 50 

residues by using a coarse-grained force field and a greedy algorithm to sample 

conformations (Lamiable et al., 2016). Peptide models generated using PEP-

FOLD3 were exported to PyMOL for visualisation.  

7.5.3 Multiple sequence alignment using Clustal Omega 

In order to evaluate the conservation of protein sequences between Dengue 

Virus serotypes, multiple sequence alignment was performed using Clustal 

Omega, a robust and scalable multiple sequence alignment (MSA) tool designed 

for large datasets (Sievers and Higgins, 2018), accessible at 

https://www.ebi.ac.uk/jdispatcher/msa/clustalo. Alignment output was 

downloaded in FASTA or Clustal format (.aln-clustal_num) and visualised using 

Jalview. 
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7.5.4 Visualisation of multiple sequence alignment using Jalview 

Multiple sequence alignments generated by Clustal Omega were analysed and 

prepared into figures using the open source tool Jalview (desktop application 

version 2.11.3.3) (Waterhouse et al., 2009). Overall conservation was 

determined as the average of pairwise alignment scores calculated by Jalview. 

Per residue conservation scores were calculated by Jalview, which considered 

both amino acid identity and physiochemical properties. The scale ranged 0-11, 

with 11 being represented by ‘*’. The ‘+’ symbol indicated where physiochemical 

properties are conserved despite an identity mismatch.  

7.5.5 PepCalc for estimation of peptide physiochemical 
properties 

The net charge, charge distribution, water solubility, and per-residue polarity of 

peptides were calculated using the online web application PepCalc (Innovagen 

AB Inc.) (http://pepcalc.com/). Per-residue hydrophobicity was calculated using 

the Hopp and Woods scale (Hopp and Woods, 1983). Figures prepared using the 

application were downloaded from the web server.  

7.5.6 Prediction of aggregation potential using Aggrescan 

Peptide aggregation is a major obstacle to peptide solubility. Aggregation 

potential was predicted using the online web application Aggrescan 

(http://bioinf.uab.es/aggrescan/) (Conchillo-Solé et al., 2007). To identify 

regions of high aggregation potential, Aggrescan calculates a sliding window 

average (A4V) of the A3V aggregation propensity of each amino acid (de Groot et 

al., 2005). Five consecutive amino acids with a A4V above a threshold of -0.02 

were classified as an aggregation hotspot. Figures prepared using the application 

were downloaded from the web server. 

7.6 Mammalian cell culture 

7.6.1 Media, subculturing, and cryopreservation 

All cell lines used in this project are listed in   
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Table 11. Cells were cultured in 25 cm2, 75 cm2, 150 cm2 culture flasks (Corning, 

cat. 430639, 430641, 430823) at 37 °C, 5 % CO2, and 95 % humidity in a cell 

incubator. Cells were passaged at 70-80 % confluence, and media was refreshed 

every 3-4 days. Passaging was carried out by the following process. The media 

was removed, and the cells were washed with sterile-filtered phosphate 

buffered saline (PBS) warmed to 37 °C. To detach the cells, 0.05% trypsin-EDTA 

with phenol red (Gibco, 25300054) was added and incubated at 37 °C for 3 

minutes or longer until cells detached. The trypsin was inactivated by addition 

of an equal volume of media warmed to 37 °C, and the solution was centrifuged 

at 1000 rpm for 3 minutes. The supernatant was removed, and the cell pellet 

was resuspended in warm media, loaded into a culture flask, and returned to the 

incubator. A volume of 7, 10, or 25 mL were used for the 25, 75, and 150 cm2 

culture flasks respectively. Cell stocks for long-term storage were prepared by 

resuspending cells with 10 % DMSO (Sigma-Aldrich, cat. 5.89569) in media and 

storing at -80 °C for 24 hours in a cell freezing container (Thermo Scientific, cat. 

5100-0001) before transfer to liquid nitrogen storage. Mycoplasma was regularly 

screened for using a MycoAlert kit (Lonza, cat. LT07-318). 
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Table 11: Summary of cell lines used. 

Cell line Origin Supplier Media Passage 

HEK293 
Human embryonic 
kidney, epithelial 

ATCC: 
CRL-1573 

DMEM: 2mM L- Glutamine, 
100 U/μg penicillin- 
streptomycin, 10% fetal 
bovine serum  

1:2-1:10 

Vero 
African Green 
Monkey kidney, 
epithelial 

ATCC: 
CCL-81 

MEM: 2mM L- Glutamine, 
100U/μg penicillin- 
streptomycin, 10% fetal 
bovine serum  

1:2-1:6 

Huh7 
Human 
hepatocellular 
carcinoma 

Cytion: 
300156 

DMEM: 2mM L- Glutamine, 
100U/μg penicillin- 
streptomycin, 10% fetal 
bovine serum  

1:2-1:6 

Hmec-1 
Human microvascular 
dermal cells, 
endothelial 

ATCC: 
CRL-3243 

MCDB: 2mM L- Glutamine, 
10 ng/mL epidermal growth 
factor, 1 µg/mL 
hydrocortisone, 100U/μg 
penicillin- streptomycin, 10% 
fetal bovine serum  

1:2-1:12 

C6/36 
Aedes albopictus 
mosquito embryonic 
cells 

ATCC: 
CRL-1660 

Leibowitz-15: 1 % fetal 
bovine serum, 10 % tryptose 
phosphate broth 

1:2-1:5 

 
 

7.6.2 Transfection of mammalian cells with plasmid DNA 

NS5 was expressed in mammalian cells by chemical transfection for use in in 

vitro assays such as proximity ligation assay. A pcDNA3.2 construct containing 

the NS5 sequence (GenBank accession P29990.1) with a C-terminal flag tag 

(DYKDDDDK) was provided by Professor Aussara Panya from Chiang Mai 

University. Transfections were carried out using the Lipofectamine LTX and PLUS 

reagents (Invitrogen, cat. A12621) according to the manufacturer’s protocol. In 

order to determine the optimal transfection conditions for each cell line, a pilot 

transfection was conducted to test a range of ratios of plasmid DNA mass to 

transfection reagents with incubation at 24 or 48 hours. Transfection success 

was evaluated using western blot. 

7.6.3 Cell lysis for protein extraction 

Media was removed from cells, and the cells were washed with PBS. Pierce lysis 

buffer (25 mM tris base, 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 5 % glycerol, pH 

7.6) containing protease inhibitor (Roche, cat. 11873580001) was cooled to 4 °C 

and added to the cells. 100-250 µL or 500-1000 µL of lysis buffer was added to 

each well of 6-well plates or a 10 cm dishes respectively. The cells were 
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incubated in the buffer for 10 minutes on ice with gentle agitation. The cells 

were then scraped, and the lysate was rotated at 4 °C for 30 minutes. The lysate 

was then centrifuged at 14,000 rpm for 15 minutes, and the protein-containing 

supernatant was collected and either stored at -80 °C or used immediately.  

7.7 Protein analysis 

7.7.1 Bradford assay 

Protein concentration of samples was assessed using Bradford protein assay. The 

experiment is based on the non-covalent interaction of Coomassie brilliant blue 

R-250 with protein, causing a change in the charge distribution of the dye. This 

results in a colour change from brown to blue that is proportional to the protein 

concentration, which can be quantified by 595 nm absorbance (Bradford, 1976).  

A standard protein curve was prepared in triplicate in a clear 96-well plate using 

bovine serum albumin (BSA, Sigma-Aldrich, cat. A4612). BSA was dissolved in 

distilled water to prepare 50 µL volumes at concentrations of 0, 0.1, 0.25, 0.5, 

0.75, and 1 mg/mL. Protein samples were diluted to an appropriate 

concentration, and 50 µL volumes were loaded into wells in triplicate. 200 µL of 

dye reagent (Bio-Rad, cat. 5000006) was added to each well, and the plate was 

incubated for 15 minutes at room temperature. 595 nm absorbance was 

measured using a plate reader (Berthold Tristar 5 Multimode Plate Reader). 

Protein concentration was calculated from the linear equation of the standard 

curve.  

7.7.2 SDS-PAGE 

The protein content of isolated recombinant protein or cell/tissue lysates was 

assessed using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE). A mini gel tank (Invitrogen, cat. 15384604) was filled with 1x NuPAGE 

MOPS buffer (Invitrogen, cat. NP0001) and loaded with 10-, 12-, or 15-well 

NuPAGE Bis-Tris mini protein gels (Invitrogen, cat. NP0321). 5x Lamelli buffer 

(0.25 % Bromophenol blue (w/v), 5 % β-mercaptoethanol, 50 % glycerol, 10 % SDS 

(w/v), 0.25 M tris base, pH 7) was added to the protein samples for a final 

concentration of 1x and boiled at 80 °C for 10 minutes. Once cool, the samples 

were loaded into the wells along with a pre-stained protein ladder (Bio-Rad, cat. 
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1610373). Voltage was applied in three stages of 120 V for 30 minutes, 150 V for 

20 minutes, then 170 V for 20 minutes.   

7.7.3 Coomassie Protein Staining  

SDS-PAGE gels were stained with Coomassie solution to visualise total protein 

content. The gel was incubated for 30 minutes with gentle agitation in 

Coomassie stain (0.1 % (w/v) Coomassie brilliant blue R-250 (Bio-Rad, cat. 

1610400), 50 % ethanol, 10 % acetic acid, 40 % distilled water). The gel was then 

rinsed with distilled water, and washed with de-staining solution (40 % ethanol, 

10 % acetic acid, 50 % distilled water) in 30-minute periods until bands were 

resolved from background staining. The gel was then imaged using a document 

scanner.  

7.7.4 Western blot 

After SDS-PAGE, protein gels were loaded into mini blot modules (Invitrogen, 

B1000) with 0.45 µm nitrocellulose membrane (Thermo Scientific, cat. 88018) 

and placed into a mini gel tank (Invitrogen, cat. 15384604) filled with 1x NuPAGE 

transfer buffer (Invitrogen, NP00061) containing 25 % methanol. Wet transfer 

was carried out by applying 25 V for 1 hour to transfer protein from the gel to 

the membrane. The membranes were then blocked in TBS with 5 % non-fat dry 

milk for 1 hour at room temperature with gentle agitation. The membranes were 

rinsed with TBS, then incubated with primary antibody diluted in TBS with 2.5 % 

non-fat dry milk overnight at 4 °C with gentle agitation (primary antibody 

dilutions listed in Table 5). The membranes were washed three times for 10 

minutes in TBST at room temperature with gentle agitation. Secondary antibody 

was incubated for 1 hour at room temperature with gentle agitation (secondary 

antibody dilutions listed in Table 10). The membranes were washed three times 

as before, then visualised using a gel and blot imager (LI-COR Odessy CLx). Bands 

were quantified relative to GAPDH using the Image Studio software (LI-COR, 

version 5.5.4).  

7.8 Dengue disruptor peptides 

Peptides were designed by epitope mapping and subsequent structural 

optimisation by peptide array screening of HSP90-Dengue protein interactions 
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(Table 12). For the NS5 peptide, an N-terminal R8 sequence was included to 

enable membrane permeability and intracellular targeting of HSP90. This was 

not required for the E peptides, as cell surface HSP90 was the target. Each 

peptide was modified with N-terminus acetylation and C-terminus amidation to 

increase stability against protease-mediated degradation (Di, 2015). Peptides 

were ordered from GenScript Biotech (New Jersey) and resuspended in either 

nuclease-free water or a mixture of nuclease-free water and DMSO to a stock 

concentration of 10 mM.  

Table 12: Summary of Dengue disruptor peptides. 

Peptide Sequence Purity Mass 
Stock 

Concentration Buffer 

Epep2 Ac-IRVQYEGDGSPCKIPF-Am >= 95 % 9.2 mg 10 mM 
Nuclease-free 
water 

Epep2AA Ac-IRVQYEGDGSPAKAPF-Am >= 95 % 9.6 mg 10 mM 
Nuclease-free 
water 

NS5pep1 Ac-RRRRRRRR-LLCDIGESSP-Am >= 95 % 9.6 mg 10 mM 
Nuclease-free 
water 

NS5pep1AA Ac-RRRRRRRR-LLADAGESSP-Am >= 95 % 9.3 mg 10 mM 
Nuclease-free 
water 

 
 

7.9 Cell viability assays 

7.9.1 PrestoBlue cell viability assay 

The PrestoBlue cell viability assay makes use of the non-fluorescent blue dye 

resazurin, which is reduced by mitochondrial or cellular reductases to the 

fluorescent pink dye resorufin, which has an excitation peak at 560 nm and an 

emission peak at 590 nm (Byth et al., 2001). The ratio of 560 nm / 590 nm 

fluorescence is proportional to the number of viable cells in the sample (Byth et 

al., 2001). These experiments were conducted in Professor Panya’s laboratory, 

Chiang Mai University, Thailand. 

Vero, Huh7, or A549 cells were grown to a confluency of 80 % in a 96 well plate 

at 37 °C, 5 % CO2, and 95 % humidity in a cell incubator. To treat with peptide, 

the media was removed, and 200 µL of media containing peptide was added. The 

peptide concentrations used were 0, 6.25, 12.5, 25, 50 and 100 µM in addition to 

vehicle-only treatment. The peptides were incubated for 4 hours in the 

incubator. 20 µL of PrestoBlue reagent (Invitrogen, A13261) was added directly 

to each well, and the plate was incubated for 2 hours before fluorescence 
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emission was read at 560 nm / 590 nm using a plate reader (MRC, cat. UT-6550). 

Cell viability was calculated as a percentage of vehicle.  

7.9.2 MTS colourimetric cell proliferation assay 

While the PrestoBlue experiments were conducted in Professor Panya’s lab, 

Chiang Mai University, Thailand, the later stage work was continued in Professor 

Baillie’s lab at the University of Glasgow, where MTS reagent was accessible. 

There are numerous types of cell viability assays available, and the selection of 

reagents often depends on the personal preferences of the laboratory staff. Both 

PrestoBlue and MTS assays are effective options for measuring cell viability 

(Luzak et al., 2022). 

The MTS assay measures cell viability based on the reduction of the tetrazolium 

compound MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) to a soluble formazan product by NADPH-

dependent dehydrogenase enzymes in viable cells (Barltrop et al., 1991). The 

formazan product can be measured at 490 nm absorbance, and the amount 

produced is proportional to the number of viable cells (Cory et al., 1991).  

Hmec-1 cells were grown to a confluency of 80 % in a 96 well plate at 37 °C, 5 % 

CO2, and 95 % humidity in a cell incubator. To treat with peptide, the media was 

removed, and 200 µL of media containing peptide was added. The peptide 

concentrations used were 0, 12.5, 25, 50 and 100 µM in addition to vehicle-only 

control and 0.05 % Triton X-100 (Sigma-Aldrich, X100) toxic control. The peptides 

were incubated for 24 hours in the incubator. At 21 hours, 20 µL of MTS reagent 

(Abcam, ab197010) was added to each well, and the plate was loosely covered in 

aluminium foil to protect from light. At 24 hours, the plate was shaken for 20 s 

by a plate reader (Tristar 5 Multimode Plate Reader) and 490 nm absorbance was 

read. Cell viability was calculated as a percentage of vehicle.  

7.10 In vitro antiviral assays 

7.10.1 Preparation of Dengue Virus stock 

Dengue Virus media stocks were prepared previously in Chiang Mai University. 

Dengue Virus serotype 2 (strain: Thailand/16681/84 [NCBI: txid31634]) was 
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propagated in C6/36 cells grown in Leibowitz-15 (Gibco, cat. 11415064) culture 

medium (1 % FBS, 10 % tryptose phosphate broth) and exposed to a multiplicity 

of infection (MOI) of 0.1. Cells were grown under the conditions of 37 °C, 5 % 

CO2, and 95 % humidity in a cell incubator. 5 days following infection, the media 

containing virus was collected and immediately stored at -80 °C.  

7.10.2 Monoclonal anti-Dengue E neutralising antibody 4G2 

A mouse monoclonal anti-Dengue E antibody 4G2 was prepared previously in 

Chiang Mai University from hybridoma cells (ATCC, cat. VR-1852).  

7.10.3 Cell-based ELISA for Dengue Virus infection 

Cell-based enzyme-linked immunosorbent assay (ELISA) was employed to assess 

the antiviral activity of peptide treatments by quantifying the reduction in viral 

protein expression in infected cells.  

Vero and Huh7 cells were grown to a confluency of 70 % in a 96-well plate at 37 

°C, 5 % CO2, and 95 % humidity in a cell incubator. The media was removed, and 

media containing live Dengue Virus was added for an MOI of 0.025 for Vero cells 

and 0.05 for Huh7 cells. The cells were incubated with virus for 2 hours in the 

cell incubator. The virus-containing media was removed, and the cells were 

washed once with PBS warmed to 37 °C. 100 µL of media containing peptide was 

added to the wells. For Huh7 cells, concentrations of 3.12, 6.25, 12.5, 25, 50, 

and 100 µM peptide were used in addition to Dengue Virus-only and vehicle-only 

controls, as well as cells treated with the neutralising 4G2 antibody as a positive 

control. The cells exposed to virus were incubated with these solutions for 48 

hours in the cell incubator. Following this treatment, cells were rinsed twice 

with PBST (PBS, 0.5 % Tween 20), then fixed for 15 minutes at room temperature 

using paraformaldehyde (PFA, Sigma-Aldrich, cat. 47608). The cells were washed 

twice with PBST then permeabilised with 0.2 % triton X-100 in PBS for 15 minutes 

at room temperature. The cells were blocked with 1 % BSA in PBS for 30 minutes 

at room temperature with gentle agitation. Incubation with the 4G2 primary 

antibody was carried out for 3 hours at 37 °C. The cells were washed and 

incubated in a horseradish peroxidase (HRP)-conjugated rabbit anti-mouse 

secondary antibody (1:2000 dilution, Agilent, cat. P026002-2) for 1 hour at room 
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temperature with gentle agitation. The cells were washed, and 100 µL of TMB 

substrate (3,3,5,5-tetramethylbenzidine, Thermo Scientific, cat. N301) was 

added to each well. After 20 minutes of incubation at room temperature, stop 

solution was added, and absorbance at 450 nm was measured using a plate 

reader (MRC, cat. UT-6550). E epitope detection was read as a percentage 

relative to the Dengue Virus-only control.  

7.11 Statistical analysis 

Due to differences in experimental design and resultant data, statistical analysis 

for each experiment are described separately in each figure. Statistical 

significance was defined as P < 0.05. The majority of graphs were prepared using 

R (version 4.3.2 “Eye Holes”, (R Core Team, 2023)) and RStudio (version 

2023.12.1+402, (Posit team, 2024)), or were prepared using GraphPad Prism 

software (version 9.5, (Swift, 1997)) or Microsoft Excel software (version 16.81). 
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Chapter 8 Preparation of HSP90 Recombinant 
Protein 

8.1 Introduction 

Dengue virus exploits the human chaperone protein HSP90 for entry into host 

cells as well as for many steps in the life cycle. Disruption of the E-HSP90 

interaction by development of a peptide inhibitor could provide an urgently 

needed antiviral therapeutic. Working towards this objective, this chapter sets 

out the preparation of purified recombinant HSP90 protein for use in peptide 

screening and future target engagement assays.  

The approach adopted consisted of several stages (Figure 8-1). First, a plasmid 

containing the HSP90 gene was designed for expression in bacterial culture. The 

plasmid contained a T7 promoter, which allowed for controlled expression of the 

HSP90 protein when introduced into BL21(DE3) competent E. coli. In this system, 

the T7 promoter is recognised by T7 RNA polymerase, which is present in 

BL21(DE3) cells but remains inactive until induced. Upon addition of IPTG, a LacI 

repressor is removed from the Lac operon of the T7 RNA polymerase, allowing 

for the production of T7 RNA polymerase, which then drives expression of HSP90 

protein from the T7 promoter. 

The plasmid was designed to include a C-terminal His tag on the HSP90 protein, 

allowing for isolation by IMAC following expression in bacterial culture. This 

technique exploits the strong coordination of the His tag with metal ions, such as 

nickel, present on the chromatography resin (Porath, 1988). When the cell lysate 

is passed over the resin, His-tagged proteins bind to the immobilised metal ions, 

allowing isolation from the lysate. By addition of an increasing gradient of 

imidazole, which competes with the His tag for resin binding, the His-tagged 

proteins can be selectively eluted.  
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Figure 8-1. Preparation and purification of HSP90 recombinant protein. 
HSP90 protein was first grown using BL21 competent E. coli. HSP90 was then isolated by the His 
tag using immobilised metal affinity chromatography and subsequently purified by ion exchange 
and size exclusion chromatography.  

To increase purity, the samples were also processed by ion exchange and size 

exclusion chromatography. Ion exchange chromatography separates proteins 

based on charge (Yamamoto et al., 1988). First, a resin with a charge 

complementary to that of the target protein is used. Proteins with the matching 

charge bind to the resin, while other proteins are washed away. By applying a 

gradient of increasing ionic strength, the bound proteins are gradually eluted 

and separated based on their affinity for the column. On the other hand, size 

exclusion chromatography separates proteins based on their size (Mori and 

Barth, 1999). In this technique, a resin with pores of varying sizes is used. 

Smaller proteins can enter the pores and therefore travel through the column by 

a less direct, slower route. In contrast, larger proteins cannot enter the pores, 

pass around them, and move more quickly through the column. This allows 

proteins to be separated, with larger proteins eluting first and smaller proteins 

eluting later. After preparation and purification of HSP90 in this way, peptide 

array screening could be conducted to discover disruptors of the E-HSP90 

interaction, and this is described in the next chapter. As such, the goals of the 

current chapter are outlined as follows:  
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1. To design and obtain a HSP90 plasmid for recombinant expression using 

bacterial cell culture. 

2. To transform competent bacteria for the preparation of plasmid DNA and the 

expression of recombinant protein.  

3. To optimise the IPTG-induction conditions of HSP90 expression. 

4. To perform IMAC, ion affinity chromatography and size exclusion 

chromatography for the preparation of pure HSP90 stock.  
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8.2 Results 

8.2.1 Transformation of DH5α and BL21(DE3) competent cells 
with HSP90  

A pET-32b(+) plasmid was obtained from GenScript, into which a sequence of 

HSP90AA1 (accession NP_001017963.2) was inserted using the Nco1 and Xho1 

restriction sites. A C-terminal 6His tag was also included. This plasmid was then 

transformed into DH5α competent E. coli for storage and plasmid preparation. 

After purification of a plasmid stock from the DH5α E. coli, the plasmid was 

transformed into BL21(DE3) competent E. coli for protein preparation. These E. 

coli strains were chosen for their specialised functions: DH5α is engineered for 

enhanced plasmid stability and yield, whereas BL21(DE3) is optimised for higher 

protein production and reduced protease expression (Phue et al., 2008). 

8.2.2 Optimisation of IPTG induction conditions 

Once stocks of BL21(DE3) competent cells transformed with the HSP90 plasmid 

were obtained, the conditions of IPTG induction were optimised. The general 

process of protein preparation was as follows. First, an overnight starter culture 

was grown from a glycerol stock of the HSP90-transformed competent cells. The 

next day, this was used to grow a main culture to an optical density of 0.6-0.8 

(600 nm). IPTG was then added to induce HSP90 expression, and harvesting was 

carried out by centrifugation and sonication. To optimise induction, four 

protocols with different temperatures, durations, and IPTG concentrations were 

tested (Table 13).  

Table 13: Conditions for IPTG optimisation. 
 

Condition Temperature (°C) Duration (h) IPTG (mM) 

1 37 3 0.1 

2 37 3 1 

3 18 18 0.1 

4 18 18 1 

 

The protein content of samples from the uninduced culture, induced culture, 

soluble fraction, and pellet was evaluated using Coomassie staining, and the 
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impact of the induction conditions was assessed (Figure 8-2). First, a 100 kDa 

band was observed in the induced samples but not the uninduced samples, and 

this indicated successful HSP90 expression induced by IPTG in all conditions. 

Next, this band was thicker in the soluble fraction than the pellet, signifying 

effective cell lysis. The band sizes of HSP90 in the soluble fraction (SF) were 

compared, and condition 3 led to the highest expression, but conditions 1 and 4 

were nearly as favourable. Therefore, condition 3, consisting of a 0.1 mM IPTG 

induction at 18 °C for 18 hours, was chosen for further experiments of HSP90 

expression.  

 

Figure 8-2: Coomassie stained protein samples from IPTG induction conditions 1-4.  
Protein content of samples was visualised to compare yield of HSP90 at 100 kDa. The uninduced 
and induced samples verified whether HSP90 expression was successfully induced by IPTG. 
Comparison of soluble fraction and pellet indicated successful lysis. The protein bands of known 
molecular weight in the ladder lane are indicated in kDa. L, ladder; UI, uninduced; I, induced; SF, 
soluble fraction; P, pellet.  

8.2.3 Immobilised Metal Affinity Chromatography 

The plasmid for HSP90 was designed to incorporate a His tag to enable protein 

isolation by IMAC. An initial isolation experiment was performed on the soluble 

fractions from the IPTG optimisation. These samples were fed into a column 

packed with Ni-NTA agarose beads. The column was washed three times, and 

imidazole solution was added to bind the beads and displace the His tagged 

proteins. By addition of an increasing concentration gradient of imidazole, the 

proteins were eluted by their strength of affinity to the nickel.  
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After carrying out this isolation process on the samples from IPTG induction 

conditions 1-4, the fractions were analysed by Coomassie staining (Figure 8-3). In 

the flow-through of all conditions, a 100 kDa band corresponding to HSP90 could 

be seen, indicating that the column bound only a portion of the HSP90. By the 

third wash after flow-through, little protein was eluted, showing successful 

removal of products in the lysate without His tags. By addition of increasing 

concentrations of imidazole, HSP90 was eluted, and this increased, peaked and 

tailed off in each condition sample. For conditions 1, 3, and 4, this peak 

occurred at 150 mM imidazole. This elution peak for condition 2 occurred earlier 

at 50 mM. In each condition, there was significant elution of lower molecular 

weight proteins in addition to HSP90. Overall, the protein isolated from each 

induction condition had a similar composition, and none appeared particularly 

pure.  
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Figure 8-3: His-tagged proteins isolated by immobilised metal affinity chromatography 
(IMAC) from the soluble fractions from IPTG optimisation.  
Fractions show protein eluted from the Ni-NTA agarose column using a concentration gradient of 
imidazole. Protein stained with Coomassie for visualisation. The protein bands of known molecular 
weight in the ladder lane are indicated in kDa. FT, flowthrough; W, wash; E, elute.  

To verify the identity of the band at 100 kDa, the elutes were immunoblotted for 

HSP90 and His tag (Figure 8-4). A 100 kDa band was detected using both 

antibodies, but many lower molecular weight products were present, suggesting 

degradation. For this reason, follow up methods for purification were used to 

ensure purity. 
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Figure 8-4: Immunoblotting of fractions from immobilised metal affinity chromatography for 
HSP90 and His tag.  
Protein was eluted from the column by increasing concentrations of imidazole. Bands 
corresponding to HSP90 or HSP90 epitope-containing proteins were detected by antibody staining. 
The protein bands of known molecular weight in the ladder lane are indicated in kDa. E; elute, IB; 
immunoblot. 

8.2.4 Scale up of immobilised metal affinity chromatography 

Having successfully optimised IPTG induction and isolated HSP90 using Nickel 

IMAC, protein could now be produced for subsequent purification. To scale up 

and prepare the amount of protein needed, a total of four litres of culture were 

grown, lysed, and processed using nickel IMAC columns. Instead of the previous 

imidazole gradient used for protein elution, a two-step elution of 75 mM and 250 

mM was used. The isolates were assessed using Coomassie staining and western 

blot, revealing HSP90 to be successfully eluted from the column and most 

concentrated in fractions 1-4 (Figure 8-5). As before, many products of lower 

molecular weight were co-eluted. By western blotting for both HSP90 and His 

tag, the presence of HSP90 at 100 kDa was confirmed. However, many of the 

lower molecular weight products were also detected, and further purification 

was required. For this purpose, fractions 1-5 were pooled together and 

concentrated to ~7 μg/μL (80 μM, 1.5 mL, 10.5 mg) using ultrafiltration spin 

columns. This protein was then stained using Coomassie and revealed to be 
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relatively pure (Figure 8-6). 

 

Figure 8-5: Scaled up isolation of HSP90 using immobilised metal affinity chromatography 
(IMAC) with nickel beads.  
Protein content of elutes from IMAC were assessed for HSP90 at 100 kDa and the presence of 
other products. A: Elutes were stained with Coomassie stain to show protein composition. B: 
Fractions were immunoblotted for HSP90 and His tag. The protein bands of known molecular 
weight in the ladder lane are indicated in kDa. FT; flow-through, W; wash, E; elute, IB; immunoblot, 
Im; imidazole. 
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Figure 8-6: Coomassie stain of pooled and concentrated fractions 1-5 of immobilised metal 
affinity chromatography (IMAC)-isolated HSP90.  
Protein content of pooled fractions was assessed for HSP90 at 100 kDa and the presence of 
impurities. Fractions were concentrated using centrifugal ultrafiltration. The protein bands of known 
molecular weight in the ladder lane are indicated in kDa.  

8.2.5 Ion Exchange and Size Exclusion Chromatography 

After isolating a large amount of HSP90 by IMAC, further purification was 

necessary to remove the lower molecular weight products. Ion exchange 

chromatography was used to separate the proteins by charge. To select the 

resin, the isoelectric constant for HSP90 was calculated. With an isoelectric 

constant of ~5, HSP90 should be negatively charged at pH 7.4. Therefore, a 

positively charged anion exchange resin was used. To begin, HSP90 was loaded 

onto the column, and a concentration gradient of 100-1000 mM NaCl was 

applied. The protein content of elutes was monitored by UV absorbance at 280 

nm, and four main peaks were observed (Figure 8-7). These elutes were analysed 

by Coomassie staining, and a 100 kDa band corresponding to HSP90 was 

identified from elutes 8-10. Fraction 8 covered a shoulder peak conjoined to this 

main HSP90 peak, and it was found to contain many lower molecular weight 

products. Because of this, only fractions 9 and 10 were combined and used for 

further rounds of purification. When combined, this sample had a concentration 

of 2.0 μg/μL (23 μM, 1.6 mL, 3.2 mg). In addition, fractions 14 and 15 

corresponding to the fourth peak were analysed by Coomassie staining but were 

found to contain little protein.  
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Figure 8-7: Ion exchange chromatography of HSP90 samples isolated by immobilised metal 
affinity chromatography (IMAC).  
Protein was eluted from the column using a NaCl concentration gradient of 100-1000 mM. 
Percentage B indicates the percentage ratio of 1000 mM NaCl solution to 100 mM NaCl solution 
applied. Elution was monitored by UV absorbance at 280 nm and is shown in absorbance units 
(AU). The x-axis indicates the volume eluted from the column in mL. The fraction number is noted 
by boxed labels. Protein composition of elutes was determined by Coomassie staining. The protein 
bands of known molecular weight in the ladder lane are indicated in kDa. L; ladder.  

Fractions 9 and 10 from ion exchange chromatography underwent a second round 

of purification by size exclusion chromatography. These samples were fed 

through a size exclusion column, and protein elution was measured by 280 nM 

absorbance (Figure 8-8). One large peak was observed by UV, and Coomassie 

staining of these fractions revealed a large 100 kDa HSP90 band and a small 

amount of lower molecular weight bands. Protein from fractions 7 and 8 were 

pooled together and had a concentration of 1.9 μg/μL (22 μM, 1.6 mL, 3.0 mg). 

Samples 6, 9, 10, and 11 were also pooled and had a concentration of 0.98 μg/μL 

(10.8 μM, 3.2 mL, 3.1 mg). These samples were analysed by Coomassie staining 

and were revealed to have a high purity (Figure 8-8). 
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Figure 8-8: Size exclusion chromatography of HSP90 protein obtained from ion exchange 
chromatography.  
Elution was monitored by 280 nm absorbance and is shown in absorbance units (AU), and protein 
composition was assessed by Coomassie staining. The x-axis indicates the volume eluted from the 
column in mL. The fraction number is noted by numbered labels. Fractions 7 and 8 were pooled 
together, and fractions 6, 9, 10, and 11 were collected in a separate pool. These two samples were 
prepared for Coomassie staining. The protein bands of known molecular weight in the ladder lane 
are indicated in kDa.  
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8.3 Discussion 

8.3.1 Optimisation of IPTG induction conditions 

A large stock of purified recombinant HSP90 protein was required for peptide 

array screening and target engagement assays. However, a pilot experiment was 

first carried out for the optimisation of IPTG induction conditions with the goal 

of increasing yield. IPTG concentration and post-induction temperature and 

duration are important factors that greatly affect protein yield: high 

temperature and short durations after induction can be beneficial by saving time 

and increasing growth rate of bacteria but can negatively affect yields by 

resulting in plasmid loss and mis-partitioning as the bacteria replicate, as well as 

incorrect protein folding, and formation of insoluble aggregates called inclusion 

bodies (Schein and Noteborn, 1988; Papaneophytou and Kontopidis, 2014). In 

addition, a sufficient concentration of IPTG is essential to relieve inhibition of 

the lac operon to stimulate protein expression. However, higher concentrations 

of IPTG increase the rate of protein synthesis but can stunt the growth and 

replication of bacteria, resulting in decreased overall yields (Bentley et al., 

1991; Glick, 1995). For these reasons, four induction conditions were tested, 

each varying these factors so that the optimal balance could be identified. After 

growth and harvesting of the cultures, the protein composition of the culture 

was assessed by Coomassie staining. Resultingly, condition 3 provided the 

greatest yield, which comprised induction with 0.1 mM IPTG and a post-induction 

duration of 18 hours at 18 ºC. This suggested that the lower IPTG concentration, 

lower temperature, and extended duration post-induction provided a better 

balance between protein expression and bacterial replication. If greater yields 

of HSP90 are required in future work, IPTG concentration could be further 

optimised by testing concentrations between 0.1 and 1 mM and above 1 mM 

(Papaneophytou and Kontopidis, 2014). Additionally, the use of a more nutrient-

dense media such as terrific broth may result in higher yields (Lozano Terol et 

al., 2019).  

8.3.2 Impurities from immobilised metal affinity chromatography 

After optimisation of IPTG induction, a pilot IMAC isolation demonstrated 

successful pull down of HSP90 and an improvement in protein purity. However, 
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many lower molecular weight impurities could be seen. Since many of these 

were detected by western blotting for HSP90 and His tag, these proteins were 

probably degradation products which still contained the epitopes necessary for 

antibody binding. In following rounds of HSP90 production, several changes could 

be made to reduce potential degradation. First, the post-induction duration of 

18 hours could be reduced to prevent exposure of protein to bacterial proteases. 

Although the BL21(DE3) strain has been engineered to be deficient in Lon and 

OmpT proteases, levels of these enzymes may still be present in addition to 

other proteases (Gopal and Kumar, 2013). Furthermore, the harvesting protocol 

included several rounds of sonication for cell lysis. An optimisation experiment 

could be performed to see if a better balance between cell lysis and potential 

HSP90 degradation induced by sonication could be achieved. During IMAC, 

protease inhibitors were already present in the buffers, but performing the 

procedure in a cold room would ensure that the equipment was at a cold 

temperature to slow down degradation.  

The lower molecular weight products could also be proteins that bound 

nonspecifically to the nickel resin during IMAC. This was expected, since IMAC 

isolation is not as specific as other pull down techniques (Charlton and 

Zachariou, 2008). Nevertheless, IMAC was chosen in this project since it is a very 

common and cost-effective method that is simple to perform. Additionally, the 

small size of the His tag was essential to prevent interference with the HSP90 

conformation or its interaction during peptide array screening or target 

engagement assays (Carson et al., 2007). Even so, non-specific binding could be 

reduced by adopting a different tag isolation system, such as FLAG tag or strep-

tag-II, which also have a small size but are much more specific (Young et al., 

2012). However, these resins are costly and have less capacity than nickel IMAC 

resins (Young et al., 2012). In any case, additional purification steps would be 

necessary to remove the eluting agent of these isolation methods, and the yield 

of HSP90 from IMAC was sufficient to accommodate loss by further purification.  

8.3.3 Simplification of imidazole elution 

Once the pilot IMAC experiment demonstrated effective HSP90 pulldown, growth 

and harvesting of HSP90 bacterial culture was scaled up and processed by IMAC. 

However, the protocol for imidazole elution was simplified. Since the pilot IMAC 
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showed that the ratio of HSP90 protein to impurities did not change with 

increasing imidazole, incremental increases in imidazole were not necessary. 

Additionally, follow up purification steps would effectively remove the 

impurities anyway. To streamline the IMAC and speed up the process to avoid 

protein degradation, a two-step protocol was employed: a first flush of 75 mM 

imidazole was performed to elute the majority of HSP90, followed by a 250 mM 

flush to recover residual HSP90 on the column. This was effective, and the 

pooled fractions indicated a good yield of HSP90. Ion exchange and size 

exclusion chromatography were then performed on the samples, and the lower 

molecular weight impurities were successfully removed.  

In summary, a successful method for preparing recombinant HSP90 was 

designed, resulting in a stock of HSP90 with sufficient yield and purity for 

peptide array screening and peptide binding affinity assays. Through 

optimisation of the IPTG induction conditions and the IMAC imidazole elution 

protocol, yields were increased, and the process was streamlined. The next 

chapter describes how this HSP90 stock was used for the discovery of peptide 

disruptors of the HSP90-Dengue E protein by array screening. 
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Chapter 9 Peptide array discovery of HSP90-E 
disruptor peptides 

9.1 Introduction 

This chapter describes the discovery and optimisation of peptide disruptors of 

the Dengue E-HSP90 interaction based on E epitopes, followed by evaluation of 

antiviral potential (Figure 9-1). To achieve this, purified recombinant HSP90 was 

prepared as described in the previous chapter and used for screening against a 

peptide array of the Dengue E protein. Once HSP90-binding epitopes of the E 

protein were discovered, the physiochemical properties were assessed, and 

promising sequences were developed into disruptor candidates by peptide array 

structural optimisation. The optimised candidates were then synthesised for cell 

assays, and cytotoxicity profiles were characterised. Lastly, antiviral efficacy of 

the peptides was determined by cell-based ELISA.  

 

Figure 9-1: Development pipeline for the development of antiviral peptide candidates 
HSP90 protein was first produced by recombinant expression in bacterial culture. Peptide array 
screening was used for the discovery of HSP90-binding epitopes on the E protein. Structural 
optimisation was then performed using peptide array screening to generate disruptor peptide 
candidates from the epitopes. Cytotoxicity and antiviral efficacy of the peptides were determined by 
cell assays. Lastly, disruption of the protein-protein interaction would be carried out on successful 
candidates. PPI; protein-protein interaction.  

The Dengue E protein has been a valuable target in the development of antiviral 

peptide inhibitors (Section 6.7.1). In particular, the interaction between the E 
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protein and host cell chaperone HSP90 is a promising and unexplored drug 

target, as highlighted by antiviral assays using HSP90-directed antibodies (Reyes-

del Valle et al., 2005). However, the binding sites on each protein partner 

remains unknown. On the E protein, several pieces of evidence implicate domain 

III (DIII) to be responsible for host cell attachment, receptor mediated 

endocytosis, and membrane fusion: (a) soluble recombinant DIII protein 

competitively inhibits Dengue virus infection in vitro in different cell types 

(Hung et al., 2004), (b) neutralising antibodies against Dengue virus are directed 

towards DIII (Sarker et al., 2023), (c) mutagenesis of DIII residues prevents 

neutralisation of the virus by the adaptive immune system (Sukupolvi-Petty et 

al., 2007; Frei et al., 2015), (d) the external structure of the virion particle is 

comprised mostly by DIII, which is orientated outwards and protrudes from the 

surface (González-Lodeiro et al., 2024), and (e) the immunoglobulin-like 

structure of DIII is widely associated with adhesion (Bork et al., 1994). For these 

reasons, interaction with HSP90 may be mediated by DIII.  

Towards the goal of developing peptide inhibitors of the E-HSP90 interaction, 

this chapter had the following aims: 

1) To identify binding epitopes on the Dengue E protein for HSP90 by peptide 

array screening. 

2) To assess physiochemical properties of epitope sequences. 

3) To develop binding epitopes into peptide disruptor candidates by peptide 

array structural optimisation.  

4) To establish the non-toxic working concentration of disruptors by in vitro 

cytotoxicity assays.  

5) To evaluate antiviral activity of disruptor peptides using cell-based ELISA.  
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9.2 Chapter methods 

9.2.1 Structural optimisation by peptide array screening 

In this chapter, HSP90-binding epitopes from the Dengue E protein were 

developed into candidate disruptors by structural optimisation using peptide 

array screening. Epitope mapping has been described previously (Section 7.4.2). 

After discovery of epitopes, three structural modification techniques were 

employed. First, alanine scanning was used to identify residues essential for 

binding, termed hotspots, as well as superfluous residues which could be 

removed or substituted (Morrison and Weiss, 2001). For this technique, each 

amino acid in the peptide sequence was substituted with alanine in subsequent 

spots, and the impact on binding was observed (Figure 9-2). By alanine 

substitution, the side chain of a residue was largely removed and the 

contribution of that side chain to binding affinity via direct interaction or 

allosteric support of neighbouring residues could be determined (Morrison and 

Weiss, 2001). If binding decreased after alanine substitution, the side chain of 

the original residue was important for the interaction. For residues that were 

already alanine in the native sequence, glycine was substituted, since it has a 

single hydrogen atom instead of a methyl group like alanine.  
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Figure 9-2: Alanine scanning to determine the importance of each residue. 
In subsequent peptide array spots, each amino acid of the original peptide sequence is substituted 
with alanine. Substitution with alanine indicates the importance of the side chain of the original 
residue to binding. Alanine residues are substituted with glycine.  

The second sequence optimisation technique employed in this project was 

truncation of termini residues. This method has been employed in peptide array 

screening in previous work from my group (Mahindra et al., 2021). By observing 

the change in binding after truncating the native peptide sequence, termini 

residues superfluous to binding were identified, and the shortened core binding 

motif was found (Figure 9-3). By use of epitope mapping, alanine scanning, and 

truncation, optimised disruptor peptides could be developed from protein-

protein interactions.  
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Figure 9-3: Termini truncation to identify core binding motifs.  
The binding of truncated peptides is observed to identify termini residues that are unimportant for 
binding. Removal of terminal residues can reveal the core binding motif.  
 

The last structural optimisation method used in this project was point 

substitution, also called saturation mutagenesis or scanning site saturation 

(Miyazaki and Arnold, 1999). This involved the substitution of each residue 

position with all other proteinogenic amino acids, meaning that all amino acids 

were tested at each residue position (Figure 9-4). By screening such a library by 

peptide array, the key residue positions important for target binding could be 

identified, along with the amino acid properties that enhanced binding at each 

position, such as charge, hydrophilicity, or other physiochemical properties. This 

technique therefore provided rich information which can be leveraged for 

rational optimisation (Lutz, 2010).  
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Figure 9-4: Point substitution for peptide optimisation.  
All twenty proteinogenic amino acids are tested at each residue position to gain detailed 
information about important positions and physiochemical properties beneficial to binding. Point 
substitution only shown for the first residue.  
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9.3 Results 

9.3.1 Peptide array discovery of HSP90 epitopes on the Dengue E 
protein 

To begin, the binding sites for HSP90 on the Dengue E protein were mapped by 

synthesising and screening a peptide array that spanned the sequence of the E 

protein by 20mer peptides, each shifted by five amino acids in sequence. This 

array was screened using a far-western blot technique with HSP90 recombinant 

protein produced in the previous chapter (Figure 9-5). Two putative binding sites 

were identified. The weaker binding site was located earlier in the sequence in 

Domain II and was comprised of residues K56-P75. The stronger binding site was 

located later in the sequence in Domain III and spanned two peptide spots 

covering residues V321-R345. Within this, the stronger peptide spanned the 

residues V321-M340. The two epitopes K56-P75 and V321-M340 were taken 

forward for optimisation and were designated E peptide 1 and E peptide 2 

respectively.  
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Figure 9-5: HSP90 overlaid onto a peptide array spanning the DENV E sequence.  
An array overlaid with a buffer and antibody-only control was included to detect non-specific 
binding. Spot quantification is shown as control-corrected inverted pixel value. Black lines show 
where consecutive spots span different columns. Numbering relative to accession AAA42954.1.  

The position of E peptide 1 and E peptide 2 in the domain structure of the 

Dengue E protein was analysed (Figure 9-6:A), and the epitope sequences were 

highlighted on a crystal structure of the E protein (Figure 9-6:B-C). The epitopes 
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were exposed on the protein surface and therefore accessible for interaction 

with HSP90 (Figure 9-6:C). Furthermore, the binding peptides were separated in 

space and were unlikely to comprise the same binding site. To see whether the 

epitopes were conserved across the four Dengue serotypes, multiple sequence 

alignment was carried out (Figure 9-7). E peptide 1 had a sequence homology of 

73.3 % across serotypes, while conservation was lower at 53.3 % for the stronger 

binding sequence E peptide 2. 

 

Figure 9-6: Domain structure of Dengue E and HSP90 binding peptides.  
A: Domains of the DENV E protein and position of binding peptides. Domains are comprised of 
noncontinuous stretches of amino acids. B: Domain organisation overlaid onto an existing crystal 
structure. C: Location of the HSP90 binding epitopes E peptide 1 and E peptide 2 within the DENV 
E structure. PDB accession 1TG8. 
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Figure 9-7: Multiple sequence alignment of E peptides.  
Alignment relative to DENV2. Viral strain shown in brackets. Alignment performed using Clustal 
Omega. Diagram and conservation score generated using Jalview. Conservation score considers 
both amino acid identity and physiochemical properties. The scale ranges 0-11, with 11 being 
represented by ‘*’. The ‘+’ symbol indicates where physiochemical properties are conserved 
despite an identity mismatch.  

9.3.2 Physiochemical and Pharmacokinetic Assessment 

Having identified the two binding sites on the Dengue E protein for HSP90, E 

peptide 1 and E peptide 2, physiochemical and pharmacokinetic properties were 

assessed. Since secondary structure greatly impacts affinity and pharmacokinetic 

properties, peptide conformers were predicted using PepFold3, a tool for 

sequence-based conformation prediction. E peptide 1 was estimated to be 

partially ⍺-helical from K3 to L10, and E peptide 2 was estimated to adopt a β-

hairpin structure (Figure 9-8).  
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Figure 9-8: Conformation of HSP90 binding peptides as predicted by PepFold3.  
Predicted conformations of the HSP90-binding epitopes E peptide 1 and E peptide 2 discovered by 
peptide array screening. E peptide 1 exhibited a partial ⍺-helical structure, and E peptide 2 adopted 
a β-hairpin fold.  

Charge, solubility, and aggregation propensity of the peptides were also 

investigated. The web-based tool PepCalc was used to assess charge and 

solubility. For aggregation, the tool AGGRESCAN was employed to calculate 

aggregation potential and highlight aggregation hotspots. E peptide 1 was 

estimated to have good water solubility, a net charge of +2 at pH 7, and several 

charged residues evenly distributed along the sequence (Figure 9-9:A). Using 

AGGRESCAN, a hotspot of aggregation potential was identified between K3 and 

A8, which overlapped with the ⍺-helical section (Figure 9-9:B-C). Additionally, 

the presence of two cysteines was noted, which may promote aggregation under 

oxidative conditions.  
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Figure 9-9: Predicted physiochemical properties of E peptide 1.  
A: Charge distribution depicted using PepCalc. Residue properties are indicated by colour: pink, 
acidic; light-green, aromatic; blue, basic; grey, aliphatic; dark-green, polar; yellow, cysteines. Bar 
chart shows Hopp and Woods Hydophobicity scale (Hopp and Woods, 1983). B: Aggregation 
potential calculated by AGGRESCAN. a4v indicates the sliding window average of a3v amino acid 
aggregation propensity. HSA (Hot spot area) is the area of aggregation potential above the hotspot 
threshold. NHSA is the HSA normalised for the number of residues. a4vAHS is the average a4v 
within a hotspot. C: Plot of AGGRESCAN aggregation potential (a4v) against residue. Blue line 
indicates the hotspot threshold (-0.02), and the green line depicts the average aggregation 
potential for the sequence.  

E Peptide 2 was similarly assessed and was predicted to have good water 

solubility, several charged amino acids evenly distributed, and a net charge of -1 

at pH 7 (Figure 9-10:A). E peptide 2 was also predicted to have an area of high 

aggregation potential, but it was not considered a hotspot since it spanned less 

than five consecutive amino acids (Conchillo-Solé et al., 2007) (Figure 9-10:B-C).  
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Figure 9-10: Predicted physiochemical properties of E Peptide 2.  
A: Charge distribution depicted using PepCalc. Residue properties are indicated by colour: pink, 
acidic; light-green, aromatic; blue, basic; grey, aliphatic; dark-green, polar; yellow, cysteines. Bar 
chart shows Hopp and Woods Hydophobicity scale (Hopp and Woods, 1983). B: Aggregation 
potential calculated by AGGRESCAN. a4v indicates the sliding window average of a3v amino acid 
aggregation propensity. HSA (Hot spot area) is the area of aggregation potential above the hotspot 
threshold. NHSA is the HSA normalised for the number of residues. a4vAHS is the average a4v 
within a hotspot. C: Plot of AGGRESCAN aggregation potential (a4v) against residue. Blue line 
indicates the hotspot threshold (-0.02), and the green line depicts the average aggregation 
potential for the sequence. 

9.3.3 Alanine scan and truncation analysis 

Following computational pharmacokinetic characterisation, a small follow up 

array screen was conducted to validate and compare HSP90-binding of the two 

binding site peptides. (Figure 9-11). These were screened in triplicate. A peptide 

spanning residues G112-V130 was included as a negative control, since it did not 

bind HSP90 in the discovery array (data not shown). As found previously, both 

peptides bound HSP90, and E peptide 2 bound stronger than E peptide 1 (Figure 

9-11). Also as before, the negative control sequence did not show any signal.  

 



 

 

251 

 

 

Figure 9-11: Validation of HSP90 binding DENV E peptides.  
The two peptides identified as possible HSP90 binding sites on the DENV E protein were screened 
by peptide array in triplicate. A third sequence which did not show binding in the discovery array 
was included as a negative control. An array overlaid with a buffer and antibody-only control was 
included to detect non-specific binding. Spot quantification is shown as control-corrected inverted 
pixel value.  

Structural analysis was then carried out by further peptide array screening to 

investigate the importance of each residue for binding HSP90. This information 

would provide insight into the protein binding sites and guide optimisation of the 

resultant peptide candidates. By alanine scan analysis of E peptide 1, several 

patterns were observed (Figure 9-12). First, residues in the C-terminal half of 

the peptide were generally found to be more important for binding than the N-

terminal side. Second, alanine substitution of each basic residue greatly 

increased binding, especially K3A. Lastly, substitution of C19 abrogated binding, 

identifying it as a hotpot residue.  
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Figure 9-12: Alanine scan of E peptide 1:  
Each spot represents where a residue has been substituted with alanine. An array overlaid with a 
buffer and antibody-only control was included to detect non-specific binding. Spot quantification is 
shown as control-corrected inverted pixel value. Black lines show where consecutive spots span 
different columns.  

Subsequently, truncation analysis was performed (Figure 9-13). Upon truncation 

of the N-terminus, binding was improved by removing L1 and R2 and was mostly 

maintained until removal of Y4 (Figure 9-13:A). By C-terminal truncation, 

binding was immediately curtailed by the removal of P20 and almost fully 

undetectable after removal of C19 (Figure 9-13:B). The importance of C19 was 

also seen in the alanine scan (Figure 9-12). Following further C-terminal 

truncation, binding recovered in later truncates (Figure 9-13:B). Due to their 

short length however, this recovery may be due to nonspecific interaction. By 

dual truncation of both termini, the importance of P20 and C19 was observed 

again since binding was inhibited upon their removal. (Figure 9-13:C). Taken 

together, these findings indicated that the peptide could be shortened from the 

N-terminus but not the C-terminus, affinity may be optimised by substitution of 

basic residues, and the preservation of C19 was essential. 
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Figure 9-13: Truncation analysis of E peptide 1:  
A: N-terminal truncation. Each consecutive peptide spot has a residue removed from the N-
terminus. B: C-terminal truncation. Each consecutive peptide spot is shortened by one residue at 
the C-terminus. C: Dual truncation showing concurrent removal of one residue from each terminus 
in consecutive peptide spots. An array overlaid with a buffer and antibody-only control was included 
to detect non-specific binding. Spot quantification is shown as control-corrected inverted pixel 
value. Black lines show where consecutive spots span different columns.  
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Having investigated the structure of E peptide 1, the same procedure for E 

peptide 2 was carried out. By alanine scan, numerous residues were found to be 

important for binding, particularly the stretch of residues from C13 to P16, and 

that binding was improved upon P12A and E18A substitution (Figure 9-14).  

 

Figure 9-14: Alanine scan of E peptide 2.  
Each spot represents where a residue has been substituted with alanine. An array overlaid with a 
buffer and antibody-only control was included to detect non-specific binding. Spot quantification is 
shown as control-corrected inverted pixel value. Black lines show where consecutive spots span 
different columns.  

Next, truncation analysis was carried out on E Peptide 2. Following N-terminal 

truncation, binding was maintained after the removal of V1 and I2 but tailed off 

after exclusion of R3 (Figure 9-15:A). Following C-terminal truncation, binding 

was improved after removal of E18, I19 and M20, and decreased after the 

omission of F17 (Figure 9-15:B). This pattern from C-terminal truncation was also 

observed in the dual-truncation (Figure 9-15:C). These trends were concurrent 

with the alanine scan, in which substitution of these superfluous terminal 

residues did not affect binding (Figure 9-14). Taken together, these data 

indicated that each terminus could be trimmed, and that the P12A substitution 

may offer increased affinity towards HSP90. 
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Figure 9-15: Truncation analysis of E peptide 2.  
A: N-terminal truncation. Each consecutive peptide spot has a residue removed from the N-
terminus. B: C-terminal truncation. Each consecutive peptide spot has one residue removed from 
the C-terminus. C: Dual truncation showing concurrent removal of one residue from each terminus 
in consecutive peptide spots. An array overlaid with a buffer and antibody-only control was included 
to detect non-specific binding. Spot quantification is shown as control-corrected inverted pixel 
value. Black lines show where consecutive spots span different columns.  
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9.3.4 Structural optimisation of E Peptide 2 and selection of 
truncates 

Having identified hotspot residues and inessential residues at the termini, a 

second round of optimisation was conducted to select the strongest binding 

truncate to take forward into in vitro assays. With a view to avoid synthesising a 

large volume of arrays, only one binding site peptide was taken forward for 

further development at this stage. E Peptide 2 was chosen due to the stronger 

binding of its native sequence, and because of the potential of the P12A 

substitution to improve affinity. Nonetheless, E Peptide 1 remained a viable 

candidate and could serve as a contingency option in subsequent stages. 

A selection of E Peptide 2 truncates were selected based on binding signal from 

the truncation analysis. These were synthesised and screened as duplicates, and 

HSP90 binding signal was compared (Figure 9-16). These truncates comprised 1-

20, 12-20, 1-17, and 4-17. A novel truncate, 2-17, was designed based on the 

previous alanine scan and truncation data that suggested the redundancy of 

residues V1, E18, I19 and M20 (Figure 9-14; Figure 9-15). When screened 

together, most truncates indicated weak binding except for the rationally 

inferred truncate 2-17, which appeared to bind HSP90 strongly (Figure 9-16).  

 

Figure 9-16: Comparison of E Peptide 2 truncates.  
An array overlaid with a buffer and antibody-only control was included to detect non-specific 
binding. Spot quantification is shown as control-corrected inverted pixel value. Black lines indicate 
where non-consecutive peptide spots have been joined.  

The truncate 2-17 was selected for further optimisation because of its 

exceptionally strong signal. Next, the role of key residues in the sequence was 
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investigated by performing targeted substitution (Figure 9-17). First, the 

potential oxidation of C13 presents a risk of aggregation and insolubility. By 

substitution with serine, a less nucleophilic and redox insensitive residue with 

similar physiochemical properties, this risk can be avoided (Moroder, 2005). 

However, binding was abrogated by the C13S substitution (Figure 9-17), and this 

affirms the necessity of cysteine 13 as shown previously (Figure 9-14). In 

addition, substitution of acidic residues was investigated. Upon substitution of 

E7 and D9 with lysine to invert the charge, binding decreased substantially, 

indicating necessity of the negative charge (Figure 9-17). Of note, these 

substitutions also resulted in binding in the negative control, indicating non-

specific interaction. 

 

Figure 9-17: Point Substitution analysis of the E Peptide 2 2-17 truncate.  
From the native truncate, cysteine at position 13 was substituted with the isostere serine to avoid 
redox sensitivity and aggregation risk. E7K and D9K were introduced to assess the role of charge 
at those positions. An array overlaid with a buffer and antibody-only control was included to detect 
non-specific binding. Spot quantification is shown as control-corrected inverted pixel value. 

Continuing our study into the structure of the E Peptide 2 2-17 truncate, another 

alanine scan was carried out (Figure 9-18). Similar results to the native sequence 

alanine scan were observed (Figure 9-14). Notably, the decrease in binding upon 

alanine substitution of residues C13, K14, I15, and P16 was observed once more 

(Figure 9-18). In addition, an increase in binding was found following the P12A 

substitution, similar to the native alanine scan (Figure 9-14). This substitution 

therefore remained a valid option for optimisation of affinity. Notably, 

substitution of E7 and D9 with alanine led to non-specific binding (Figure 9-18), 

similar to the charge inversion experiment (Figure 9-17).  
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Figure 9-18: Alanine scan analysis of the E Peptide 2 2-17 truncate.  
Each spot represents where a residue has been substituted with alanine. An array overlaid with a 
buffer and antibody-only control was included to detect non-specific binding. Spot quantification is 
shown as control-corrected inverted pixel value. Black lines show where consecutive spots span 
different columns. 

9.3.5 Point substitution analysis of E peptide 2 2-17 

Before conducting assays to evaluate cytotoxicity and antiviral efficacy of E 

Peptide 2 2-17, a full point substitution analysis was carried out to gain detailed 

information on the importance of each residue to binding. In this experiment, 

each residue position was substituted with all other 19 natural amino acids. In 

the array, each column shows all substituents for one position, revealing 

information about what type of side chain is beneficial at each part of the 

peptide. Because the P12A substitution of truncate 2-17 resulted in the strongest 

binding observed, point substitution was carried out on this peptide with the aim 

of identifying even stronger derivatives.  

The array overlaid with HSP90 is shown in Figure 9-19:A, along with the control 

array in Figure 9-19:B. A heatmap of control-corrected signal values is shown in 

Figure 9-20. From this, several patterns were observed. First, most substitutions 

of residues C13, K14, I15, and P16 resulted in a loss of binding (Figure 9-20), as 

also seen in alanine scans of the native peptide (Figure 9-14) and 2-17 truncate 

(Figure 9-18). This confirms this area as a hotspot region for binding. Second, a 

decrease in binding from substitution of the acidic residues E7 and D9 was also 
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found (Figure 9-20), which agrees with previous charge inversion substitutions 

and alanine scan analysis (Figure 9-17; Figure 9-18). Additionally, E7D and D9E 

substitutions maintained the negative charge and seemed to preserve binding. 

(Figure 9-20). Congruent with this, substitution with lysine or arginine at the 7 

and 9 positions as well as most positions on the C-terminal resulted in a loss of 

binding.  
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Figure 9-19: Point substitution 
analysis of E Peptide 2 2-17.  
Each residue is substituted with all 
other natural amino acids. A: Array 
overlaid with HSP90. B: Array 
overlaid with a buffer and antibody-
only control to detect non-specific 
binding.  
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Figure 9-20: Heatmap of point substitution analysis of E Peptide 2 2-17.  
The native sequence is repeated in the first row as a control. Each column shows all possible 19 
substitutions at one residue position. Grey squares indicate the native residue identity. Signal is 
normalised to mean native value. Con, control; Av, average signal. 
 

Substitution was beneficial to binding at some positions as well. Positions V4, 

Q5, Y6, and S11 exhibited increased binding by most substitutions. (Figure 9-20). 

To clearly show these patterns, the mean change at each position was calculated 

(Figure 9-21). To highlight the strongest binding substituents, the peptides were 

ranked by binding signal (Figure 9-22). Amongst these, the strongest binding 

substituents were G8C, D9E, and S11C. 
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Figure 9-21: Mean signal change of each residue in point substitution analysis. 
Signal is normalised to the mean control value. 

 

Figure 9-22: Top ten substitutions that increased binding in the point substitution analysis. 
Signal was normalised to the mean native value.  
 

9.3.6 Cytotoxicity of E peptides 

Now that the strong binding derivative E Peptide 2 2-17 had been developed 

from the HSP90 binding site on Dengue DIII, and point substitution data had been 

obtained, cytotoxicity and antiviral efficacy were characterised. First, a 

negative control peptide was required to distinguish the effects of specific 

interaction. For this peptide, substitutions C13A and I15A were incorporated 

together with the aim of abolishing specific interaction with HSP90. These 

hotspot substitutions demonstrated loss of activity in the alanine scan of the 

truncate (Figure 9-18) and the native sequence E Peptide 2 (Figure 9-14). Moving 

forward, E Peptide 2 2-17 and the double alanine control peptide were termed 

Epep2 and Epep2AA (Table 14). 
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Table 14: Sequences of candidate inhibitor peptides for the HSP90-E interaction. 
Candidate disruptor Epep2 was developed from the HSP90 binding epitope E peptide 2 from the 
Dengue E protein and spanned residues 2-17 of that original sequence. Amino acid sequence 
indicated, and the inactivating double alanine substitutions in the negative control peptide Epep2AA 
are indicated in bold blue text.  

 

Peptide Name Sequence 

E Peptide 2 2-17  
(Epep2) 

IRVQYEGDGSPCKIPF 

E Peptide 2 2-17 AA 
(Epep2AA) 

IRVQYEGDGSPAKAPF 

 
 
Additionally, the secondary structure of the candidates was predicted using PEP-

FOLD3, and both adopted a β-hairpin-like structure. (Figure 9-23).  

 

Figure 9-23: Peptide Conformers of Epep2 and Epep2AA predicted by PEP-FOLD3.  
Conformation prediction of the peptide candidate Epep2 and the negative control peptide 
Epep2AA. Both peptides exhibited a β-hairpin like conformation.  

With these candidates, cytotoxicity assays were conducted so that any decrease 

in virus infection observed could be differentiated from peptide-induced cell 

death. To this end, these two peptides were synthesised by GenScript with 

modifications of N-terminal acetylation and C-terminal amidation, which are 

commonly used to increase stability against proteases for linear peptides (Di, 
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2015). Cytotoxicity assays were then carried out by Professor Aussara Panya at 

Chiang Mai University. Vero and Huh7 cells were specifically chosen since they 

are highly susceptible to viral infection and, originating from the kidney and 

liver respectively, are representative of the main cell types infected by RNA 

viruses (Emeny and Morgan, 1979; Sun and Nassal, 2006). These cells were 

treated with the two peptide compounds Epep2 and Epep2AA at 24 and 48 hours, 

and cell viability was measured using the PrestoBlue assay (Figure 9-24). The 

results indicated no cytotoxicity in Vero or Huh7 cell lines at a concentration 

range from 0 to 100 µM. In A549 cells however, a reduction in viability was 

observed for Epep2 at 48 hours, and at 24 and 48 hours for Epep2AA. Moving 

forward, subsequent antiviral assays were conducted in Vero cells. Of note, the 

cytotoxicity data for Huh7 and A549 cell was preliminary and consisted of one 

biological replicate.  

 

Figure 9-24: Presto Blue cell viability assay of Epep2 and Epep2AA.  
Viability was determined by 590/560 nm fluorescence expressed as a percentage of the vehicle 
control. Experiment carried out by Professor Aussara Panya at Chiang Mai University. (Vero n=3, 
A549 and Huh7 n=1). Column plot and error bars represent mean and standard deviation.  

9.3.7 Antiviral assessment of E peptides by live virus ELISA 

With the toxicity profile of Epep2 and Epep2AA in Vero cells established, 

antiviral activity was determined. This assay was performed by Professor Aussara 
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Panya at Chiang Mai University. This was a decisive moment in the project, as 

any antiviral effect would validate the HSP90-E PPI as a drug target. 

Furthermore, the degree of potency would signify the value of the peptide as a 

therapeutic candidate relative to existing peptide inhibitors. For this purpose, 

cell-based ELISA was used to quantify infectivity. Cells were incubated with live 

Dengue virus serotype 2 together with Epep2 or Epep2AA for 2 hours. Unbound 

viruses and peptide were removed by washing, and the cells were left for 24 or 

48 hours. The presence of Dengue E antigens was then measured relative to a 

Dengue-only treatment control by using the E protein antibody 4G2 and ELISA 

reagents. 4G2 was also used as a positive control treatment condition, since it is 

an anti-viral Dengue-neutralising antibody. As a result, no decrease in infection 

was observed for Epep2 or Epep2AA, while 4G2 induced an antiviral effect 

(Figure 9-25).  

 

Figure 9-25: Cell-based ELISA of Vero cells exposed to Dengue virus and treated with 
peptides Epep2 and Epep2AA.  
A: Treatment protocol for assay. Time represented in hours. B: ELISA results. Experiment carried 
out by Professor Aussara Panya at Chiang Mai University. DV; Dengue virus only, 4G2; 4G2 
antibody targeted to E protein. (n=3). Column plot and error bars represent mean and standard 
deviation.   

Since Epep2 did not produce an antiviral effect, the experiment was repeated, 

but the cells were incubated with peptide for 30 minutes before being exposed 

to virus. Resultingly, no antiviral activity was observed for Epep2 relative to the 

Dengue virus-only control with this new treatment regimen, while 4G2 exhibited 

an inhibition of infection (Figure 9-26).  
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Figure 9-26: Cell-based ELISA of Vero cells exposed to Dengue virus and treated with 
peptides Epep2 and Epep2AA.  
A: Treatment protocol for assay. Time represented in hours. B: ELISA results. Experiment carried 
out by Professor Aussara Panya at Chiang Mai University. DV; Dengue virus only, 4G2; 4G2 
antibody targeted to E protein. (n=1). Column plot and error bars represent mean and standard 
deviation respectively. Three technical replicates were used for the untreated and 4G2 controls.  
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9.4 Discussion 

9.4.1 Discovery of HSP90-binding epitopes of the Dengue E 
protein 

Peptide array screening of Dengue E peptides against HSP90 recombinant protein 

revealed two main binding sites. The weaker binding site originated from 

Domain II at residues K56-P75, and the stronger binding site was located 

downstream in domain III at residues V321-M340. These were termed E Peptide 1 

and E Peptide 2 respectively. By examination of the E protein crystal structure, 

these two binding sites for HSP90 were found to be exposed on the protein 

surface and could therefore comprise the binding interface with HSP90. Because 

of their separation in space, the sites were unlikely to form a single binding 

motif. Next, multiple sequence alignment was carried out to compare the 

homology of the peptides between the four Dengue serotypes. Conservation of a 

sequence during the evolution of multiple serotypes would suggest a functional 

role (Cooper and Brown, 2008). Overall, both sequences showed some level of 

conservation, and E peptide 1 exhibited higher overall homology than E peptide 

2. Residue identity was not conserved beyond three consecutive amino acids in 

both peptides, but physiochemical properties were conserved over longer 

stretches. This was especially true in E peptide 1. In summary, the level of 

conservation found makes it plausible for HSP90-binding sites to be present at 

either peptide location, which could be important for Dengue virus cell entry.  

In addition to serotype conservation, the presence of neutralising antibody 

binding sites can indicate functional importance (Burton, 2023). If infection is 

inhibited by an antibody binding to a specific site, then that site may be 

involved in processes essential to the virus life cycle, such as the interaction 

with host receptors for internalisation (Sicca et al., 2018). The sequence of E 

Peptide 1 overlapped with a serotype-conserved structural feature at residues 

R73-E79 called the BC loop, which is a known binding site for potent neutralising 

antibodies (Smith et al., 2013). E Peptide 1 shared its three C-terminal residues 

R73, C74 and P75 with this structure, of which R73 was shown to be a hotspot 

residue for antibody binding by mutagenesis studies (Smith et al., 2013). 

Considering these overlaps, it is possible that antibody-induced neutralisation 
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originates from the disruption of interaction between the E peptide 1 epitope 

and HSP90.  

Besides neutralising antibodies, there is also a conserved glycosylation site at 

N67 (Hu et al., 2021). This residue is critical for recognition of DC-SIGN, a lectin-

like protein and verified receptor for Dengue virus internalisation (Hu et al., 

2021). DC-SIGN binds the glycosylated N67 and N153 residues of the Dengue E 

protein to trigger cell entry of the virus. This interaction is dependent on 

glycosylation, as substitution with non-glycosylated N67Q reduces virus 

infectivity (Hu et al., 2021). This possible overlap of binding sites for DC-SIGN 

and HSP90 raises the question of cooperativity. It may be that there is sequential 

binding, in which recognition of the first protein receptor promotes recruitment 

of the second. Alternatively, HSP90, DC-SIGN and the Dengue E protein may form 

a pro-viral complex as part of cell entry. Further research is required, and 

peptide array or docking studies would reveal any interactions between these 

proteins, and the use of simultaneous HSP90 and DC-SIGN inhibition may produce 

synergistic effects.  

While E Peptide 1 was discovered on Domain II, E Peptide 2 was found in Domain 

III, the domain suggested to participate in host cell receptor binding (Hung et 

al., 2004; Sukupolvi-Petty et al., 2007; Frei et al., 2015; Sarker et al., 2023; 

González-Lodeiro et al., 2024). The E Peptide 2 epitope contains many residues 

important for the binding of neutralising antibodies. In a western blot study, 

such affinity was found for a peptide comprising residues C333-L351, which 

overlaps with E Peptide 2 located at V321-M340 (Roehrig et al., 1998). Looking 

closer at individual residues, experiments including mutagenesis assays (Huang 

et al., 2008; Gromowski et al., 2010), phage display (Frei et al., 2015), and 

yeast display methods (Sukupolvi-Petty et al., 2007) have revealed residues 

Q325, E327, G330, S331, and I335 to be important in the binding of neutralising 

antibodies. Additionally, P332 was identified as a hotspot residue critical for 

binding neutralising antibodies, but was suggested to play an allosteric role 

instead of forming direct interactions (Gromowski et al., 2010; Frei et al., 2015). 

The same was true for D329, but mutagenesis of this position did not result in as 

strong inhibition of antibody binding to E as for the P332 mutation (Gromowski 

et al., 2010). With so many residues within E Peptide 2 acting as important 
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epitopes for neutralising antibodies, it was plausible that this site could play a 

functional role in virus internalisation.  

On E Domain III, a lateral loop structure has been shown to bind the host cell 

receptor heparan sulfate to trigger cell entry of the Dengue virus (Hung et al., 

2004; Bressanelli et al., 2004; Mazumder et al., 2007). Compellingly, the peptide 

inhibitor DET4 was designed against this motif and exhibited a moderate 

antiviral effect with an IC50 of 35 µM (Alhoot et al., 2013; Isa et al., 2019). It 

was possible that E peptide 2 overlapped with the lateral loop to form a single 

binding site for both HSP90 and heparan sulfate. This was not the case however, 

and the E Peptide 2 epitope at V321-M340 was located upstream from the lateral 

loop at I380-L389. Nevertheless, when the two motifs were highlighted on a 

crystal structure of the E protein, they were found to be in close proximity 

(Figure 9-27). Although these were two distinct sites, this proximity may 

indicate cooperative binding between HSP90 and heparan sulfate. This could be 

investigated by peptide array, virtual docking, or pulldown assays. If co-

dependence between HSP90 and heparan sulfate in binding the E protein is 

found, a combination therapy may provide an additive antiviral effect. Taken 

together, the level of conservation and presence of neutralising antibody 

epitopes in E Peptide 1 and E Peptide 2 support the notion of a functional role in 

Dengue virus infection, which may be the binding of HSP90 receptors on host 

cells.  

 

Figure 9-27: E peptide 2 epitope and the lateral loop structure shown on a crystal structure 
of the Dengue E protein.  
PDB accession 1TG8. 
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The two binding sites described in this chapter were discovered by peptide 

array. However, one limitation of peptide array screening is that the peptides 

are fixed to a cellulose membrane by a C-terminal PEG linker, which may 

constrain peptide conformation or sterically occlude the C-terminus (Katz et al., 

2011). Therefore, the peptides may not be representative of the E protein HSP90 

binding sites. Validation by another method would increase confidence of these 

findings. For example, obtaining an X-ray crystal structure of HSP90 bound by 

the E protein domain III would provide detailed structural information and would 

inform late-stage optimisation of peptide structure activity relationship (SAR). 

9.4.2 Pharmacokinetic assessment of E Peptide 1 and E Peptide 2 

Peptide secondary structure greatly impacts pharmacokinetics and 

pharmacodynamics (Lee et al., 2019). E Peptide 1 and 2 were predicted to adopt 

a partial ⍺-helix and a β-hairpin structure respectively. Such constrained 

conformations can increase stability against proteases, promote membrane 

permeability, and increase potency by offsetting the entropic penalty of binding 

(Henninot et al., 2018).  

Furthermore, when several physiochemical parameters were estimated, both 

peptides were found to be charged at pH 7 and indicated good solubility in 

water. However, both peptides presented an aggregation risk since cysteine 

residues were found in both sequences (Moroder, 2005). Cysteine residues are 

prone to oxidation, which can lead to the formation of disulfide bonds and the 

formation of peptide aggregates (Zapadka et al., 2017). Additionally, a hotspot 

for aggregation was found in E Peptide 1. These factors may lead to insolubility, 

presenting a challenge during in vitro assay testing and eventual therapeutic 

administration (Fosgerau and Hoffmann, 2015). To improve the chance of clinical 

success, these features should be addressed in later optimisation. Cysteine could 

be substituted for serine, a redox-insensitive residue with similar physiochemical 

properties (Moroder, 2005). Polar residues could be substituted into the 

aggregation hotspot to disfavour non-polar and aromatic interactions (Fosgerau 

and Hoffmann, 2015).  

Overall, the constrained conformations of E peptide 1 and 2 in addition to the 

good water solubility makes these peptides excellent starting points for 
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therapeutic development, but aggregation risk remained a potential challenge. 

In later development, aggregation could be checked for using solubility assays 

and could be addressed by substitution of cysteine for a non-redox sensitive 

isostere or by increasing polarity and charge across the peptide (Moroder, 2005).  

9.4.3 Sequence optimisation of HSP90-binding E peptides 

Alanine scan analysis and truncation of termini were carried out to identify 

hotspot residues and optimise peptide length. From an alanine scan experiment, 

E Peptide 1 was found to have a cluster of important residues on the C-terminal 

side. Additionally, substitution of positively charged basic residues with alanine 

improved interaction, suggesting that the binding site on HSP90 may be 

positively charged. It would be interesting to see whether the introduction of 

negatively charged aspartic or glutamic acid would increase affinity for HSP90 

further. Lastly, C19 was found to be a hotspot residue since alanine substitution 

was not tolerated. However, serine substitution may avoid redox sensitivity like 

alanine but may preserve HSP90 interaction, since it is more physiochemically 

similar to cysteine (Moroder, 2005). Truncation analysis of E Peptide 1 mostly 

reflected the alanine scan in which N-terminal residues could be removed, but 

C-terminal residues proved important for binding.  

By alanine scan analysis of E Peptide 2, many residues across the sequence were 

found to be important for HSP90 binding, particularly C13-P16. Conversely, P12A 

and E18A substitutions increased binding. This is interesting, since P12A 

corresponds to residue P332 of the E protein. As found by mutagenesis, this 

residue was thought to provide a critical allosteric role in the binding of 

neutralising antibodies, highlighting P332 as potentially important to viral entry 

(Gromowski et al., 2010; Frei et al., 2015). It is surprising that removal of this 

residue by the P12A substitution in this project increased binding to HSP90, 

suggesting that P12 plays a different role in binding HSP90 and neutralising 

antibodies. Finally, truncation analysis of E Peptide 2 affirmed the alanine scan 

results showing several residues from both termini to be redundant. As a result 

of these experiments, the hotspot residues and redundant termini residues of 

both peptides were identified, and this information was used as a starting point 

to optimise peptide length in the following work.  
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9.4.4 Prioritisation of E peptide 2 and further optimisation 

To reduce the cost of peptide array synthesis, only E peptide 2 was taken 

forward for further screening, since it indicated stronger binding affinity, 

originated from EDIII, and the P12A substitution could potentially increase 

binding affinity further.  

In the previous array screening experiments, redundant residues at the termini 

of E peptide 2 were identified. In subsequent screening, various truncates of E 

peptide 2 were compared, and 2-17 was identified as the strongest binding 

derivative. Targeted substitution was then carried out by peptide array, in which 

a C13S modification was made to remove the redox sensitivity and risk of 

aggregation due to the cysteine residue (Moroder, 2005). Unfortunately, this 

abrogated binding with HSP90, affirming C13 as a hotspot residue. Moving 

forward, C13 had to be preserved, but substitution with the non-proteinogenic 

amino acid selenocysteine could potentially remove aggregation risk while 

preserving HSP90 binding (Moroder, 2005). Otherwise, introduction of polar 

residues elsewhere in the peptide would be another option to discourage 

aggregation (Zapadka et al., 2017).  

Next, an alanine scan was carried out on the 2-17 truncate, and the results 

largely reflected the findings from the alanine scan of the full-length native 

sequence, increasing confidence in these findings. These data highlighted the 

importance of preserving the hotspot residues of E7, D9, and C13-P16 during 

structural modification in later development.  

9.4.5 Point substitution of E peptide 2 

Given that C13 could not be substituted with alanine or serine without hindering 

binding to HSP90, and that detailed information on the role of each amino acid 

would be useful for optimisation, a full point substitution was carried out. For 

this analysis, the derivative E Peptide 2 2-17 P12A was selected as the sequence 

to be substituted. This was a stronger binding peptide than the native sequence 

and provided a higher baseline to improve upon for the discovery of even 

stronger binding derivatives. As also shown by the previous alanine scans, point 

substitution validated that most substitutions of E7, D9, and C13-P16 
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substantially reduced binding. Intuitively, preservation of the negative charge by 

E7D and D9E maintained binding. Correspondingly, introduction of lysine or 

arginine at these positions or at most positions on the C-terminal half of the 

peptide greatly reduced binding. This propensity for negative charge suggested 

again that the HSP90 binding site for this peptide was positively charged, and a 

negative charge is favoured for prospective ligands.  

Some substitutions resulted in stronger binding. Most substitutions of R3-Y6 and 

S11 were beneficial, and the highest binding substituents were G8C, D9E, and 

S11C. Of these, the D9E modification is most valuable for the optimisation of 

affinity in later development, as introduction of cysteine by G8C would not be 

viable due to increased redox-sensitivity and aggregation risk (Moroder, 2005). In 

other work, point substitution analysis was carried out to characterise the 

binding of broad-spectrum chemokine inhibitor peptides, in which a similar 

anionic region was found essential for target binding (Vales et al., 2023). 

Additionally, increasing negative charge further by aspartic or glutamic acid 

substitution was identified as a means for improving affinity (Vales et al., 2023). 

This emphasises the utility of point substitution analysis for characterising 

charge-based interactions to inform peptide drug development.  

9.4.6 Design of the negative control peptide Epep2AA 

Now that an optimised candidate had been developed, termed Epep2, spanning 

residues 2-17 of the E peptide 2 epitope, assay testing for target disruption, 

cytotoxicity, and antiviral characterisation could be performed. First, a negative 

control peptide was required to distinguish specific peptide effects from off-

target actions. A control peptide, Epep2AA, was designed by incorporating two 

loss-of-binding substitutions, C13A and I15A, into the 2-17 truncate as identified 

by the alanine scan data. This type of double-alanine control was selected over a 

scrambled control, since alanine controls preserve more of the native sequence 

and are more likely to be representative. Additionally, scrambled controls 

contain all residues of the native sequence and therefore retain the risk for 

specific interaction (Farkas et al., 2022). For these reasons, double alanine 

controls are sometimes preferred, despite being less common, and have been 

successful in other studies of peptide therapeutic development (Victor et al., 

1999; Chang et al., 2013; Wei et al., 2021).  
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9.4.7 Epep2 cytotoxicity characterisation 

Following design of the Epep2 candidate and corresponding negative control, 

cytotoxicity assays indicated no impact of the peptides on Vero cell viability up 

to a concentration of 100 µM. Additionally, while preliminary data suggested a 

similar tolerance in Huh7 cells, some cytotoxicity was observed in A549 cells 

upon treatment of Epep2 and Epep2AA above 50 µM.  

It was interesting that this effect was observed only in the cancer cell line A549. 

HSP90 function is known to be exploited in cancer cells for stabilisation of 

signalling factors and misfolded proteins for the promotion of survival, 

proliferation, migration, and invasion (Li and Luo, 2023). Furthermore, HSP90 

inhibitors have been shown to suppress oncogenic pathways and have entered 

clinical development (Li and Luo, 2023). Therefore, the cytotoxic effect of the 

peptides in A549 cells suggests a similar inhibition of endogenous non-viral 

functions of HSP90. This was surprising, since peptides are typically not 

membrane permeable, and Epep2 should therefore not interfere with 

intracellular HSP90. Instead, Epep2 could have disrupted endogenous functions 

of HSP90 at the cell membrane (Taha et al., 2019; Chakraborty and Edkins, 

2021), which could be plausible given the high concentration of 100 µM. 

Alternatively, this high concentration could have resulted in Epep2 permeation 

and disruption of endogenous HSP90 function inside the cell. These results 

emphasised that potential disruption of endogenous HSP90 function should be 

thoroughly characterised in later development and would be especially 

important for avoiding off-target toxicity for clinical translation. For example, 

degradation HSP90 client proteins or disrupted client protein interaction could 

be assessed by western blot or co-immunoprecipitation respectively (Neckers et 

al., 2018).  

9.4.8 Epep2 antiviral efficacy 

Having confirmed the absence of off-target toxicity of Epep2 in Vero cells up to 

100 µM, antiviral activity was determined against Dengue virus using cell-based 

ELISA. However, at all experimental conditions tested, no inhibition of viral 

infection was observed. 
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These results imply that disruption of the HSP90-Dengue E interaction for the 

inhibition of viral entry may be an ineffective strategy, and that internalisation 

may proceed by pathways independent of HSP90 (Piccini et al., 2015). However, 

lack of efficacy may originate from challenges specific to the Epep2 peptide. For 

instance, it is possible that Epep2 did not bind HSP90 as a free linear peptide. 

The binding shown in the peptide array experiments may be representative of a 

conformation specific to that assay, namely of a conformation imposed by the 

necessity of the C-terminal PEG linker (Katz et al., 2011; Amartely et al., 2014). 

Therefore, Epep2 may have adopted a different inactive conformation as a free 

linear peptide in solution which did not bind HSP90 and disrupt Dengue virus 

infection.  

Alternatively, it was also possible that Epep2 may have bound HSP90 in the cell-

based ELISA experiment but failed to disrupt the HSP90-E interaction. Therefore, 

the affinity of Epep2 for HSP90 may have been too low to compete with the E 

protein and displace the interaction. This was found in other work, in which 

researchers developed an analogous cell entry inhibitor peptide against the 

SARS-CoV-2 virus, and the peptide did not disrupt virus internalisation (Mahindra 

et al., 2021). The peptide was hypothesised to lack sufficient affinity to disrupt 

the target interaction (Mahindra et al., 2021). This could be the case for Epep2.  

9.4.9 Cell type dependency of HSP90-mediated internalisation 

Lack of antiviral efficacy of Epep2 could also originate from a discrepancy 

between cell types. In the seminal paper characterising HSP90 as a Dengue virus 

receptor for cell entry, researchers identified recombinant HSP90 protein and 

HSP90 antibodies to inhibit infection (Reyes-del Valle et al., 2005). This was 

established in both neurological SH-SY5Y cells and human peripheral 

monocytes/macrophages, which are major targets of Dengue virus and are 

relevant models of infection (Reyes-del Valle et al., 2005). Conversely, HSP90 

antibodies were found to provide no inhibition of Dengue virus in HepG2 liver 

cells, another primary target of Dengue virus infection (Cabrera-Hernandez et 

al., 2007). Furthermore, upregulation of HepG2 cell membrane HSP90 by heat 

shock did not result in increased Dengue virus infection (Cabrera-Hernandez et 

al., 2007). Accounting for this, it has been shown that the mechanism employed 

by Dengue virus for cell entry is highly dependent on cell type, and multiple 
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pathways can occur concurrently (Piccini et al., 2015). While one pathway can 

be dominant, others can be redundant or even counterproductive to infection 

(Piccini et al., 2015). Therefore, HSP90 may facilitate Dengue virus entry in SH-

SY5Y and human peripheral monocytes/macrophages, while virus internalisation 

into HepG2 cells may be HSP90-independent. Likewise, viral entry may proceed 

by HSP90-independent pathways in Vero cells and would explain the lack of 

efficacy of Epep2. In this project, the testing conducted for cytotoxicity and 

antiviral activity should have included SH-SY5Y cells which were used in the 

seminal paper describing the antiviral activity of recombinant HSP90 and HSP90 

antibodies against Dengue Virus (Reyes-del Valle et al., 2005). This would have 

allowed for direct comparison of present results with those previously reported. 

However, testing began with the cell lines that were immediately available in 

our group and representative of the main organs affected in Dengue Virus 

infection (for more information, see section 6.3.1). These were comprised of the 

kidney cell line Vero and the liver cell line Huh7. Additionally, use of the Vero 

cell line would allow for any antiviral effects of the peptides to be seen without 

interference from the innate immune response, since Vero cells are deficient in 

IFN signalling (Barrett et al., 2009). Because of this susceptibility to infection, 

Vero cells are commonly used in antiviral research (Barrett et al., 2009).  

Interestingly, HSP90-mediated internalisation of Dengue virus may be linked to 

clathrin-mediated internalisation, a process by which the clathrin protein 

regulates uptake of nutrients and signalling molecules by endocytosis (Kaksonen 

and Roux, 2018). Many viruses, including dengue virus, exploit this mechanism 

for entry into host cells (Piccini et al., 2015; Carro and Cherry, 2021). Dengue 

virus internalisation has been shown to be clathrin-dependent in SH-SY5Y and 

human peripheral monocytes/macrophages but clathrin-independent in HepG2 

and Vero cells (Alhoot et al., 2011; Piccini et al., 2015; Ho et al., 2017). 

Similarly, Dengue virus internalisation has been shown to be HSP90-dependent in 

SH-SY5Y and human peripheral monocytes/macrophages (Reyes-del Valle et al., 

2005; Srisutthisamphan et al., 2018), but HSP90-independent in HepG2 (Cabrera-

Hernandez et al., 2007), and possibly in Vero cells as suggested in this project. 

Together, these coincidental observations suggest a possible link between HSP90 

and clathrin in Dengue virus internalisation. Importantly, if cell types show the 

same dependence of HSP90- and clathrin-mediated internalisation pathways of 
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Dengue virus, this would suggest that internalisation is independent of HSP90 in 

Vero cells, just as internalisation is independent of clathrin in Vero cells (Piccini 

et al., 2015).  

In conclusion, the discovery of two HSP90-binding epitopes on the Dengue E 

protein highlights potential targets for disrupting viral entry. While E Peptide 2 

demonstrated stronger binding affinity and was further optimised, its lack of 

antiviral efficacy in initial assays suggests the need for further refinement. 

Modifications to enhance binding affinity and stability could achieve antiviral 

efficacy. Alternatively, lack of efficacy may originate from a cell-type 

dependency of HSP90-mediated internalisation by Dengue virus, in which case 

Epep2 should be tested in other cell types for inhibition of infectivity.  
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Chapter 10 Final discussion 

Exploitation of HSP90 function and signalling by many viruses has been well 

characterised (Y. Wang et al., 2017; Zhang and Yu, 2022; Wei et al., 2024). 

Similarly, Dengue virus has been shown to interact with HSP90 on the surface of 

host cells via the E protein to facilitate internalisation, and disruption of this 

interaction has demonstrated antiviral effects (Reyes-del Valle et al., 2005; 

Chavez-Salinas et al., 2008; Srisutthisamphan et al., 2018). Accordingly, this 

thesis had the goal of developing peptide disruptors of this interaction as novel 

antiviral therapeutics for Dengue virus by use of a peptide array screening 

approach with the following aims: 

Chapter 6 

• To develop a method for preparing HSP90 protein by recombinant 

bacterial expression, IMAC isolation, and purification by ion exchange and 

size exclusion chromatography.  

Chapter 7 

• To identify binding epitopes on the Dengue E protein for HSP90 by peptide 

array screening. 

• To assess the pharmacokinetic suitability of E epitopes as peptide 

therapeutic candidates using computational prediction tools.  

• To develop epitopes into candidate peptides by structural optimisation 

using peptide array screening.  

• To evaluate cytotoxicity and antiviral efficacy of candidates by in vitro 

assays.  
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10.1 Major findings and conclusions 

10.1.1 Preparation of purified recombinant HSP90 protein 

This project began by the development of a method for recombinant bacterial 

expression and purification of HSP90 protein. Once an appropriate plasmid was 

designed and obtained, IPTG induction conditions of BL21(DE3) competent 

bacteria were optimised. A lower temperature of 18 ºC and an extended 

duration of 18 hours after induction resulted in greater protein yield, possibly by 

promoting correct protein folding, reducing the loss and mis-partitioning of 

plasmid DNA, and decreasing protein aggregation in inclusion bodies (Schein and 

Noteborn, 1988; Papaneophytou and Kontopidis, 2014). In addition, a lower 

concentration of 0.1 mM IPTG resulted in a greater yield of HSP90. This 

suggested a better balance between recombinant protein expression and 

metabolic burden, which can inhibit bacterial replication and decrease overall 

yield (Bentley et al., 1991; Glick, 1995). With these conditions, a sufficient 

quantity of HSP90 was produced and successfully purified by IMAC, ion exchange 

chromatography, and size exclusion chromatography.  

10.1.2 Peptide array discovery of HSP90-E disruptor peptides 

Next, peptide array screening was carried out using recombinant HSP90 protein 

for the discovery of peptide disruptors of the HSP90-E interaction. By screening a 

discovery array, two HSP90-binding epitopes were found on the E protein. A 

weaker binding site, E peptide 1, originated from EDII, while the stronger site, E 

peptide 2, was located in EDIII. E peptide 2 was especially promising since EDIII 

is the putative binding site of Dengue virus for host cell internalisation (Hung et 

al., 2004; Sukupolvi-Petty et al., 2007; Frei et al., 2015; Sarker et al., 2023; 

González-Lodeiro et al., 2024). Further investigation of the epitopes revealed 

conservation of the sequences across Dengue serotypes and their location at the 

protein surface, supporting their role as putative HSP90 binding sites important 

for virus internalisation. Using bioinformatic prediction, both peptides were 

shown to adopt constrained conformations: E peptide 1 displayed a partial ⍺-

helical structure, while E peptide 2 adopted a β-hairpin conformation. In 

addition to this, both peptides had an even charge distribution and good 

solubility in water, making them excellent candidates for therapeutic 
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development (Henninot et al., 2018; Lee et al., 2019). However, high 

aggregation propensity was found for E peptide 1, and both peptides contained 

cysteine residues. These factors may hinder solubility and would need to be 

addressed in later development (Fosgerau and Hoffmann, 2015).  

Several rounds of structural optimisation were performed on the epitopes by 

peptide array screening. During this process, E peptide 2 was prioritised over E 

peptide 1, since it exhibited stronger binding and originated from EDIII. 

Resultingly, the promising peptide candidate Epep2 was developed and spanned 

residues 2-17 of the E peptide 2 epitope. By alanine scan and point substitution, 

hotspot residues were identified at E7, D9, C13, K14, I15, and P16. The necessity 

of C13 was unfortunate, since it renders the peptide redox-sensitive and 

increases risk for aggregation (Moroder, 2005). However, this risk could be 

attenuated in future development by reducing aggregation propensity across the 

rest of the peptide or perhaps by substitution with isosteres like selenocysteine 

(Moroder, 2005). In addition, alanine scan and point substitution experiments 

identified P12A and D9E as promising options for increasing affinity for HSP90.  

Having developed a promising candidate peptide, a negative control peptide was 

designed, and cytotoxicity and antiviral efficacy were assessed. Neither peptide 

indicated cytotoxic effects, except for Epep2 in A549 cells at 100 µM, as shown 

by preliminary data. This suggested possible disruption of endogenous HSP90 

function at high concentrations and highlighted the importance of characterising 

off-target effects before clinical translation. Lastly, a cell-based ELISA antiviral 

assay determined that Epep2 had no antiviral efficacy in Vero cells up to 50 µM. 

This was attributed to several possible factors. First, disruption of the HSP90-E 

interaction may not prevent Dengue virus entry. Second, it was possible that 

Epep2 did not bind HSP90. Third, even if Epep2 did bind, it may not have 

displaced the HSP90-E interaction. This could be caused by insufficient affinity 

or stability of the peptide. Fourth, pathways of Dengue virus internalisation have 

been found dependent on cell type (Piccini et al., 2015), and HSP90-independent 

mechanisms may be dominant in Vero cells, accounting for lack of Epep2 

efficacy.  
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10.1.3 Future work and Limitations 

Future work should be directed towards addressing the lack of antiviral efficacy 

of Epep2 in inhibiting Dengue virus, which may be due to several factors: (a) 

Dengue virus entry into cells could be independent of HSP90, (b) Epep2 may lack 

affinity to bind HSP90, (c) Epep2 may lack affinity to displace the HSP90-E 

interaction, and (d) Dengue virus entry could be independent of HSP90 cell types 

like Vero (Figure 10-1). 

 

 
 
Figure 10-1. Potential causes of the lack of antiviral efficacy of Epep2. 
Possible factors contributing to the lack of Epep2 antiviral efficacy include A: dengue virus entry 
may be independent of HSP90, B: Epep2 may have insufficient affinity to bind HSP90, C: Epep2 
may not have sufficient affinity to disrupt the HSP90-virus interaction, and D: dengue virus entry 
may occur independently of HSP90 in cell types such as Vero. 

10.1.3.1 Dengue virus cell entry is independent of HSP90 

These challenges could be overcome by the following strategies. First, the 

dependence of Dengue virus internalisation on HSP90 should be confirmed by 

testing the antiviral effect of HSP90 antibodies on a panel of cell types (Figure 

10-1:A). These should include the cell lines SH-SY5Y and HepG2, in addition to 

primary human peripheral monocytes/macrophages, which were tested in 

previous reports (Reyes-del Valle et al., 2005; Cabrera-Hernandez et al., 2007; 

Srisutthisamphan et al., 2018). This should affirm the validity of the HSP90-E 

interaction as a drug target.  



 

 

282 

 

10.1.3.2 Epep2 may not bind HSP90 

Next, Epep2 may have not interacted with HSP90, therefore not inhibiting 

Dengue virus infection (Figure 10-1:B). This could be due to the free peptide in 

solution adopting a different inactive conformation compared to the binding 

conformation adopted during peptide array screening, which may have been 

influenced by the C-terminal PEG membrane linker. Binding of Epep2 to HSP90 

could be verified by target engagement assays like fluorescence polarisation and 

surface plasmon resonance, which are offered by the Integrated Protein Analysis 

facility at the University of Glasgow. Ideally, this confirmation of target binding 

would have been achieved before cytotoxicity and antiviral testing, but initial 

attempts at preparing E protein stock for target engagement assays by ectopic 

expression in mammalian cells were unsuccessful (data not shown). With more 

time however, further troubleshooting may establish a viable protocol. 

Alternatively, recombinant E protein could be procured from suppliers, and this 

would avoid these challenges of in-house preparation.    

10.1.3.3 Epep2 may not disrupt HSP90-E 

Similarly, Epep2 may have successfully bound HSP90, but could lack the affinity 

required to displace the HSP90-E interaction (Figure 10-1:C). This problem was 

encountered in another study focussed on developing entry disruptor peptides 

for SARS-CoV-2, where lack of efficacy of the peptide was attributed to 

insufficient affinity to disrupt interaction of the virus with the entry receptor 

protein (Mahindra et al., 2021). This suggests that the approach of entry 

disruptor peptide development is not viable. Nevertheless, this strategy was 

successful for Dengue virus in other work, as demonstrated by the P7 disruptor, 

which blocked the EDIII-integrin β3 interaction (Cui et al., 2018), or the DET4 

disruptor, which targeted the EDIII-heparan sulfate interaction (Alhoot et al., 

2013). This precedent demonstrates the validity of this approach and supports 

further optimisation of Epep2 to achieve antiviral efficacy.  

The ability of Epep2 to disrupt the HSP90-E interaction could be validated using 

co-immunoprecipitation or proximity ligation assay (Söderberg et al., 2008; Zhu 

et al., 2017). As for target engagement, assays for target disruption would 

ideally have been performed before cytotoxicity and antiviral testing but were 



 

 

283 

 

hindered by problems in E protein ectopic expression in mammalian cell culture. 

As a first step in further work, target disruption of the peptides could be 

demonstrated by pull-down assays using recombinant E protein procured from 

suppliers, avoiding the challenges of in-house preparation. If Epep2 does not 

disrupt the interaction, increasing affinity by structural modification may enable 

efficacy. Epep2 already adopts a β-hairpin structure, and such confined 

conformations can increase potency by reducing entropic binding penalty (Unal 

et al., 2009). Stapling of the β-hairpin could further increase conformational 

restriction and binding affinity (Selvarajan et al., 2023). This could be achieved 

by standard Fmoc solid-phase peptide synthesis, but with the inclusion of one 

alkenyl glycine residue at each terminus and an extra step of olefin metathesis 

before cleavage from the solid support (Selvarajan et al., 2023). This type of 

synthesis was accomplished in other work for the development of novel 

antimicrobial β-hairpin peptides, which exhibited enhanced potency and 

stability due to stapling (Selvarajan et al., 2023). Such a protocol could be 

accomplished in collaboration Professor Andrew Jamieson at the University of 

Glasgow, whose research group specialises in peptide synthesis and research. As 

an alternative strategy, peptide affinity could be increased by incorporating 

substitutions shown by alanine scan and point substitution to increase binding, 

such as P12A or D9E.  

In addition, an inability to disrupt the HSP90-E interaction may stem from a lack 

of stability against protease-mediated degradation. This could be assessed by 

plasma stability assay services offered by contract research organisations like 

Charles River. If vulnerability to proteases is discovered, incorporation of D-

amino acids or conjugation to PEG or PSA polymers could hinder enzyme 

recognition and hydrolysis (Pollaro and Heinis, 2010; Feng and Xu, 2016). 

Additionally, β-hairpin stapling would hinder protease recognition as well as 

improve potency (Di, 2015). 

10.1.3.4 HSP90-mediated internalisation of Dengue virus may depend on 
cell type 

Further work should also investigate if Epep2 lacked efficacy in Vero cells due to 

the dominance of Dengue virus internalisation pathways independent of HSP90 in 

that cell line (Figure 10-1:D) (Piccini et al., 2015). This could involve testing the 
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use of Epep2 and HSP90 antibodies in a panel of cell lines, including SH-SY5Y 

cells and human peripheral monocytes/macrophages, which were shown to be 

protected against Dengue virus infection by HSP90 antibodies (Reyes-del Valle et 

al., 2005), and HepG2, which showed no change in infection with HSP90 antibody 

treatment (Cabrera-Hernandez et al., 2007). This would determine if Epep2 and 

HSP90-mediated internalisation is dependent on cell type. Furthermore, antiviral 

effects of clathrin inhibitors should also be investigated, which may reveal a link 

between clathrin- and HSP90-mediated internalisation.  

 

10.1.3.5 Further development 

If the above challenges of target viability, HSP90 binding, HSP90-E disruption, 

and cell line dependency are resolved, the next steps should focus on 

maximising both the affinity and stability of Epep2 to enhance the likelihood of 

success in future clinical trials. Furthermore, several other peptide disruptors 

have exhibited antiviral activity against other Flaviviruses, like Zika virus, Yellow 

Fever virus, and West Nile virus (see Section 6.7.2). After achieving efficacy in 

Dengue virus, testing Epep2 in other Flaviviruses would greatly increase its 

clinical potential (Wang and Shi, 2015). In parallel, it will be crucial to assess 

potential disruption of endogenous HSP90 functions so that off-target toxicity 

can be avoided, which is the greatest cause of compound attrition in clinical 

trials (Leeson and Empfield, 2010). This could involve western blotting or co-

immunoprecipitation analysis of client proteins (Neckers et al., 2018). 

Additionally, Epep2 could be tested in combination with other inhibitors with 

complimentary mechanisms, which may result in synergistic effects. For 

example, Epep2 could be investigated with the DV419-447 inhibitor, which was 

shown to disrupt E-mediated membrane fusion during viral entry and exhibited 

potent pan-serotype inhibition (Schmidt et al., 2010). Lastly, if Epep2 

demonstrates success in in vitro experiments, recapitulating this efficacy using 

animal models like AG129 mice would be essential for attracting investment to 

fund clinical trials (Zellweger and Shresta, 2014).  
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10.1.4 Conclusion 

Although Epep2 did not demonstrate antiviral efficacy against the Dengue virus, 

several promising strategies have been presented for achieving efficacy and 

raises hope for successful development of antiviral inhibitors in the future. If 

these approaches do not succeed, other strategies could be pursued using the 

discovery pipeline used in this project. For instance, peptide array technology is 

especially powerful for rational optimisation of peptides. Various promising 

entry inhibitors targeting the Dengue E protein already exist, some with 

exceptional affinity and pan-flavivirus activity, but have not progressed beyond 

the cell culture development stage (see Section 6.7.2). Collaborating with other 

researchers to optimise these inhibitors further using peptide array screening 

could lead to antivirals with unprecedented activity that could progress to 

clinical development.  

Furthermore, the peptide array strategy used in this project has been successful 

in numerous projects in the Baillie Research group (Yalla et al., 2018; Blair et 

al., 2019; Tibbo et al., 2022). Therefore, targeting other Dengue virus 

interactions using this pipeline could result in more successful inhibitors than 

Epep2. For example, Dengue virus has been shown to exploit HSP90 through 

other viral proteins, such as NS1 and NS5, for various roles in its life cycle 

(Srisutthisamphan et al., 2018; Li et al., 2021). Additionally, the inhibition of 

other entry receptors, including HSP70, claudin-1, and GRP78, remains largely 

unexplored (Wang and Shi, 2015; Taguwa et al., 2015). 

In conclusion, Dengue virus poses a devastating and increasingly severe threat to 

global health and lacks effective measures for control. The development of 

antivirals, whether disrupting HSP90-E or other targets, is crucial for enhancing 

our ability to combat this disease.  
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