
 
 

 

Investigating JMJD5 loss of function models to 

identify and characterise lethal interactions in 

cancer 

 

 

 

 

 

Sonia Piasecka 

 

A thesis submitted to the University of Birmingham for the 

degree of DOCTOR OF PHILOSOPHY 

 

 

 

Institute of Cancer and Genomic Sciences 

College of Medical and Dental Sciences 

University of Birmingham 

September 2024



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 



i 
 

 

Abstract 
 

2-Oxoglutarate (2-OG) Oxygenases are biologically important enzymes involved in both the 

hydroxylation and demethylation of nucleic acids and proteins. These enigmatic enzymes play 

important roles in several human diseases, including cancer. JMJD5 is an essential gene that 

belongs to the ‘JmjC-only’ sub-family of 2-OG oxygenases. It was originally identified as a 

histone demethylase, but more recent evidence supports its assignment as a protein hydroxylase 

with complex roles in cancer. JMJD5 has been implicated in a plethora of biological processes, 

with emerging evidence supporting a role in DNA damage repair (DDR). In this thesis, I have 

begun to investigate the effect of JMJD5 mutations and loss of function in cancer. We show that 

cancer variants impair JMJD5 expression, activity and function in GS. We subsequently 

demonstrate that JMJD5 knockdown causes replication stress in tumour cell lines and that this 

phenotype is dependent on its enzymatic activity. Importantly, we demonstrate that loss of 

JMJD5 can sensitise cancer cells to various DNA-damaging agents including PARP, ATM and 

ATR inhibitors, highlighting its potential as a therapeutic target. Finally, we evaluated the effect 

of first-in-class inhibitors of JMJD5 on cancer cell lines. We showed that these novel JMJD5 

inhibitors decreased cancer cell viability, increased replication stress, and caused cell cycle 

perturbations. We also evaluated their ability to sensitise cells to DDR inhibitors and obtained 

promising results. Overall, our work supports the role of JMJD5 as a promising target for 

anticancer therapies, particularly in combination with other agents. 
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Chapter 1: Introduction 
1.1 Hydroxylation, a post-translational modification catalysed by 2-

oxoglutarate oxygenases 

1.1.2 Protein hydroxylation is a post-translational modification  

Post-translational protein modifications (PTMs) play a key role in a plethora of biological 

processes by modifying the chemical composition of proteins. They are involved in the 

regulation of mechanisms such as gene expression, cell cycle control, and DNA damage repair 

(DDR) and their dysregulation is implicated in many diseases (Ramazi and Zahiri, 2021). There 

are over 400 known PTMs with the most prevalent ones being phosphorylation, methylation, 

acetylation and ubiquitylation. Protein hydroxylation is a poorly characterised PTM that 

involves the generation of a hydroxyl group through the transfer of a single oxygen atom onto 

a target substrate (Loenarz et al., 2008). In addition to the hydroxylation of proteins, other 

macromolecules including DNA, RNA and lipids can also be hydroxylated, highlighting the 

significance of this PTM in a wide range of cellular processes (Loenarz et al., 2008). The first 

indication of the importance of this type of modification in mammalian cells came from studies 

of collagen biosynthesis which demonstrated hydroxylation of prolyl and lysyl residues. It also 

became apparent that dysregulation of this process can lead to diseases such as scurvy where 

ascorbate deficiency (co-factor dependencies are described in Section 1.1.3) leads to reduced 

collagen hydroxylase activity (Ploumakis and Coleman, 2013). The discovery that protein 

hydroxylases control hypoxia signalling (Kaelin and Ratcliffe, 2008) led to an increase in 

interest and research in this area. 

1.1.3 Overview of the functionally diverse roles of 2OG oxygenases 

Hydroxylation is mainly carried out by proteins that belong to a family of enzymes called 2-

oxoglutarate (2OG) Oxygenases. The enzymatic activity of 2OG oxygenases relies on the 

availability of nutrients such as the Kreb’s cycle intermediate 2OG, oxygen, Fe (II), and, in 
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some cases, reducing agents like ascorbate (Loenarz and Schofield, 2011). Members of the 2OG 

family play key roles in a variety of fundamental cellular processes such as biosynthesis, 

hypoxic sensing, fatty acid metabolism as well as regulation of gene expression (McDonough 

et al., 2010). Therefore, their dysregulation has been implicated in a variety of diseases 

including cancer (Fletcher and Coleman, 2020). 

The 2OG oxygenase family can be divided into subgroups based on their biochemical activity 

(demethylases and hydroxylases) or their target (proteins, lipids or nucleic acid). Over 60 

members of the 2OG oxygenase family have been identified and their classification is presented 

in Figure 1.1.  

 

Figure 1. 1 Phylogenetic tree of 2OG dependent oxygenases. 

Enzymes are clustered based on sequence homology. Sub-families of enzymes with shared 

substrate specificity including lysine demethylases (KDM), protein, nucleotide, prolyl, collagen, 

and small-molecule hydroxylases are highlighted in different colours. Proteins labelled in black 
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represent those that are not classified into any specific subfamilies. Figure adapted from 

Johansson et al. 2014. 

The catalytic domain of 2OG oxygenases has a double-stranded β helix (DSBH) fold consisting 

of eight antiparallel β strands that form a barrel-like structure which contains binding sites for 

the co-factors (McDonough et al., 2010). Initiation of catalysis requires binding of 2OG, which 

promotes binding of the substrate and subsequently oxygen (Figure 1.2.). A reactive 

intermediate is formed through oxidative decarboxylation of 2OG, which oxidises the primary 

substrate with the generation of by-products CO2 and succinate (Fletcher and Coleman, 2020). 

Some members of the 2OG oxygenase family such as lysine demethylases (KDMs) can catalyse 

demethylation through hydroxylation of Nε-methyl groups of histone lysine residues, to 

produce a hemiaminal intermediate that is broken down into formaldehyde and the 

demethylated product (Figure 1.2A) (Loenarz et al., 2008).  

 

Figure 1. 2 2OG oxygenase family catalyse hydroxylation reaction. 

A. 2OG-oxygenases can catalyse hydroxylation or demethylation via hydroxylation. B. 

Simplified graphical representation of the catalytic cycle. Figure taken from Ploumakis and 

Coleman, 2015. 
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1.1.4 2OG-oxygenases as cellular sensors 

2OG oxygenases have the potential to act as cellular sensors due to their dependence on nutrient 

availability. Their activity can be altered by changes in cellular environment and metabolism 

such as hypoxia or the presence of oncometabolites (Loenarz et al., 2008).  

1.1.5 Oxygen sensing-Regulation of HIF1α 

The most well-known example of oxygen sensing is the regulation of Hypoxia-Inducible Factor 

(HIF) by prolyl hydroxylases (PHDs). HIF is composed of two subunits: HIFα and HIFβ. The 

alpha subunit has three isoforms: HIF1α, HIF2α and HIF3α. The expression and activity of 

HIF1α is tightly regulated by oxygen levels whereas HIF3α has no transactivation domain and 

HIF2α is only expressed at particular developmental stages in selected tissues (Patel et al., 2010; 

Gu et al., 1998). In normoxic conditions, HIF1α is rapidly degraded. Oxygen is needed for the 

hydroxylation of prolyl residues of HIF1α by PHD1-3 (Masson et al., 2001). Hydroxylated 

HIF1α is recognised by the E3- ubiquitin ligase von Hippel–Lindau (VHL) protein and 

undergoes rapid proteasomal degradation (Jaakkola et al., 2001). During hypoxic conditions, 

the hydroxylation of HIF1α by PHDs is blocked due to lack of oxygen which prevents HIF1α 

from being degraded. Additionally, the HIFβ subunit is constitutively expressed, allowing both 

subunits to form a heterodimer and initiate the gene expression via the activation of hypoxia 

response elements (HREs) (Strowitzki, Cummins and Taylor, 2018). Another enzyme that 

negatively regulates HIF-1𝛼 in normoxic conditions is Factor inhibiting HIF (FIH). FIH is a 

protein hydroxylase that belongs to a class of enzymes called JmjC-only 2OG oxygenase 

(discussed in more detail below) that catalyses the hydroxylation of asparagine 803 residue on 

HIF-1α which blocks its association with the p300/CBP co-activator (Strowitzki, Cummins and 

Taylor, 2018).  



5 
 

 

Figure 1. 3 Regulation of HIF by 2OG oxygenases. 

In normoxia, HIF-1α is hydroxylated by prolyl hydroxylase domain (PHD) protein and factor-

inhibiting HIF (FIH). Prolyl hydroxylation enables recognition of HIF-1α by von Hippel-

Lindau E3 ubiquitin ligase (VHL) which leads to its proteasomal degradation. The 

hydroxylation of asparagine residue of HIF-1α by FIH blocks the association with 

transcriptional activators P300 or CREB-binding protein (CBP). Under hypoxic conditions 

HIF-1α a becomes stable and forms dimer with HIF-1β that associates with p300/CBP and 

binds the hypoxia response element (HRE) to start transcription of target genes. Figure taken 

from Lin et al., 2014. 

 

Not all 2OG oxygenases are likely to be sensitive to physiological changes in oxygen levels. 

There is currently an incomplete understanding of the different oxygen sensitivities of enzymes 

within the family, which warrants further research (Loenarz et al., 2008). 

1.1.6  Oncometabolites  

2OG oxygenases activity can also be altered by the presence of oncometabolites (Loenarz et 

al., 2008). Examples of oncometabolites include 2-hydroxyglutarate (2-HG), fumarate or 
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succinate, which can accumulate as a result of mutations in isocitrate dehydrogenases (IDH), 

fumarate hydratase, and succinate dehydrogenase, respectively. Due to their structural 

similarity to 2OG, these oncometabolites can result in competitive inhibition of a variety of 

2OG oxygenases. Indeed, several studies have demonstrated competitive inhibition of members 

of the 2OG family including KDM7A by oncometabolites in vitro (Xu et al., 2019). Such 

inhibition of 2OG-oxygenases by the presence of oncometabolites was shown to promote 

tumorigenesis due to dysregulation in DNA repair pathways (Inoue et al.,2016; Sulkowski et 

al., 2020). For example, mutations in IDH1 are linked to increased formation of double-strand 

breaks (DSBs) due to inhibition of KDM4A/B (Sulkowski et al., 2017). Moreover, inhibition 

of KDM4A/B by elevated levels of fumarate and succinate was shown to inhibit homologous 

recombination in hereditary leiomyomatosis and renal cell cancer (Sulkowski et al., 2018).  In 

addition, increased H3K9 methylation as a result of 2HG accumulation has been linked to 

downregulation of ataxia telangiectasia mutated (ATM) kinase- a central mediator of DDR, 

in IDH1-mutated acute myeloid leukaemia (Inoue et al.,2016).  

Another important mechanism by which oncometabolites can contribute to tumorigenesis is 

pseudohypoxia. Pseudohypoxia is a result of PHDs inhibition which leads to HIF stabilisation 

and activation of hypoxia response genes under normoxic conditions. This drives tumorigenesis 

via increased angiogenesis, increased cell survival and proliferation as well as metabolic 

reprogramming (Hayashi et al., 2019).  

Collectively, the data indicates that the generation of oncometabolites within a tumour 

environment may further contribute to tumorigenesis by dysregulation of DDR pathways and 

pseudohypoxia, possibly due to inhibition of 2OG oxygenases.  

1.1.7 JmjC domain-containing proteins 

Jumonji C domain-containing (JmjC) proteins are a novel class of 2OG oxygenases that play 

an important role in various biological processes due to their role as demethylase or 
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hydroxylases targeting histones and non-histone proteins (Huang et al., 2013). The JmjC 

catalytic domain is a type of DSBH fold conserved across the 2OG family originally identified 

as the protein product of the jumonji gene (Klose et al., 2006). There are over 30 members of 

the family that are characterised by a cupin-type domain composed of around 150 amino acids 

known as the JmjC domain which confers hydroxylation or demethylation via hydroxylation 

activity (Saran et al., 2018). Many members of the family are aberrantly expressed or mutated 

in different diseases like neurological disorders and tumours and are shown to play a role in 

cancer cell proliferation (Ishimura et al., 2015). 

KDMs are epigenetic regulators of gene expression due to their histone demethylase activity. 

In addition to the JmjC domain they also have other structural domains essential for their 

interaction with chromatin (Klose et al., 2006). This family comprise around 20 proteins (Figure 

1.1) where different members possess various selectivity for particular histone residues as well 

as the methylation status of that residue (McDonough et al., 2010). They have been associated 

with diseases including cancer due to their role in epigenetic regulation (Johansson et al., 2014). 

1.1.8 JmjC-only proteins 

Some of the members of the JmjC domain family are a phylogenetically distinct class from 

KDMs and are classified as JmjC-only subfamily. Their members possess a protein hydroxylase 

activity and differ from KDMs due to their lack of DNA or chromatin-binding domains (hence 

the reference to ‘only’) (Klose et al., 2006), (Youn et al., 2012). Protein hydroxylases can 

catalyse the hydroxylation of prolyl, lysyl, asparaginyl, arginyl, aspartyl or histidyl residues of 

target proteins. The family includes 10 proteins: MINA, NO66, JMJD4, JMJD5, JMJD6, 

JMJD7, JMJD8, FIH, TYW5 and HSPBAP1 (Youn et al., 2012). Most of the members are 

thought to catalyse protein hydroxylation instead of demethylation which leads to challenges 

and controversies associated with biochemical misassignments (Flecher and Coleman, 2020). 

For example, various studies have reported histone demethylase and histone clipping activity 
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to JMJD5 (Liu et al., 2017; Shen et al., 2017; Hsia et al., 2010). However, detailed structural 

and biochemical studies support its function as protein hydroxylase (Wang et al., 2013; Wilkins 

et al., 2018) (discussed in more detail below). Moreover, studies involving JMJD6 failed to 

confirm reported histone demethylase activity (Islam et al., 2019). The tendency of 

misassignment of histone demethylation activity to proteins in the JmjC-only family extends to 

more members such as MINA, NO66, JMJD4 or JMJD7 (Flecher and Coleman, 2020). 

Moreover, the controversy in this field also extends to biological targets of JmjC-only family 

members (Flecher and Coleman, 2020).  

MINA and NO66 are two ribosomal oxygenases with reported roles in ribosomal hydroxylation 

where MINA targets Ribosomal protein 27A (RPL27a) and NO66 has specificity towards 

Ribosomal protein L8 (RPL8) (Ge et al., 2012). Interestingly, both MINA and NO66 have been 

implicated in cancer with NO66 reported to act as an oncogene in glioblastoma (Wang et al., 

2019) or colorectal cancer (Nishizawa et al., 2017). Nonetheless, the role of MINA in 

tumorigenesis is more complex with studies reporting its role as either oncogene or tumour 

suppressor gene depending on cancer type. Elevated MINA expression levels have been 

observed in several cancer types, including oesophageal (Tsuneoka et al., 2004), colorectal 

(Teye et al. 2004) or breast cancer (Thakur et al., 2014). Apart from MINA and NO66, TYW5 

is also reported to function in translation, targeting RNA rather than protein (Ploumakis and 

Coleman, 2015). 

Another member of the family that is also upregulated in cancer is JMJD4, which hydroxylates 

eukaryotic release factor 1 (eRF1) for optimal translation termination (Ploumakis and Coleman, 

2015; Feng et al., 2014). In addition to JMJD4, JMJD6 which was recently reported to catalyse 

lysine hydroxylation of 48 proteins (Cockman et al., 2022), is shown to be overexpressed in 

various cancer types including breast (Lee et al., 2012) or lung cancer (Zhang et al., 2006). 
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JMJD7 has been found to target the Developmentally Regulated GTPase 1 and 2 (DRG1 and 

DRG2) for hydroxylation. The impact of this modification is not yet fully understood, but DRGs 

are known RNA interactors. JMJD7 is implicated in cancer where it has been identified as both 

an oncogene and a tumour suppressor gene ( Liu et al., 2017; Zhu et al., 2016). 

The catalytic potential of JMJD8 is uncertain due to a substitution in a key iron-coordinating 

residue (Yeo et al., 2016). Nevertheless, studies based on mutations in FIH suggest that two 

histidines may be sufficient to bind iron and have catalytic activity (Hewitson et al., 2008), 

which indicates that JMJD8 could have a hydroxylation activity. JMJD8 is primarily found in 

the cytoplasm and endoplasmic reticulum but can move to the nucleus where it may act as a 

transcriptional co-repressor of TET1 (Khoueiry et al., 2017). JMJD8 is also involved in 

processes such as cellular metabolism and NFκB signaling, (Yeo et al., 2016) and has also been 

linked to cancer (Ding et al., 2013). 

FIH not only regulates HIFs but also hydroxylates asparagine residues within ankyrin repeat 

domains (ARDs) of various proteins, as highlighted by Cockman et al. (2006). ARDs, which 

consist of 30-34 residue repeats, each formed by two α-helices connected by a β-hairpin, are 

crucial for protein-protein interactions (Li et al., 2006). Hydroxylation by FIH occurs in 

numerous proteins, such as NF-κB (Cockman et al., 2006), myosin phosphatase target subunit 

1 (MYPT1) (Webb et al., 2009) or Notch receptors (Coleman et al., 2007). Additionally, FIH's 

enzymatic activity also targets aspartate (Yang et al., 2011b) and histidine (Yang et al., 2011a) 

residues within ARDs. Despite this extensive list of FIH substrates, the specific functional 

outcomes of ARD hydroxylation are yet to be understood. 

Heat shock protein beta-1 associated protein 1 (HSPBAP1) was initially discovered as 

interacting with heat shock protein 27 (Liu et al., 2000). However, a substrate has not been 

identified yet. It has been linked to cancer development (Yang et al., 2015). Another member 



10 
 

of the family for which substrate assignment remains controversial is JMJD5 (Fletcher and 

Coleman, 2020).  

1.2 JMJD5 

JMJD5 belongs to the JmjC-only sub-family of 2OG oxygenases. There was a lot of controversy 

regarding the classification of JMJD5 and its biochemical role with some publications reporting 

its role as a histone demethylase (Ishimura et al., 2015), (Hsia et al., 2010), (Amendola et al., 

2017) and other publications presenting its role as protein hydroxylase (Del Rizzo et al., 2012; 

Wang et al., 2013; Wilkins et al., 2018). 

Originally, JMJD5 was characterised as histone H3K36m2 demethylase regulating gene 

expression and therefore, was named KDM8 (Hsia et al., 2010). Another report suggested that 

JMJD5 is an endopeptidase that clips methylated arginine residues on histone tails (Liu et al., 

2017; Shen et al., 2017). However, a number of independent studies failed to detect reported 

histone demethylase activity both in vitro and in vivo (Youn et al., 2012;  Del Rizzo et al., 2012; 

Shen et al.,2017; Wilkins et al., 2018; Oh and Janknecht, 2012). Indeed, the structural 

comparison of JMJD5 with other members of the JmjC family indicates greater structural and 

sequence homology with the asparaginyl and histidyl hydroxylase FIH, the lysyl hydroxylase 

JMJD6 and the RNA hydroxylase TYW5 than with JmjC lysine demethylases (KDMs) (Liu et 

al., 2017; Shen et al.,2017).  

The most recent evidence supports the protein hydroxylase classification of JMJD5. JMJD5 

was shown to catalyse C-3 hydroxylation of arginine residues on a synthetic peptide derived 

from the Regulator of Chromosome condensation domain-containing protein 1 (RCCD1) and 

the 40S ribosomal protein (RPS6) (Wilkins et al., 2018). This study also presented the crystal 

structure of the JMJD5 catalytic domain in a complex with 2OG. Similarly to other JmjC 

hydroxylases, the JMJD5 catalytic domain features eight β-strands, seven α-helices, five 

additional β-strands as well as three 310 helices. Also, as for other 2OG oxygenases, the catalytic 
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activity of JMJD5 depends on the presence of an iron cofactor, which is coordinated by a 

conserved HXD/E...H motif that is composed of histidine (H321), aspartate (D323), and another 

histidine (H400) residues (Wilkins et al., 2018). Moreover, the direct interaction with 2OG is 

facilitated by four residues: Y272, K336, S318, and N327 whereas residues W310, L329, and 

V402 for the hydrophobic pocket to stabilise 2OG binding (Wilkins et al., 2018). Notably, 

unlike other JmjC-only hydroxylases, JMJD5 has a more compact catalytic pocket for 2OG 

binding (Islam et al., 2022). In addition to that, JMJD5 was shown to lack the active site region 

responsible for the binding of Nε -methylated lysine residues present in KDMs (Wilkins et al., 

2018). However, apart from the evidence presented, the precise cellular substrates and 

biochemical function of JMJD5 remain unclear. 

The JMJD5 structure contains a C-terminal JmjC domain which occupies over 30% of the 

protein sequence and a poorly characterised N-terminal region (Huang et al. 2013). Figure 4.1 

shows the schematic diagram of JMJD protein structure.  

 

Figure 1.4 Schematic diagram of JMJD5 gene and protein structure. 

The exons are aligned with their respective protein domains, Fe(II)- and 2OG-binding residues 

are marked by red and blue arrowheads, respectively. 

 Hueng et al. reported that the N-terminus is essential for the subcellular localisation of JMJD5 

as it contains both a nuclear localization signal (NLS) and a chromosome region maintenance 

1 (CRM1)-dependent nuclear export signal (NES) region (Huang et al. 2013). Interestingly, one 

reported and confirmed role of the JMJD5 N-terminus is to aid the interaction with the RCCD1 

(Marcon et al., 2014; Wu et al., 2017). Marcon et al. reported that the interaction with RCCD1 
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is essential for proper chromosomal segregation as the loss of JMJD5 and RCCD1 leads to an 

increase in the number of multipolar spindles (described in more detail below). 

1.2.1 Biological roles of JMJD5 

The KDM8 gene is located on chromosome 16 at position 12.1 and is conserved from worms 

to humans (Del Rizzo et al., 2012). JMJD5 is a metazoan JmjC protein that has been implicated 

in a plethora of essential cellular processes including embryonic development, cell cycle 

regulation, and regulation of mitosis (described in greater detail below). In addition, there are a 

number of other reported functions of JMJD5 including osteoclastogenesis, tumour 

metabolism, circadian rhythm regulation and a role in the DNA damage response (DDR). 

JMJD5 was shown to be crucial in embryonic development as homozygous deletion of JMJD5 

leads to embryonic lethality in mice due to an increase in p53 expression (Oh and Janknecht, 

2012). Although JMJD5 was reported to downregulate p53 activity by interacting with its DNA-

binding domain (Ishimura et al., 2012), the relevance of this potential interaction and its role in 

the JMJD5 knockout mouse phenotype, remains unclear. Moreover, several independent reports 

implicate JMJD5 in positively regulating cell cycle progression and proliferation via regulating 

cyclin-dependent kinase inhibitor 1 (CDKN1A) (Ishimura et al., 2012), (Zhu, Hu and Baker, 

2014), (Huang et al., 2015).  

In addition, two reports suggest that JMJD5 may contribute to the regulation of mitosis via 

cytoplasm accumulation and stabilisation of spindle microtubules (He et al., 2016), (Marcon et 

al., 2014). Due to its interaction with RCCD1, JMJD5 is reported to regulate chromosome 

segregation. Knockdown of either JMJD5 or RCCD1 has been shown to result in spindle 

assembly defects and disturbed mitosis leading to chromosome instability, one of the key 

characteristics of various cancer types (Marcon et al., 2014). JMJD5 depletion was also shown 

to sensitise cancer cells to microtubule targeting agents such as vincristine, which the authors 



13 
 

suggest raises the possibility that JMJD5 could work as a biomarker to predict patient response 

to this type of chemotherapeutic drug (He et al., 2016), (Wu et al., 2016). 

JMJD5 has also been implicated in other processes such as osteoclastogenesis or tumour 

metabolism regulation. JMJD5 was reported to contribute to osteoclastogenesis by negative 

regulation of osteoclast differentiation through degradation of nuclear factor of activated T-cells 

calcineurin-dependent 1 (NFATc1) (Youn et al., 2012). Additionally, JMJD5 has also been 

implicated in tumour metabolism regulation by its interaction with pyruvate kinase muscle 

isozyme (PKM2) (Wang et al., 2014). This leads to nuclear translocation of PKM2 and 

activation of HIF-1α to initiate transcription of target genes involved in glucose metabolism. 

Since altered metabolism is one of the hallmarks of cancer, these observations have contributed 

to the suggestion that JMJD5 could be a novel oncogene.  

Moreover, in Arabidopsis, JMJD5 is also thought to play a role in circadian rhythm regulation 

by acting in partnership with the timing of Cab1 expression (TOC1) and upregulates the 

expression of clock genes expressed at dawn (Jones et al., 2010; Jones and Harmer, 2011). 

However, these reports were generally studied in the context of JMJD5’s controversial histone 

demethylase activity, raising questions about how JMJD5 protein hydroxylase activity is 

involved. 

1.2.2 JMJD5 in replication stress and DNA repair  

There are several lines of evidence suggesting that JMJD5 may play a role in the DDR. JMJD5 

was identified in a genome-wide RNA interference screen as essential in protecting genome 

stability (GS) in somatic cells (Pothof et al., 2003). More recently, JMJD5 was reported to 

regulate homologous recombination (HR) in response to DNA damage. In a study in C.elegans, 

Amendola et al. found that JMJD5 is required for the repair of DSBs through HR and that loss 

of JMJD5 activity causes ionizing radiation sensitivity and aberrant retention of RAD-51 at 

sites of DSBs (Amendola et al., 2017). In addition, a separate study identified JMJD5 as one of 
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the genes whose loss causes sensitivity or resistance to DNA-damaging agents in CRISPR 

screens (Olivieri et al., 2020). Moreover, Shen et al. suggest that there is a potential induction 

of JMJD5 in response to certain types of DNA damage (Shen et al., 2017). They reported that 

treatment with DNA-damaging agents such as Camptothecin, Etoposide, and UV light-induced 

JMJD5 expression in A549 lung cancer cells (Shen et al., 2017). 

1.2.3 JMJD5 in disease 

A recent study by Fletcher et al. (2023) explored the role of JMJD5 in a newly identified 

developmental disorder marked by intellectual disability, severe failure to thrive, and relative 

macrocephaly. This disorder was notably associated with elevated 'replication stress' (RS) 

(further detailed in Chapter 3), which was dependent on the catalytic function of JMJD5. The 

disorder affected two patients who both carried biallelic mutations in the JMJD5 gene: a 

missense mutation causing a C123Y substitution inherited from the mother and mutation that 

results in intronic deletion in intron 7-8 was inherited from the father (Flecher et al. 2023). 

Interestingly, the mother that carried a C123Y variant of JMJD5 had an early onset breast cancer 

at the age of 42 (Dr Sally Fletcher, personal communication) indicating the possible role of 

JMJD5 in cancer.  

1.2.4 Roles of JMJD5 in cancer  

JmjC domain-containing proteins have recently gained increasing interest due to their 

contribution to malignant tumour development (Yao et al., 2019). JMJD5 has been associated 

with anti-oncogenic and pro-oncogenic activity indicating its context-dependent role in cancer.  

JMJD5 was shown to have oncogenic activity in breast and colorectal cancers in which its 

overexpression is correlated to lower patient survival (Hsia et al., 2010), (Zhang et al., 2015), 

(Zhao et al., 2015). Increased expression of JMJD5 is also reported to be required for MCF-7 

breast cancer cell proliferation, induction of epithelial to mesenchymal transition, and 

metastasis (Zhao et al., 2015). JMJD5 was also shown to regulate the cell cycle of breast cancer 
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cells by inducing cyclin A1 transcription regulating G2/M transition (Hsia et al., 2010), (Zhang 

et al., 2015). JMJD5 has also been shown to play a potential role in colorectal carcinoma 

pathophysiology as its inhibition results in a reduction of proliferation, migration and invasion 

of the colon cancer cell line Caco-2 (Zhao et al., 2015). Similar results were found in oral 

squamous cell carcinoma, where JMJD5 knockdown inhibited proliferation, invasion and 

migration as well as induced apoptosis of HSC-3 and SCC-25 cells. Interestingly, in the same 

study, JMJD5 suppression reduced tumour growth in the mouse xenograft model (Yao et al., 

2019). Moreover, JMJD5 have the potential as a prognostic indicator in non-small cell lung 

cancer patients that receive platinum-based chemotherapy: JMJD5 was found to be 

overexpressed in ~30% of cases and its high expression was significantly correlated with poor 

overall survival and poor progression-free survival time in those patients (Xiang et al., 2019). 

JMJD5 was also shown to have a pro-tumorigenic role in prostate cancer, where 

its overexpression correlated with the development of therapy resistance. JMJD5 was found to 

be overexpressed in both prostate tumour samples as well as prostate cancer cell lines and its 

knockdown reduced the proliferation of prostate cancer cells when compared to non-malignant 

cells (Wang et al., 2019). Furthermore, overexpression of JMJD5 was shown to promote 

therapeutic resistance through interaction with PKM2 and activation of androgen receptors 

leading to androgen-independence. Therefore, JMJD5 may have potential as a therapeutic target 

for therapy-resistant prostate cancer.  Additionally, JMJD5 is also reported to be an oncogenic 

driver in glioblastoma as JMJD5 knockdown increases PKM2 enzymatic activity and 

suppresses glycolysis and proliferation in glioblastoma cells (Song et al., 2022). 

In contrast, in hepatocellular carcinoma (HCC) JMJD5 may have tumour suppressor activity, 

with decreased expression correlating with shorter patient survival. JMJD5 was reported to 

inhibit the proliferation of HCC cells by activating the expression of CDKN1A (Wu et al., 

2016). Interestingly, JMJD5 was originally identified in a tumour suppressor gene screen in 
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mouse models in which reduced JMJD5 expression increased mutational rates (Suzuki et al., 

2006). Additionally, a multi-cohort retrospective study of transcriptional profiles in 25 types of 

cancer identified a gene signature including JMJD5, KDM6B, P4HTM, ALKBH4 and 

ALKBH7 that is associated with favourable cancer prognosis (Chang et al., 2017). This study 

reported that JMJD5 was downregulated in liver and pancreatic tumour samples when 

compared to healthy tissue and that low expression was correlated with higher risk of death in 

this cohort. JMJD5 expression was also found to be inversely correlated with the level of 

hypoxia, i.e. tumours with low JMJD5 expression were more hypoxic and the associated 

patients had reduced survival (Chang et al., 2017). In addition to that, another study looked at 

the association between JMJD5 and pancreatic cancer and reported that decreased JMJD5 

expression promoted cell proliferation and glycolytic metabolism in pancreatic cancer cells by 

negatively regulating c-Myc expression (Wang et al., 2022). JMJD5 is also suggested to be a 

tumour suppressor gene in the context of lung cancer as it was recently reported that JMJD5 

knockdown promotes the non-small cell lung cancer cell proliferation in vitro and xenograft 

tumour growth in vivo (Liu et al., 2023). 

 Overall, the complex assignment of JMJD5 to have both pro and anti-tumorigenic activity 

indicates that its role in cancer may be highly context-dependent. 

1.3 2OG oxygenases as drug targets  

As 2OG oxygenases are crucial enzymes involved in a range of disease-associated cellular 

processes,  they are attractive targets for drug development. Interestingly, it has already been 

demonstrated that it is possible to successfully target this class of enzymes as competitive 

inhibitors of the PHD enzymes have been developed and are currently being evaluated in 

clinical trials (Yeh et al., 2017) (further discussed in Chapter 4). Notably, inhibitors targeting 

members of the 2OG oxygenase family have shown promise in preclinical cancer studies, with 

compounds like GSK-J1 (Chu et al., 2020), and TACH101 (Chandhasin et al., 2023) 



17 
 

demonstrating anticancer effects. Recently, inhibitors of MINA53 (Nowak et al., 2021), JMJD6 

(Ran et al., 2019; Xiao et al., 2022; Zheng et al., 2022) and JMJD7 (Liu et al., 2017) were 

developed and also show anticancer potential in various studies. Nonetheless, whether other 

members of the JmjC-only family can be successfully targeted is not yet known. 

1.4 Aims of this study 

The overall aim of this project was to enhance our understanding of the role of JMJD5 in cancer 

by focusing on evaluating the effects of JMJD5 loss in the context of RS and DDR.  

1) JMJD5 is mutated in cancer, which is consistent with its potential tumour-suppressor activity. 

Whether these mutations are damaging is not fully defined, as such, functional studies are 

required to investigate this. We hypothesise that mutations in JMJD5 impair its function and 

affect RS in cancer cells. Therefore, the aims of this project was to evaluate the impact of 

JMJD5 mutations on its function and RS response. 

2) Proteins involved in RS and DDR are often targeted in cancer. However, whether JMJD5 

could be a therapeutic target in the same way is not yet known. We hypothesise that loss of 

JMJD5 may sensitise cancer cells to DDR inhibitors. Therefore, we aimed to evaluate the effect 

of JMJD5 loss in combination with other DDR inhibitors and anticancer agents on cancer cell 

survival, RS and DDR.  

3) JMJD5 is emerging as a promising new oncology target. Research into the development of 

JMJD5 inhibitors is therefore needed to assess their potential as promising anti-cancer agents. 

We hypothesise that targeting JMJD5 with specific inhibitors may induce RS and DNA damage 

in cancer cells, making them more susceptible to cell death. Therefore, the last aim of this study 

was to characterise the effect of first-in-class JMJD5 inhibitors on cancer cells and evaluate 

their potential as anticancer agents. 
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Chapter 2: Functional characterisation 

of selected JMJD5 cancer mutations 
 

2.1 Introduction   

As discussed in Chapter 1, JMJD5 has been reported to regulate various biological processes 

essential for normal development. Interestingly, JMJD5 also has a complex role in cancer with 

conflicting evidence supporting its role as a tumour suppressor or oncogene depending on the 

cancer type, which suggests a context-dependent role in tumorigenesis. Recently, inherited 

mutations in the KDM8 gene which impair JMJD5 enzymatic activity were shown to contribute 

to novel developmental disorder that is characterised by intellectual disability, severe failure to 

thrive and relative macrocephaly (Fletcher et al., 2023). Interestingly, this phenotype was linked 

to an increase in basal RS. Moreover, unresolved and persistent RS leads to increased genomic 

instability (GI) which is an important driver of tumourigenesis and has been recognised as one 

of the hallmarks of cancer (Hanahan and Weinberg, 2011). Therefore, in this chapter, I have 

aimed to investigate whether JMJD5 is functionally inactivated by mutations in cancer. We 

provide a brief overview of RS before presenting the findings.  

2.1.1 DNA replication  

DNA replication is crucial for maintaining genomic integrity, as errors in this process can lead 

to mutations, GI and cancer. Faithful DNA replication is essential for organism survival, as it 

preserves genetic information across generations and supports normal development and cellular 

function. It entails the synthesis of a complementary DNA strand based on an original template, 

a process crucial for ensuring the fidelity of genome copies in daughter cells (Bell and Dutta, 

2002). 

Before the DNA unwinds during replication, several crucial preparatory steps occur to ensure 

the process is accurate and efficient. First, specific proteins recognise and bind to the origins of 
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replication, designated sequences where replication will commence (Bell and Dutta, 2002). 

Subsequently, these proteins recruit additional factors, including cell division cycle 6 (CDC6), 

CDC10 dependent transcript 1 (CDT1), and the MCM2-7 helicase complex, to form the pre-

replication complex (pre-RC) (Riera, Fernandez-Cid and Speck, 2013; Mizushima et al., 2000). 

This assembly licenses the origin, ensuring each DNA segment is replicated only once per cell 

cycle. Activation of the helicase is then achieved through phosphorylation by cyclin-dependent 

kinases (CDKs) and Dbf4-dependent kinase (DDK) (Li, Dao and Zhai, 2023). Subsequently, 

the DNA helicase unwinds the DNA double helix, forming a replication fork with two single-

stranded templates (Figure 2.1) (Leman and Noguchi, 2013). One strand termed the "leading" 

strand, is synthesised continuously by DNA polymerase ε, while the other, known as the 

"lagging" strand, is synthesised discontinuously using RNA primers and DNA polymerase δ, 

resulting in Okazaki fragments. These fragments are subsequently joined by DNA ligase 

(Leman and Noguchi, 2013). DNA replication occurs bidirectionally from sites termed origins 

of replication. 

 

Figure 2.1 DNA replication fork progression. 

On the leading strand, the DNA replication process of adding nucleotide bases by DNA 

polymerase is continuous whereas synthesis of the lagging strand is discontinuous where small 

DNA fragments named Okazaki fragments are synthesised and joined together via ligation. 
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2.1.2 DNA replication stress 

During DNA replication, the replication machinery may encounter many obstacles or blockages 

causing the replication fork to slow or stall, resulting in RS (Zeman and Cimprich, 2014). This 

inhibition of DNA replication during prolonged RS can lead to under-replicated DNA or DNA 

damage. Therefore, RS response pathways are essential for genome stability. Below, we outline 

the causes of RS, the response pathways and its importance in human disease.  

2.1.3 Causes of RS 

There are various causes of RS that can be broadly categorised as endogenous or exogenous 

factors. Endogenous sources include physical obstacles such as sites of DNA damage or 

secondary DNA structures (Zeman and Cimprich, 2014, Thys and Wang, 2015); common 

fragile sites (CFS) such as telomeres and repetitive sequences (Krasilnikova and Mirkin, 2004). 

In addition, supercoiling of DNA, formation of R-loops (RNA hybridisation to DNA) during 

DNA transcription or collisions between transcription machinery and replisome can cause RS 

(Figure 2.2) (Kemiha et al. 2021; Helmrich et al. 2011).  RS can also be the consequence of 

improper origin firing or lack of essential factors like nucleotides or histones (Figure 2.2) 

(Toledo et al., 2013, Anglana et al., 2003, Mejlvang et al., 2014).  

Exogenous sources of RS include chemotherapeutic agents such as cisplatin, ionising radiation, 

ultraviolet light or other agents such as hydroxyurea or aphidicolin (Figure 2.2)  (Vesela et al., 

2017). Cisplatin induces RS through the formation of DNA interstrand crosslinks, which 

obstruct the progression of replication machinery (Vesela et al., 2017). In addition, hydroxyurea 

can cause RS via inhibition of the enzyme ribonucleotide reductase therefore limiting the 

deoxyribonucleotides available for DNA replication and leading to the accumulation of single-

stranded DNA (ssDNA) (Vesela et al., 2017). Aphidicolin inhibits DNA polymerases preventing 

elongation of DNA chains during replication (Figure 2.2) (Vesela et al., 2017). 
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Figure 2.2 Causes of Replication Stress. 

Endogenous causes of RS include DNA lesions, RNA-DNA hybrids, fragile sites or DNA 

secondary structures. Exogenous sources include chemicals such as hydroxyurea or 

aphidicolin, chemotherapeutic agents including cisplatin, or ionizing radiation (IR) and 

ultraviolet (UV). Figure taken and modified from Willaume et al., 2021 

One of the consequences of RS is the separation of the DNA helicase from the replisome (Byun 

et al., 2005). Separation can occur when the replisome encounters an obstruction but the 

helicase keeps moving and unwinding the DNA. This leads to the formation of single stranded 

DNA (ssDNA) which is a hallmark of RS (Gelot et al., 2015).  The response to RS aims to 

restore fork progression enabling replication fidelity and avoiding genomic instability. 

2.1.4 RS response pathways 

The first step in the RS response is the binding of Replication Protein A (RPA) to ssDNA in 

order to prevent nuclease degradation and activate the downstream response pathway (Fanning 

et al., 2006). This leads to the recruitment of ‘ATM-Rad3-related’ (ATR) kinase by ATR-

interacting protein (ATRIP) to RPA sites (Figure 2.3) (Ball et al., 2007, Zou and Elledge, 2003, 

(Cimprich and Cortez, 2008). Additionally, the RAD9-RAD1-HUS1 complex is loaded onto 
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the primer-template junction on 5’ ssDNA, recruiting TopBP1 to activate ATR via RAD9 

interaction (Figure 2.3) (Majka et al., 2006, Lee et al., 2007, Mordes et al., 2008). ATR 

activation leads to phosphorylation of the histone variant H2AX (Ward and Chen, 2001) as well 

as further amplification of the RS response. The signal amplification is achieved by 

phosphorylation of checkpoint kinase 1 (chk1) (Lopez-Girona et al., 2001) which, once 

activated, phosphorylates further cellular substrates and results in cell cycle arrest (Figure 2.3) 

(Smits et al., 2006). The purpose of cell cycle arrest is to give time for successful DNA repair 

and replication fork restart and to prevent replication fork collapse which would result in the 

formation of toxic single-ended DSBs (Cortez, 2015). 

 

Figure 2.3 The cellular response to RS. 

The separation of the helicase unwinding the parental DNA from the DNA polymerase that 

synthesizes new DNA can result in stretches of single-stranded DNA (ssDNA). This ssDNA is 

bound by RPA, which stimulates ATR recruitment by ATRIP protein. In addition, the RAD9-

RAD1-HUS1 complex (9-1-1) recruits TopBP1 to activate ATR via RAD9 interaction. Activated 

ATR phosphorylates chk1 which further phosphorylates downstream targets to amplify the 

signal. Figure taken from Herlihy and de Bruin, 2017. 

Another process that assists with correct DNA replication is dormant origin activation, which 

is particularly important when two converging forks stall. During origin licensing, there is an 

excess of MCM complexes loaded on DNA and while most of them are dormant during an 

unperturbed S phase, they can be activated during RS to ensure complete DNA replication 

around a stalled fork (Das et al., 2014, Ge et al., 2007, Woodward et al. 2006). Activation of 
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these dormant origins is orchestrated by the ATR-chk1 pathway through MCM2 

phosphorylation (Ge and Blow, 2010; Cortez et al., 2004). 

Cells must repair damage and complete DNA replication to maintain genomic stability. If not 

achieved during the S phase, cells can attempt to do so in the G2 phase and early mitosis, 

primarily through mitotic DNA synthesis (MiDAS). MiDAS aims to prevent under-replicated 

DNA and chromosome separation defects by completing replication before mitosis 

(Minocherhomji et al., 2015). Remaining lesions that persist into mitosis can lead to ultrafine 

DNA anaphase bridges (UBs), often associated with CFS, which can be repaired by MiDAS 

(Garribba et al., 2018).  

In summary, while DNA replication is essential for preserving genomic integrity, challenges 

such as RS can impede this process, requiring the activation of response pathways to protect 

genomic stability and mitigate the risk of mutagenesis and cancer formation. 

2.1.5 Consequences of RS:  Developmental disease and cancer  

Mutations in several genes encoding proteins crucial for DNA replication and the response to 

RS are associated with genetic disorders impacting development. They are broadly categorised 

as Primordial Dwarfism (PD) (Harley et al., 2016, Bicknell et al., 2011b, Reynolds et al., 2017). 

The affected individuals are characterised by pre- and post-natal growth retardation. For 

example, ATR mutations are present in a PD disorder called ‘Seckel syndrome’ and manifest 

through impaired RS response associated with clinical growth retardation phenotypes 

(O'Driscoll et al., 2003). Recently, biallelic mutations in the gene encoding DONSON (involved 

in the stabilisation and progression of replication forks) have been found as a novel cause of 

Meier- Gorlin syndrome which is associated with disturbances in the early stages of DNA 

replication (Knapp et al., 2020). Interestingly, JMJD5 mutations have also been implicated in 

novel developmental disorder associated with RS which may indicate its role in replication 

fidelity (Flecher et al., 2023).  
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Mutations in genes crucial for DNA replication and the response to RS not only impact 

developmental disorders like PD but also play a pivotal role in cancer. Interestingly, JMJD5, 

which has been associated with developmental disorders related to RS, also exhibits context-

dependent roles in cancer. Therefore, we aimed to investigate the effect of JMJD5 cancer 

mutations in the context of GS.  

2.1.6 JMJD5 is mutated in cancer 

Since the Coleman group has an interest in exploring the role of protein hydroxylases in cancer, 

they have investigated if KDM8 mutations are observed in tumours. They mined online 

databases COSMIC and cBioportal and generated a list of all the reported KDM8 mutations 

across different cancer types. Based on this, a mutation profile mapped onto the JMJD5 protein 

was generated, which shows multiple mutational ‘hot-spots’ and recurrent mutations (Figure 

1.4). Whether these mutations are damaging is not fully defined, as such, functional studies are 

required to investigate this. Therefore, one of the aims of this project was to evaluate the impact 

of selected KDM8 mutations on its function and RS response. 

 

Figure 2.4 Mutation profile of KDM8 gene which shows multiple mutational ‘hot-spots’ 

and recurrent mutations. 

 The KDM8 structure with known mutation hotspots compiled from cBioportal and COSMIC. 

Work and figure was done by Dr Sally Fletcher. Grey arrows indicate the selected P395Q and 

T354M mutations further characterised below in the results section.  
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2.2 Results  

2.2.1 Characterisation of selected KDM8 mutations  

 In order to investigate the potential phenotypic consequences of these mutations I have focused 

on variants located within the catalytic domain and within a mutation hotspot. Based on those 

criteria, I selected two variants: P395Q and T354M. The P395Q missense mutation was 

reported in lung squamous cell carcinoma. This mutation is located within the JmjC catalytic 

domain and is within a mutation hotspot. T354M was present in carcinoma of the large intestine 

and is also located in the catalytic domain and in a mutation hotspot. 

Firstly, we wanted to bioinformatically predict the potential consequences of these mutations 

on JMJD5 structure and function. To do so we used two online tools: Polyphen-2 and SIFT, 

which generate a score to predict whether an amino acid change is likely to be tolerated based 

on a few different factors such as sequence conservation, structural information, functional 

annotations and sequence homology (Adzhubei et al., 2010, Sim et al., 2012). The SIFT score 

represents the probability that the mutation can be tolerated, therefore low score indicates that 

the mutation is likely to be deleterious. In contrast, PolyPhen-2 scores the probability that the 

substitution of amino acid is damaging. This means that the high score represents deleterious 

mutation.  Notably, both missense mutations are predicted by Polyphen-2 and SIFT to be highly 

damaging- scores of 0 (for P395Q) and 0.03 (for T354M) for SIFT, and a score of 1 (for both 

mutations) for Polyphen-2 probability (Table 2.1).  
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Table 2.1 Selected KDM8 variants and their Polyphen-2 and SIFT scores. 

The SIFT low score indicates that mutation is likely to be deleterious whereas, for Polyphen-2 

the higher the score the more confident the prediction that the mutation will be deleterious. 

 

2.2.2 KDM8 mutations affect protein expression  

Firstly, we started by assessing the impact of these mutations on JMJD5 protein levels and 

predicted potential structural consequences. To investigate the effect of the mutations on protein 

expression we transfected HEK293T cells with a pEF6 expression vector containing HA-tagged 

JMJD5. We have used pEF6 FLAG-JMJD7 as a transfection control and actin as a loading 

control. Interestingly, Western blot evaluation demonstrated reduced expression of P395Q when 

compared to wild type (WT) (Figure 2). The level of expression of T354M was also reduced 

when compared to WT, but more modestly than P395Q  (Figure 2.5).  
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Figure 2.5 KDM8 mutations affect protein expression.  

The effect of P395Q and T354M mutations on the JMJD5 expression in HEK293T cells.  Cells 

were transfected for 72 hours with a pEF6 expression vector expressing empty vector (EV) or 

HA-tagged JMJD5, harvested and immunoblotted for HA (JMJD5), Flag as transfection 

control and Actin as loading control. N=3 

 

To explore potential reasons behind the differential effects of the P395Q and T354M on JMJD5 

protein expression we used the rotamer tool in Chimera software to model the substitutions. 

The results suggest that the substitution of proline to glutamine at position 395 may cause 

several clashes with the backbones of Glycine 203 and Arginine 204, which could explain why 

the protein is less stable (Figure 2.6). On the other hand, the rotamer tool suggests that the 

substitution of threonine to methionine at position 354 in  T354M is unlikely to result in any 

structural clashes with other residues (Figure 2.6).  
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Figure 2.6 KDM8 mutations affect protein stability. 

Structural analysis of the WT JMJD5 structure and mutations. The right upper panel shows the 

catalytic domain with P395Q mutation where proline 395 is substituted to glutamine which 

structurally interferes with arginine 204 and glycine 203 residues (marked as red lines on the 

figure). The right lower panel shows a catalytic domain with substitution of threonine to 

methionine in T354M which is unlikely to result in any structural clashes with other residues.  

  

2.2.3 Selected JMJD5 mutations affect enzymatic activity in vitro 

We have shown that selected KDM8 gene mutations can affect JMJD5 protein expression. Since 

JMJD5 is an enzyme, we were interested in investigating whether these mutations also impact 

its activity. To do so, we carried out in vitro hydroxylation assays using recombinant human 

GST-tagged JMJD5 purified from bacteria. In this assay, we incubated equal amounts of 

recombinant GST-tagged WT or mutant JMJD5 with cofactors Fe (II), ascorbate, 2-OG and 

with a substrate. As the physiological substrate of JMJD5 has not yet been identified, we used 

a synthetic peptide consisting of residues 129-144 from the RPS6 as an in vitro substrate for 
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JMJD5. This RPS6 peptide has previously been identified in an MS-based assay to be an in 

vitro hydroxylation substrate for JMJD5 (Wilkins et al., 2018). We used the Succinate-Glo 

hydroxylation assay (Promega) to indirectly monitor hydroxylase activity. This assay is based 

on the principle that succinate formed during the hydroxylation reaction is converted to ATP 

through a series of enzymatic reactions involving succinate dehydrogenase and other 

components in the assay system, which then supports luciferase activity (Figure 2.7A). We used 

a JMJD5 variant with a mutation in a critical iron-binding residue (H321A) as a loss of activity 

control and WT JMJD5 as a positive control. As 2-OG can be converted to succinate in the 

absence of substrate (‘uncoupled turnover’), the raw values were converted into a fold change 

based on ‘coupled’ activity- resulting from a hydroxylation event. 
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Figure 2.7 Selected KDM8 mutations affect the in vitro hydroxylation activity. 

A. Schematic representation of the assay used to detect in vitro hydroxylation. Taken from 

Succinate Glo assay protocol from Promega. B. 20 µg recombinant JMJD5 proteins were 

incubated with Fe(II), 2-OG, ascorbate and RPS6 peptide for 1 hour at 37°C. The activity was 

then monitored using the succinateGlo assay. Data represent mean ± SEM from three 

independent experiments. Statistical analyses used one-way ANOVA with Bonferroni’s post hoc 

test [with p-value ≤ 0.001 (***)]. C. 2 µL reaction loaded on the gel and stained with 

Coomassie to visualise JMJD5 protein. The orange arrow indicates GST JMJD5. 

 

We found that the hydroxylation activity of P395Q and T354M mutants was significantly 

reduced when compared to the WT JMJD5, at the levels close to inactive H321A mutant (Figure 
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2.7B). Figure 2.7C shows the Coomassie-stained SDS-PAGE gel of the reaction products 

demonstrating equal loading of each JMJD5 variant. We note the presence of major additional 

species in the P395Q samples that likely represent cleavage products, which may be consistent 

with the lower overall yield for this mutant (data not shown). These observations could be due 

to the intrinsic structural instability predicted above, and consistent with the lower expression 

observed in cells.  Overall, our biochemical and structural analyses indicate that these two 

cancer mutants are likely to have significantly reduced activity and function in cells.  

 

 

2.2.4 Investigating if JMJD5 loss causes replication stress and if it is dependent 

on its enzymatic activity 

Recently, Fletcher et al. showed that germline JMJD5 pathogenic variants present in two 

affected patients resulted in a human developmental disorder associated with increased RS 

phenotype.  Moreover, these phenotypes could be rescued by reconstitution of a WT JMJD5 

but not catalytically inactive JMJD5 (H321A), which highlights the importance of JMJD5 

activity in genome stability. Interestingly, the mother of two affected patients who carried a 

C123Y variant of JMJD5 had an early onset breast cancer at the age of 42 years that could not 

be explained by a large gene panel of known breast cancer-associated mutations (Sally Fletcher, 

personal communication), consistent with a role for JMJD5 activity in RS and cancer.  

Next, we wanted to investigate the consequences of loss of JMJD5 activity in tumour cells. 

Therefore, we wanted to develop a JMJD5 loss of function and reconstitution model to 

investigate the role of JMJD5 activity in regulating RS in cancer cells. We first set out to 

establish a JMJD5 knockdown model in a tumour cell line. 
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2.2.4.1 JMJD5 knockdown increases replication stress markers in A549 cells  

The Coleman group have observed that JMJD5 may be important in replication stress response 

in U2OS osteosarcoma cells and HeLa cervical cancer cells (unpublished data). Therefore, I 

wanted to expand on this work by evaluating the effect of JMJD5 inhibition in other tumour 

cell lines. Preliminary work by Dr Sally Fletcher suggested that A549 would present a useful 

model to study the effect of JMJD5 mutations on RS. Additionally, the P395Q mutation was 

reported in lung adenocarcinoma.  Interestingly, the role of JMJD5 in lung cancer is complex 

with reports supporting both its anti-oncogenic (Li et al., 2021; Liu et al., 2023; Shen et al., 

2023) and pro-oncogenic activity (Xiang et al., 2019). Due to those reasons, we wanted to 

investigate whether JMJD5 knockdown has an impact on RS in A549 cells. 

To evaluate the effect of JMJD5 knockdown on RS we assessed the formation of commonly 

used markers, micronuclei and 53BP1 bodies. Micronuclei are extra-nuclear bodies containing 

fragments of damaged chromosomes and/or whole chromosomes that were not reincorporated 

into the nucleus during mitosis (Luzhna, Kathiria and Kovalchuk, 2013). Micronuclei can form 

as a result of many cellular events such as problems in mitosis, in addition to RS, and can be 

visualised by staining with DAPI (Fenech et al., 2011). 53BP1 (P53 binding protein 1) is an 

important component of the DDR and plays a key role in orchestrating the choice of DSB repair 

pathway (Mirza-Aghazadeh-Attari et al., 2019). Accumulation of nuclear 53BP1 bodies in the 

G1 phase indicates RS in the previous S-phase. In order to identify cells in the G1 phase, co-

staining with CENPF can be used, as CENPF only accumulates in cells that are in the G2/M 

phase and it is not expressed in G1 cells (Liao et al., 1995). Therefore, to assess the formation 

of 53BP1 bodies only CENPF-negative cells are counted.  

We knocked down JMJD5 using a previously validated siRNA and performed 

immunofluorescent (IF) staining to evaluate the number of micronuclei and 53BP1 bodies 
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(Figure 2.8). We found that JMJD5 depletion in A549 cells leads to an increase in both 

micronuclei (Figure 2.8C) and 53BP1 bodies (Figure 2.8D) suggesting increased RS when 

compared to the control. The knockdown efficiency of JMJD5 was evaluated via Western blot 

(Figure 2.8E). Next, we were interested in whether this phenotype is dependent on JMJD5 

enzymatic activity. 
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Figure 2.8 JMJD5 knockdown increases replication stress markers in A549 cells. 

Cells were transfected with siRNA for 72 hours and stained with DAPI (blue) and 53BP1(green) 

A. and B. Example IF with observed micronuclei (A.) and 53BP1 bodies (B.) C. Percentage of 

cells that contained any micronuclei and D. Percentage of G1 cells that contained any 53BP1 

bodies. Data represent mean ± SEM from three independent experiments. To measure the 

percentage of micronuclei 500 cells were counted whereas for 53BP1 bodies 250 cells were 

counted. Statistical analyses used unpaired t-test [with p-value ≤ 0.05(*), ≤0.01 (**)]. E. 

Representative Western blot (N=3) evaluating the efficiency of JMJD5 depletion.  
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 2.2.4.2 Generation and characterisation of stable doxycycline-inducible 

3xFLAG-JMJD5 A549 cell line 

Recently, Fletcher et al. showed that the RS phenotype associated with a novel human 

developmental disorder was dependent on JMJD5 hydroxylase activity. To do so the authors 

compared patient cells reconstituted with either WT or catalytically inactive JMJD5. Therefore, 

we wanted to take a similar approach and reconstitute JMJD5 knockdown A549 cells with either 

WT, P395Q, or T354M JMJD5. Since the siRNA sequence used for JMJD5 knockdown is 

3’UTR targeting, the JMJD5 cDNA could be considered ‘siRNA-resistant’ allowing us to 

examine the effect of exogenously introduced JMJD5. 

WT and mutant JMJD5 cDNAs were PCR cloned into the lentiviral vector pTIPZ and lentivirus 

particles were generated using HEK293T cells for transduction of A549 cells. We generated 

A549 stable cell lines expressing doxycycline-inducible FLAG-tagged JMJD5 wild-type, or 

P395Q, T354M, or H321A variants, or an empty vector (EV) control.  Successfully transduced 

cells were selected due to constitutive expression of a puromycin resistance gene. The pTIPZ 

vector contains a tetracycline-inducible promoter that allows the expression of the gene of 

interest upon the addition of doxycycline. After successful antibiotic selection of transduced 

cells, a doxycycline dose titration was performed to compare expression levels between WT 

JMJD5 and the variants. This allowed a comparison of endogenous and exogenous JMJD5 

protein levels, with the aim of identifying a doxycycline concentration sufficient for the close 

to physiological expression of exogenous JMJD5. Because of concerns about the instability of 

the cancer mutants (see above), we tested a range of doxycycline concentrations (0, 25, 100 and 

1000 ng/mL) for 72 hours (Figure 5A). For WT JMJD5 and H321A, we used 25 ng/mL 

doxycycline (based on previous results within the Coleman group). Although T354M was 

successfully expressed with 25 ng/mL of doxycycline, P395Q expression was minimal. 

However, at the highest dose used (1000 ng/mL), the P395Q variant was expressed at similar 

levels to endogenous JMJD5 (Figure 2.9). We note the presence of weak exogenous expression 



36 
 

in the WT, H321A and T354M samples not treated with doxycycline, which is probably a result 

of ‘leaky’ expression from the pTIPZ vector. There are a few potential explanations for this, 

one being the presence of fetal bovine serum (FBS) in the cell culture media that can contain 

residual tetracycline levels. Another possibility is the affinity of transcriptional activators to the 

tet operator which can result in low activation in the absence of tetracycline/doxycycline.  

 

Figure 2.9 Characterisation of stable A549 cell line expressing doxycycline-inducible 

FLAG-tagged JMJD5. 

A549 cells were treated with doxycycline at the indicated concentrations for 72 hours, lysed 

and blotted for FLAG, JMJD5 and Actin.*upper band - exogenous JMJD5, lower band – 

endogenous JMJD5.N=3 

 

We also wanted to evaluate the potential heterogeneity of the exogenous JMJD5 expression in 

our stable cell lines. Therefore, we carried out IF staining for FLAG-tagged JMJD5. The cells 

were treated with the indicated doses of doxycycline for 72 hours to induce the expression of 

WT or mutant JMJD5. EV cells were used to identify any background staining. We observed 

low levels of FLAG-JMJD5 in WT, H321A, and T354M cells in the absence of doxycycline, 

consistent with the Western blot results (Figure 2.10). There was no FLAG-JMJD5 P395Q 

expression detected at 25 ng/mL doxycycline, while the highest dose resulted in weak 

expression. 
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Figure 2.10 Representative immunofluorescence images of stable A549 cells. 

The cells were treated with an indicated dose of doxycycline together with no doxycycline 

controls for 72 hours, fixed and stained with DAPI and FLAG. Scale bars = 20µm 

 

2.2.4.3 JMJD5 knockdown-induced replication stress cannot be rescued by 

JMJD5 cancer mutants  

Once the doxycycline-inducible pTIPZ system was established we tested whether exogenously 

expressed JMJD5 can rescue the RS phenotype induced by endogenous JMJD5 knockdown. 

The expression of JMJD5 variants was induced for 7 days followed by the siRNA knockdown 
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of endogenous JMJD5. The effect of JMJD5 WT and mutants on the RS profile was evaluated 

by measuring micronuclei and 53BP1 using IF staining. Successful endogenous JMJD5 

knockdown was confirmed by Western blotting (Figure 2.11A). As expected, the analyses 

indicated that WT JMJD5 is able to rescue the formation of both micronuclei (Figure 2.11B) 

and 53BP1 bodies (Figure 2.11C) induced by endogenous JMJD5 knockdown demonstrated by 

the significant decrease in the percentage of cells with micronuclei or 53BP1 bodies when 

compared to EV. Importantly, H321A failed to rescue the RS phenotype, consistent with prior 

observations that the potential role of JMJD5 in replication fidelity is activity-dependent. 

Notably, and consistent with the lack of hydroxylase activity of P395Q and T354M described 

above, the re-expression of neither P395Q nor T354M variants could rescue the RS phenotype. 

Collectively, the data suggests that JMJD5 activity is important for maintaining replication 

fidelity and that this function can be compromised by mutations identified in tumours.   
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Figure 2.11 JMJD5 knockdown-induced replication stress can be rescued by exogenously 

expressed JMJD5 but not the characterised mutants. 

pTIPZ EV, WT JMJD5, or JMJD5 mutant cells were transfected with the indicated siRNA for 

72 hours before the cells were harvested and stained A. Western blot evaluation of JMJD5 

expression (N=3). Actin as a loading control. B. and C. Cells expressing WT JMJD5, but not 

the JMJD5 mutants, were able to rescue (B) micronuclei and (C) 53BP1 bodies. For 

micronuclei above 500 cells were counted and for 53BP1 bodies above 250 cells in the G1 

phase were counted. Data represent mean ± SEM from four independent biological 

experiments. Statistical analyses used one-way ANOVA with Bonferroni’s post hoc test [with p-

value ≤ 0.05(*), ≤0.01 (**), ≤0.001 (***) and ≥0.05 (ns))].  
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2.2.5 Generation of JMJD5 reconstitution system in HCA-7 cell line 

The research presented above focused on investigating selected JMJD5 cancer mutations by re-

expressing them in JMJD5 WT tumour cells following knockdown. To take an orthogonal 

approach, we were motivated to study tumour cell lines with endogenous JMJD5 mutations. 

The HCA-7 colon adenocarcinoma cell line was identified as carrying a heterozygous T354M 

JMJD5 missense mutation following analysis of the CBioPortal database by the Coleman group 

(Dr Sally Fletcher, personal communication). 

Before undertaking extensive RS analysis in the HCA-7 cells we wanted to validate the 

presence of the T354M missense mutation. Therefore, genomic DNA was purified and gene 

regions surrounding the T354M mutation were amplified via PCR and analysed using Sanger 

sequencing. The presence of the T354M point mutation was identified on the sequencing 

chromatograms by the overlap of a red peak corresponding to thymine, with a blue peak 

corresponding to cytosine at the 1032-1035 position (Figure 2.12). Two overlapping peaks 

indicate heterozygosity of the alleles. Moreover,  the peaks have similar intensities which may 

indicate that two alleles are present in equal amounts. Therefore, our analysis indicated that 

there is at least one copy of the JMJD5 gene that is mutated however, we did not know how 

many copies of WT JMJD5 gene are present as the chromatogram did not show an exact 1:1 

ratio of thymine to cytosine. 
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Figure 2.12 Generation of JMJD5 reconstitution system in HCA-7 cell line. 

Genomic DNA was isolated and analysed by sequencing at position 1032-1035 in HCA-7 cells. 

The blue peak corresponds to cytosine and the red peak represents thymine. 

Earlier, we demonstrated that the T354M variant was significantly less active than WT JMJD5. 

Moreover, we have also observed that exogenous re-expression of the T354M variant was not 

able to rescue the RS phenotype induced by endogenous JMJD5 loss.  To achieve this, we 

hypothesised that re-expressing WT JMJD5 may be able to reduce basal RS levels in these cells. 

Therefore, I generated a reconstitution system in HCA-7 cells with the same doxycycline-

inducible pTIPZ vectors (EV or WT JMJD5). To evaluate the levels of JMJD5 expression the 

cells were treated with various doses of doxycycline (Figure 2.13).  We concluded that 10  

ng/mL of doxycycline was able to induce the expression of WT JMJD5 above the endogenous 

levels and we decided to use that dose for our reconstitution experiments together with no 

doxycycline controls, which also provided ‘leaky’ expression to physiological levels. 
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Figure 2.13 Western blot evaluation of JMJD5 expression in HCA-7 cells. 

pTIPZ EV or WT JMJD5 cells were transfected with the indicated siRNA for 72 hours before 

the cells were harvested and blotted for JMJD5 and Actin. N=3 

 

2.2.6 The effect of exogenous expression of wild type JMJD5 on basal replication 

stress in HCA-7 cells  

 

After validation of the HCA-7 reconstitution system, we used it to explore if the exogenous 

expression of WT JMJD5 would affect basal RS in HCA-7 cells. Our results indicate that 

exogenous expression of WT JMJD5 does not significantly impact the amount of RS markers 

such as micronuclei (Figure 2.14A) and 53BP1 bodies (Figure 2.14B). Although there was a 

trend towards a modest JMJD5-dependent reduction in RS markers, this was not statistically 

significant. Therefore, we did not pursue this model further.    
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Figure 2.14 The effect of exogenous expression of WT JMJD5 on basal replication stress in 

HCA-7 cells. 

 A. and B. HCA-7 cells expressing exogenous WT JMJD5 did not have significantly different 

levels of (A) micronuclei and (B) 53BP1 bodies than cells transfected with EV control. Data 

represent mean ± SEM from four independent biological replicates. For micronuclei above 500 

cells were counted and for 53BP1 bodies above 250 cells in the G1 phase were counted.  

Statistical analyses used one-way ANOVA with Bonferroni’s post hoc test [≥0.05 (ns))]. C. 
Representative Western blot of HCA-7 pTIPZ JMJD5 rescue system with Actin loading control. 

N=3 
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2.3 Discussion  

In this chapter, we have characterised selected JMJD5 cancer mutations for structural and 

expression analysis as well as the effect on in vitro hydroxylation activity. We have shown that 

cancer variants impair JMJD5 expression, activity and function in GS. 

2.3.1 Are JMJD5 mutations damaging? 

Our structural analysis indicated that the T354M substitution might not significantly affect the 

structure of the catalytic domain, whereas P395Q is predicted to cause a high number of clashes 

with the backbones of other amino acids (Figure 2.6). However, it is important to note that these 

are predictions based on probability and modelling, and not a resolved structure which 

warranted functional characterisation of these mutations in cellular models. 

Our cell-based experiments indicated that there was reduced expression of P395Q (Figure 2.5), 

perhaps consistent with the structural analysis. Interestingly, there was a poor yield of the 

P395Q JMJD5 recombinant protein from bacteria when compared to WT JMJD5. Moreover, 

we noted the presence of probable cleavage products in the P395Q JMJD5 lanes of the 

Coomassie-stained gel (Figure 2.7). Together, these observations are consistent with the P395Q 

mutation affecting folding and stability. We also evaluated protein hydroxylation activity and 

discovered that the P395Q mutant lacks activity (Figure 2.7), which could be due to effects on 

folding because proline at position 395 is possibly a key structural residue, and its substitution 

with glutamine introduced clashes with surrounding residues, disrupting overall conformation 

and stability of the protein. Another possibility is that the P395Q mutation could block JMJD5 

enzymatic activity without causing major effects on overall folding or stability by interfering 

with cofactor binding or the active site configuration.      

Although the T354M variant impaired hydroxylation activity in vitro, and function in cells, it 

seems unlikely this was due to the kind of folding/stability issues proposed for P395Q as the 

T354M mutant did not exhibit significant differences in overall protein stability compared to 
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the WT. This suggests that T354M might influence enzyme function through mechanisms like 

altered cofactor binding. The substitution of threonine with methionine could affect electrostatic 

properties that influence the binding or positioning of essential cofactors like Fe(II) or 2OG, 

disrupting effective cofactor interaction and leading to reduced enzymatic activity. Moreover, 

T354 might be involved in maintaining the correct conformation of the region necessary for 

substrate binding. As such, the substitution could cause changes in the local protein structure 

or dynamics, affecting the alignment or accessibility of the active site. Therefore, a full-length 

structure could help identify if the mutation affects inter-domain interactions or overall protein 

architecture. 

Although these results are potentially interesting, there are a few limitations that should be 

considered. Firstly, we do not know whether these mutations impact JMJD5 hydroxylase 

activity in cells. However, this line of investigation is currently not possible as a physiologically 

relevant JMJD5 substrate has not yet been identified (discussed in more detail in Chapter 4). 

Our evaluation of the effect of cancer mutations on JMJD5 hydroxylase activity is therefore 

currently limited to an in vitro hydroxylation assay with a short synthetic substrate peptide. 

Overall, our data indicate that JMJD5 mutations might have functional consequences in cells, 

contributing to cancer, therefore it prompts further investigation of other JMJD5 mutations. 

Collectively, our current data suggests that the selected JMJD5 cancer mutations studied here 

are loss of function mutations, which may support the importance of JMJD5 as a tumour 

suppressor rather than an oncogene. Further investigations into the downstream effects of 

JMJD5 mutations on cellular pathways and tumour phenotypes are warranted to uncover 

potential therapeutic targets for cancer treatment.  
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2.3.2 JMJD5 is essential for maintaining genome stability and is inactivated in 

cancer 

Fletcher et al. (2023) showed that JMJD5 mutations present in affected patients result in a 

human developmental disorder that is associated with increased RS. Moreover, the Coleman 

group has unpublished evidence that JMJD5 may be important in replication fidelity in U2OS 

osteosarcoma cells and HeLa cervical cancer cells (Sally Fletcher – personal communication). 

As part of this project, we wanted to expand on this work by choosing an additional model. We 

have presented that JMJD5 knockdown leads to increased RS in A549 cells as indicated by the 

increase in micronuclei and 53BP1 bodies (Figure 2.8). Our work presented in this thesis helps 

to demonstrate that the potential role of JMJD5 in replication fidelity is not restricted to a single 

cell type or disease.  

We used the A549 model to evaluate whether the role of JMJD5 in GS is functionally 

inactivated by cancer variants. Our data suggests that the re-expression of WT JMJD5 is able 

to fully rescue the RS phenotype induced by endogenous JMJD5 knockdown (Figure 2.11). In 

contrast, the re-expression of P395Q and T354M cancer mutants did not result in the rescue of 

either micronuclei or 53BP1 body formation. This data indicates that cancer variants inactivate 

the function of JMJD5 in genome stability and possibly replication fidelity. 

One interesting line for further research would be to explore the importance of JMJD5 in other 

cancer types. This could support the identification of specific cancer types that might be 

particularly sensitive to  JMJD5 targeted therapy. Similar to strategies targeting replication 

factors (Gu et al., 2023), targeting JMJD5 could potentially sensitise selected types of cancers 

to DNA-damaging agents. This approach could selectively target tumour cells over normal 

cells, which typically exhibit lower levels of RS, and lead to the development of novel 

combination therapies that involve JMJD5 inhibitors (discussed further in Chapter 4). 
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One limitation of our RS analysis is that we have only measured in-direct markers (micronuclei 

and 53BP1 bodies). A more direct method of measuring RS is the DNA fibre analysis, which 

allows the progression of DNA replication to be monitored. This assay is based on incorporation 

of halogenated thymidine nucleotide analogues into replicating DNA in cells that can be further 

visualised using immunofluorescence. It allows the identification of different fibre structures 

and quantification of stalled forks as well as fork asymmetry which are both key markers of 

RS. It will be interesting to investigate the role of JMJD5 in tumour cell replication using such 

assays in the future. During the course of this project, DNA fibre analysis was initiated using 

A549 cells, and representative images of the fibre structures are presented in Figure 2.15. 

However, due to time constraints, it was not possible to obtain a sufficient amount of data to 

draw definitive conclusions. This aspect of the study will be pursued further in future. 

 

Figure 2.15 The representative images of DNA fibres in control and JMJD5 knockdown 

A549 cells. 

Another techniques that assess the RS should be used such as quantification of RPA foci or 

bromodeoxyuridine (BrdU) incorporation for foci and/or cell cycle FACS analysis. As 

mentioned in the introduction, RPA is a ssDNA-binding protein that stabilizes ssDNA at 

replication forks (Fanning et al., 2006). Increased or persistent RPA foci indicate an 

accumulation of ssDNA suggesting unresolved RS (Saxena and Zou, 2022). The exposure of 

ssDNA can also be detected by BrdU staining (Saxena and Zou, 2022). BrdU is a synthetic 
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thymidine analog that is incorporated into DNA in place of thymidine during DNA replication 

(Yu, Wang and Wang, 2022). The presence of  BrdU foci indicates the locations of active DNA 

replication. As such, a reduction or abnormal distribution of foci indicates RS, as replication 

forks may stall or collapse. In FACS analysis, BrdU incorporation identifies S-phase cells (Yu, 

Wang and Wang, 2022). Combined with DNA content staining with propidium iodide (PI), it 

reveals whether replication is slowed, stalled, or blocked in response to stress. 

2.3.3 Model to study endogenous JMJD5 cancer mutations 

We identified HCA-7 cells as a cancer cell line that harbours a JMJD5 mutation (T354M) that 

we had previously shown was enzymatically and functionally inactivating. To validate the 

relevance of using this cell line for studying the effects of JMJD5 mutations in cancer, we first 

carried out genomic DNA sequencing to confirm the presence of the T354M mutation (Figure 

2.12). The presence of both WT and mutant alleles raises questions about JMJD5 function in 

such contexts. If the mutation is heterozygous, it is possible that the WT allele can compensate 

for the mutant allele, mitigating the impact of the JMJD5 T354M mutation. This might be one 

potential explanation for why we did not observe a significant impact of re-expressing WT 

JMJD5 on basal RS markers in these cells (Figure 2.14). An alternative explanation could be 

that multiple other mutations in different genes could be contributing to basal RS in these cells. 

Interestingly, HCA-7 cells are reported to have a frameshift mutation in the p53 gene (Liu and 

Bodmer, 2006) which may result in the loss of p53 function and influence the cellular responses 

including RS to WT JMJD5. 

Another approach to model endogenous JMJD5 cancer mutations could be via CRISPR-based 

techniques in JMJD5 WT cells. Employing a CRISPR-based approach would provide a 

‘cleaner’ genetic context in which to study the effects of JMJD5 mutations. This technique 

would allow for the controlled introduction of specific mutations and enable us to specifically 

test the importance of heterozygosity. 
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2.3.4 Chapter conclusions 

In conclusion, the data described in this chapter suggest that JMJD5 mutations found in cancer 

could have a functional effect on RS and genome stability in tumour cells. Other factors 

involved in related biology are attracting attention as novel drug targets in cancer, including in 

combination with DNA-damaging agents or DDR inhibitors. In the next chapter, we explore 

the consequences of JMJD5 loss in the context of such treatments.  
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Chapter 3: JMJD5 loss of function 

sensitises tumour cells to DNA damage 

response inhibitors 
3.1 Introduction  

In chapter 2 we showed that JMJD5 enzymatic activity is essential for genomic stability and 

possibly replication fidelity in cancer cell lines. Interestingly, this phenotype was not limited to 

a single cell line but extended to different cell lines derived from various tumour types. This 

opens the possibility that targeting JMJD5 could potentially sensitise a variety of tumour types 

to DNA-damaging anticancer agents by potentiating the RS phenotype, resulting in DNA 

damage and cell death. Here in this chapter, I investigate this possibility in more detail. First, I 

provide an overview of DNA damage response pathways and the anticancer agents that target 

them. 

3.1.2 DNA damage responses (DDR) 

DNA repair is essential for genome stability because it corrects errors and damage in the DNA, 

preventing mutations that can lead to cancer and other diseases. There are different types of 

DNA damage and mechanisms that have evolved to repair them. Single-strand breaks (SSBs) 

occur in one of two DNA strands and are usually repaired by base excision repair (BER)/SSBR 

(Tasaki et al., 2018). In addition, there are other types of DNA damage such as base 

modifications, pyrimidine dimers, DNA crosslinks or bulky adducts.  DSBs involve both DNA 

strands and are extremely cytotoxic. Failure to repair them is a major factor contributing to 

genome instability. DSBs are repaired either via HR or non-homologous end joining (NHEJ)  

(Tasaki et al., 2018). Although HR is the primary choice of repair for DSBs, it is only active in 

the S and G2 phases of the cell cycle. It uses a homologous DNA template to ensure accurate 
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repair (Wright et al., 2018). In contrast, NHEJ provides faster DNA repair during every stage 

of the cell cycle but is more error-prone (Pannunzio et al., 2018).  

 

Figure 3.1 DNA repair mechanisms. 

Base excision repair (BER) is a DNA repair mechanism responsible for removing and replacing 

damaged bases. Nucleotide excision repair (NER) addresses bulky adducts and cross-linking 

lesions caused by UV radiation or chemical exposure. The mismatch repair (MMR) pathway 

corrects base mismatches and insertion-deletion loops that occur during replication. Single-

strand breaks are primarily repaired by  BER/SSBR. Double-strand breaks (DSBs) in DNA are 

repaired through two main pathways: HR and NHEJ. Figure adapted from Tasaki et al., 2018.  

Among the various factors involved in DNA repair, the ATM gene is particularly important in 

the DDR. It encodes for a serine/threonine kinase that plays an essential role in the DNA damage 

response. Specifically, ATM responds to DNA DSBs by activating cellular pathways leading to 

cell cycle arrest and DNA repair (Choi, Kipps and Kurzrock, 2016). Mutations in ATM result 

in a rare, childhood autosomal recessive disorder mainly characterised by cerebellar 

impairment, weakened immune system, presence of telangiectasia, radiosensitivity and 

increased risk of cancer (McKinnon, 2004). Germline mutations in ATM are present in around 
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1% of the population and correlate with increased cancer predisposition, particularly breast, 

pancreatic, lung, thyroid, and prostate cancers (Choi, Kipps and Kurzrock, 2016). ATM 

mutations are present in a variety of tumours with the highest prevalence of around 40% in 

mantle cell lymphoma, ~ 18% in colorectal cancers and ~10% in lung and prostate cancers 

(Choi, Kipps and Kurzrock, 2016).  

In the event of DNA damage, ATM is recruited to DSBs by the MRN complex (consisting of 

MRE11-NBS1-RAD50), resulting in ATM autophosphorylation and phosphorylation-mediated 

activation of a range of downstream targets including p53, checkpoint kinase 2 (Chk2), BRCA1, 

KAP1, RAD50, SMC1, MDC1, and H2AX (Riches et al., 2020). This leads to cell cycle arrest 

and DNA repair or apoptosis. An overview of the mechanism of action of ATM is presented in 

Figure 3.2. 

 

Figure 3.2 The mechanism by which ATM contributes to the HR pathway. 

ATM contributes to the homologous recombination (HR) pathway by being recruited to sites of 

DNA double-strand breaks (DSBs) detected by the MRE11–RAD50–NBS1 (MRN) complex. 

Upon recruitment, ATM is activated through autophosphorylation and subsequently 
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phosphorylates and activates several key proteins, including MDC1, histone H2AX (γH2AX), 

BRCA1/2, checkpoint kinase 2 (Chk2), p53, and KRAB-associated protein 1 (KAP1). This 

activation cascade leads to cell cycle arrest, chromatin relaxation, and DNA repair. If the 

damage is irreparable, it results in prolonged cell cycle arrest and apoptosis. Taken from Choi, 

Kipps and Kurzrock 2016.  

In addition to the ATM, the ATR also plays a critical role in DDR. The ATR serine/threonine 

kinase is a member of the phosphatidylinositol-3-kinase-like kinase family (PIKKs) and is the 

main kinase that responds to single-stranded DNA associated with stalled replication forks 

(Saldivar, Cortez and Cimprich, 2017). ATR activation leads to the phosphorylation of the 

effector kinase checkpoint kinase 1 (Chk1), which results in G2/M checkpoint arrest, 

stabilization of replication forks for successful DNA replication, and DNA repair. ATR also 

plays a role in DSB repair by working together with ATM to coordinate the detection and 

signalling processes, as well as facilitating HR and checkpoint activation. The cross-talk 

between these two pathways ensures efficient and robust DNA repair (Marechal and Zou, 2013). 

ATR is essential for cell survival and its deletion results in embryonic lethality in mice. As such, 

complete loss of ATR function is very rare in cancer (Marechal and Zou, 2013). 

3.1.3 Synthetic lethality in DDR biology 

The DDR is an essential process in maintaining genomic stability and preventing 

carcinogenesis. As such, dysregulation of this process is one of the hallmarks of cancer. Due to 

existing mutations in the cancer cells, they often rely on certain DDR pathways that 

compromise alternative repair mechanisms creating a vulnerability that can be exploited 

therapeutically. Therefore, targeting DDR pathways aims to exacerbate genomic instability in 

tumour cells, pushing them towards unsustainable levels of damage and eventually death. The 

discovery that BRCA1/2-deficient cancer cells are sensitive to poly-ADP ribose polymerase 

(PARP) inhibition was a major advance in this area (Bryant et al., 2005). Such an interaction, 

where mutation/inhibition of one gene is compatible with cell survival, but simultaneous 
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inhibition of other complementary pathways is lethal, has been named ‘synthetic lethality’ 

(Topatana et al., 2020). 

PARP inhibitors are clinically approved for tumours with HR deficiency which includes breast, 

ovarian and prostate cancers. The list of approved PARP inhibitors for cancer therapy is outlined 

in Table 3.1. In the event of DNA damage, PARP is involved in the repair of SSBs whereas 

BRCA1/2 plays a key role in promoting the repair of DSBs by HR. 

Table 3.1 List of clinically approved PARP inhibitors and their indications. 

Adapted from Zheng et al., 2020. 

 

 

There are a few suggested mechanisms of action of PARP inhibitors. Originally it was proposed 

that in the context of PARP inhibition, unrepaired SSBs are converted to DSBs during DNA 
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replication, which are normally repaired in the process of HR in BRCA1/2 proficient cells. 

However, in cells with BRCA deficiency, DNA damage cannot be repaired efficiently, which 

leads to cell death (Livraghi et al., 2015). More recent evidence suggests that the mechanism of 

action of PARP inhibitors is based on PARP trapping where PARP is trapped on the DNA due 

to the inability to auto-PARylate, which leads to replication fork collapse and the introduction 

of DSBs (Rose et al., 2020). Different PARP inhibitors exhibit varying efficacies in PARP 

trapping which influences their therapeutic outcomes. Talazoparib for example has strong PARP 

trapping capabilities, making it highly effective in inducing synthetic lethality in BRCA-

mutated cells. In contrast, Olaparib exhibits moderate trapping efficiency (Hopkins et al., 2019). 

These differences are attributed to variations in the molecular structure of the inhibitors, which 

affect their binding affinity and ability to stabilize the PARP-DNA complex (Hopkins et al., 

2019). 

The development of therapies based on the concept of synthetic lethality opened up a new era 

of targeted cancer therapies as they are one of the most effective anti-cancer treatments 

approved in the last decade. Indeed, it was soon discovered that synthetically lethal interactions 

are not limited to BRCA and PARP inhibitors, but further extend to other proteins playing a 

significant role in the DDR, such as ATM and ATR kinases. 

Deficiency in ATM function leads to genomic instability due to loss of DSB repair, rendering 

the cell dependent on other repair pathways. Since persistent unrepaired SSBs can be converted 

to DSBs, which cannot be repaired effectively in ATM-deficient cells, targeting SSB repair has 

been evaluated in ATM-deficient tumours. A number of in vitro studies have shown that ATM 

deficiency sensitises cells to PARP inhibitors in mantle cell lymphoma (Williamson et al., 2010) 

and pancreatic (Perkrofer et al., 2017), colorectal (Wang et al., 2017) and lung tumour cells 

(Jette et al., 2019). Furthermore, sensitivity to PARP inhibitors is enhanced when there is also 

loss or mutation in TP53 in ATM-deficient mantle cell lymphoma (Williamson et al., 2012) and 
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gastric cancer (Kubota et al., 2014). In the last few years, ATR inhibitors were also developed 

as a potential therapy for ATM-deficient cancers, due to the role of ATR in RS (Choi, Kipps and 

Kurzrock, 2016; Min et al., 2017). 

In ATM-deficient cancer cells, pharmacological inhibition of ATR was shown to induce 

synthetic lethality in vitro as well as in vivo in mouse xenograft models (Vendetti et al., 2015; 

Wallez et al., 2018). Moreover, ATR inhibition also synergised with PARP inhibitors and 

resulted in a superior effect on ATM-deficient cancer cells in preclinical studies (Rafiei et al., 

2020; Lloyd et al., 2020). Four ATR inhibitors: AZD6738- Ceralasertib, M6620 (VX-970), 

BAY1895344 and M4344 (VX-803) have progressed into phase I clinical trials and 

demonstrated promising responses in various solid tumours with phase II trials still ongoing. 

3.1.4 JMJD5 as a potential target  

In the previous chapter, we presented data supporting a critical role for JMJD5 in maintaining 

GS. Overall, the existing research suggests that JMJD5 may have a role in replication fidelity 

and/or the DDR, which might suggest that JMJD5 is a potential target for anticancer treatment.  

Interestingly, a recently published genome-wide CRISPR dropout screen using three different 

cancer cell models identified a synthetic lethal interaction between JMJD5 and Olaparib, a 

PARP inhibitor (Zimmermann et al., 2018). Interestingly, this is the first time such a functional 

interaction has been described for 2OG-oxygenases. Furthermore, in subsequent 

CRISPR screens, JMJD5 was identified as a possible lethal interaction with ATM inhibition (Dr 

Nicholas Davies and Professor Tanja Stankovic, personal communication). Therefore, in this 

chapter, we have aimed to investigate the synergistic interactions of JMJD5 loss of function 

models with DDR proteins in terms of RS phenotype, cell cycle and cell viability. This research 

aimed to study how JMJD5 loss influences cellular responses to DNA-damaging agents and 

other chemotherapeutics, and whether these interactions could be exploited to target tumour 

cells. 
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3.2 Results  

3.2.1 JMJD5 knockdown sensitises A549 cells to ATM, ATR and PARP inhibitors 

As JMJD5 is overexpressed in a variety of cancers and is often associated with poor prognosis, 

we were interested in investigating if JMJD5 may be a useful clinical target. As mentioned 

above, JMJD5 was identified in a CRISPR screen to have a possible lethal interaction with 

ATM inhibition. Therefore, we were interested to see if the downregulation of JMJD5 affects 

the sensitivity of cells to ATM inhibitors. To do that we have selected the ATM inhibitor 

AZD0156, which is a potent and selective bioavailable ATM inhibitor currently being evaluated 

in phase I trial (NCT02588105) for advanced solid tumours.  

We chose to perform a colony survival assay, which is a gold standard for evaluating the effect 

of ionizing radiation on cancer cells in vitro and can also be used for measuring the effect of 

cytotoxic agents in vitro. Therefore, A549 cells were transfected with siControl or JMJD5 

targeting siRNA and after 72 hours were treated with ATM inhibitor at different concentrations 

for 24 hours. After 24 hours the media was changed, and cells were left to form colonies for 8 

days. The surviving fraction was calculated based on the plating efficiency of the treated cells 

compared to the plating efficiency of the control cells (either siControl or siJMJD5 cells).  

Importantly, JMJD5 knockdown sensitised A549 cells to ATM inhibition (Figure 3.3A).  

We therefore hypothesised that a similar synergistic effect might be observed with ATR 

inhibitors, as both ATM and ATR are key regulators of the DDR, albeit with distinct roles. We 

chose Ceralaserib, which is a selective ATR inhibitor that is currently being tested in various 

phase I and II trials alone or in combination with other therapies for solid cancers (Dillon et al. 

2024). Interestingly, colony formation assay indicated that JMJD5 knockdown also sensitises 

cells to ATR inhibitor treatment (Figure 3.3B). 

As mentioned above, Zimmermann et al. published the results of a genome-wide CRISPR 

dropout screen which identified a synthetic lethal interaction between JMJD5 and Olaparib, a 
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PARP inhibitor (Zimmermann et al., 2018). Based on the synthetic lethal interaction identified 

we hypothesize that the knockdown of JMJD5, in combination with PARP inhibition, will also 

result in enhanced cytotoxicity in cancer cells. To explore this, we have used Talazoparib, which 

is a more potent PARP inhibitor than Olaparib, primarily due to its superior ability to trap 

PARP1 on DNA, leading to more effective prevention of DNA repair and greater accumulation 

of DNA damage. We found that JMJD5 knockdown sensitised cells to PARP inhibitor treatment 

at 0.1µM (Figure 3.3C). We have also noted that cells with JMJD5 knockdown have a 

significantly reduced ability to form colonies when compared to siControl cells, even in the 

absence of DDR inhibitors, demonstrated by the decreased plating efficiency (Figure 3.3D). 

Overall, this data suggests that JMJD5 knockdown sensitises A549 cells to ATM, ATR and 

PARP inhibitors.  
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Figure 3.3 JMJD5 knockdown sensitises A549 cells to ATM, ATR and PARP inhibitors. 

Colony survival assay of cells treated with inhibitor at indicated concentrations for 24 hours. 

JMJD5 knockdown sensitises A549 cells to A. ATM inhibitor AZD0156 B. ATR inhibitor 

Ceralasertib and C. PARP inhibitor Talazoparib. Data presents mean ± SEM of results from 

three independent biological experiments performed in triplicate. Statistical analyses used 

unpaired t-test [with p-value ≤ 0.05 (*)]. D. Percentage of plating efficiency from three 

independent experiments with six replicates represented by mean ± SEM.  

 



60 
 

3.2.2  Both ATM and ATR inhibitors potentiate JMJD5 knockdown-induced 

replication stress in A549 cells. 

In Chapter 2 (Figures 2.8 and 2.11) we demonstrated that JMJD5 knockdown induces RS, as 

indicated by the increased frequency of cells with micronuclei and 53BP1 bodies, and that this 

phenotype is dependent on JMJD5 enzymatic activity. In light of the results above, I was 

interested in exploring this RS phenotype following treatment with ATM and ATR inhibitors. 

To do so, I transfected A549 cells with siRNA and after 72 hours treated them with 1µM ATM 

or ATR inhibitor for 24 hours. I then evaluated the JMJD5 knockdown efficiency and JMJD5 

protein levels in the cells by Western blot (Figure 3.4A). IF staining was carried out to quantify 

the previously used RS markers, micronuclei and 53BP1 bodies. Interestingly, treatment with 

either ATM or ATR inhibitor significantly increased the percentage of cells with micronuclei in 

both siControl and knockdown cells when compared to untreated cells. However, this increase 

was significantly higher in the JMJD5 knockdown cells when compared to the treated control 

for both inhibitors used (Figure 3.4B). Strikingly, there was a large increase in 53BP1 bodies 

and 53BP1 foci after ATR inhibitor treatment (Figure 3.4C bottom panels), with a statistically 

significant increase in the number of 53BP1 bodies per cell in the JMJD5 knockdown group 

(Figure 3.4D). Interestingly, there were no 53BP1 bodies present after ATM inhibitor treatment, 

which is consistent with previous findings indicating that ATM is necessary for the formation 

of 53BP1 bodies (Figure 3.4C) (Harrigan et al. 2011; Fernandez-Vidal, Vignard and Mirey, 

2017). 
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Figure 3.4 The effect of ATM and ATR inhibitors on the replication stress phenotype in 

A549 cells following JMJD5 knockdown. 
A. Representative Western blot to check JMJD5 knockdown efficiency. N=3 B. Percentage of cells 

that contained any micronuclei. Data represent mean ± SEM from three independent biological 

replicates. Statistical analyses used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 

(*)].  C. Immunofluorescence images of A549 cells. Cells were transfected and after 72 hours 

treated with 1µM of either ATM or ATR inhibitor for 24 hours. Afterwards, the cells were harvested, 

fixed and stained for DAPI (blue), 53BP1 (green) and CENPF (red). Scale bars = 20µm. D. The 

number of 53BP1 bodies per cell in cells treated with Ceralaserib. The red line indicates the median 

siControl=2 and siJMJD5=3. Data represent three independent replicates. Statistical analyses used 

a non-parametric Kruskal–Wallis rank sum test with Dunn’s correction (with p-value ≤0.0001 

(****)). 
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3.2.3. The effect of ATM inhibitor AZD0156 on cell cycle and apoptosis in A549 

cells with JMJD5 knockdown. 

In the section above we presented that JMJD5 knockdown increases the sensitivity and RS 

phenotypes induced by ATM or ATR inhibition in A549 cells. We next wanted to explore this 

synergy further by characterising the effect of the treatments on cell cycle and apoptosis. 

To determine the cell cycle phase we used the well-established propidium iodide (PI) assay. 

Because propidium iodide binds non-specifically to nucleic acid, it can be used to monitor the 

DNA content of cells (Shen, Vignali and Wang, 2017). Cell cycle analysis using PI also detects 

cells in sub-G1, which indicates DNA content below the normal diploid amount and can be a 

marker of cell death. However, sub-G1 analysis alone is limited because it only detects dead 

cells without providing information on the mechanisms of cell death. Therefore, specific 

methods are needed to detect different types of cell death. Since we were interested in whether 

JMJD5 inhibition combined with DDR inhibitors causes apoptosis, we used an Annexin V 

assay. This method is based on the changes in plasma membrane asymmetry that occur during 

apoptosis, where the loss of plasma membrane integrity is one of the earliest signs (Banfalvi, 

2017). Specifically, phosphatidylserine (PS), a membrane phospholipid, becomes exposed to 

the extracellular environment as it relocates from the inner to the outer layer of the plasma 

membrane (Banfalvi, 2017). This exposure facilitates the binding of Annexin V, a Ca2+-

dependent phospholipid-binding protein, which has a strong affinity for PS. Therefore, cells 

that exhibit positive annexin V staining can be classified as early apoptotic. To visualise and 

quantify apoptotic cells, Annexin V is combined with a fluorescent dye such as phycoerythrin 

(PE). To differentiate between apoptotic and dead cells, staining is combined with other dyes 

such as 7-Amino-Actinomycin (7-AAD). 7-AAD selectively binds to the DNA of dead cells 

with permeable membranes, while it is excluded from viable cells (Banfalvi, 2017). 

Subsequently, the relevant signals can be analysed by flow cytometry.  
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To investigate the effect of ATM inhibitor on cell cycle and cell death, A549 cells were treated 

with 10µM of ATM inhibitor for 72 hours and cells were stained with either PI for cell cycle 

analysis or PE Annexin V and 7-AAD to detect apoptosis. The treatment with ATM inhibitor 

increased the sub-G1 population of both siControl and JMJD5 knockdown cells with a 

corresponding decrease in G1 cells (Figure 3.5A). However, there was no significant difference 

between the effect on the siControl versus JMJD5 knockdown cells at any stage of the cell cycle 

(Figure 3.5A). Moreover, ATM inhibitor caused A549 cell death indicated by a decrease in 

double negative (alive) cells and an increase in dead cells (double positive), for both treated 

samples (Figure 3.5B). However, there was no significant difference between the siControl and 

JMJD5 knockdown cells. 
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Figure 3.5 The effect of ATM inhibitor AZD0156 on JMJD5 knockdown A549 cells. 

The A549 cells were transfected with siRNA control or targeting JMJD5 and after 72 hours 

treated with 10uM of AZD0156 for 72 hours. The cells were stained with PI for cell cycle 

analysis (A) or with PE Annexin V and 7-AAD to measure apoptosis (B). Data presents mean ± 

SEM of results from three independent biological experiments performed in triplicate. 

Statistical analyses used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)].  
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3.2.4 The effect of ATR inhibitor Ceralasertib on cell cycle and apoptosis in A549 

cells with JMJD5 knockdown. 

As treatment with ATR inhibitor leads to increased cell sensitivity and increased RS in JMJD5 

knockdown cells, we also wanted to investigate the effects on cell cycle and apoptosis. Similarly 

to the effect of ATM inhibitor, the ATR inhibitor caused an increase in the sub-G1 population 

and a corresponding decrease in the G1 population of both siControl and JMJD5 knockdown 

cells. However, there was no significant difference between the effect on the siControl versus 

JMJD5 knockdown cells (Figure 3.6A). The apoptosis analysis showed a decrease in double 

negative population with an increase in Annexin V positive (indication of early apoptosis) and 

double positive (dead cells) of both siControl and JMJD5 knockdown cells (Figure 3.6B). 

However, there was no significant difference between the effect on the siControl versus JMJD5 

knockdown cells.  
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Figure 3.6 The effect of ATR inhibitor Ceralasertib on JMJD5 knockdown A549 cells. 

The A549 cells were transfected with siRNA control or targeting JMJD5 and after 72 hours 

treated with 10uM of Ceralasertib for 72 hours. The cells were stained with PI for cell cycle 

analysis (A) or with PE Annexin V and 7AAD to measure apoptosis (B). Data presents mean ± 

SEM of results from three independent biological experiments performed in triplicate. 

Statistical analyses used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)]. 
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3.2.5 The effect of ATM and ATR inhibitors on JMJD5 knockdown-induced 

replication stress in U2OS cells. 

We next wanted to evaluate if the effects observed above are limited to a specific cancer cell 

line or can extend to other tumour cells. This would give a more comprehensive insight into the 

potential role of JMJD5 in cancer and its potential as a therapeutic target. It was previously 

shown in the Coleman group that JMJD5 knockdown leads to increased RS markers in U2OS 

cells (personal communication), making the cell line a suitable model to study for the validation 

of our hypothesis. 

First, we investigated the effect of ATM or ATR inhibitor treatment in JMJD5 knockdown 

U2OS cells. We transfected U2OS cells with siRNA and after 72 hours treated them with 1µM 

of either ATM or ATR inhibitor for 24 hours, then evaluated JMJD5 knockdown efficiency by 

Western blot (Figure 3.7A). Treatment with 1µM ATM inhibitor did not cause an additional 

increase in the number of micronuclei in siControl or JMJD5 knockdown cells (Figure 3.7B). 

Treatment with ATR inhibitor resulted in a substantial increase in the percentage of cells with 

micronuclei in both siControl and knockdown cells when compared to untreated cells. This 

increase was significantly higher in the JMJD5 knockdown cells when compared to the treated 

siControl (Figure 3.7B). Similar to the data in A549 cells, there were no 53BP1 bodies present 

after ATM inhibitor treatment of both control and JMJD5 knockdown cells (Figure 3.7C). In 

contrast, there was a large increase in 53BP1 bodies and 53BP1 foci after ATR inhibitor 

treatment (Figure 3.7C). 
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Figure 3.7 The effect of ATM and ATR inhibitors on replication stress in U2OS cells 

following JMJD5 knockdown. 

Cells were transfected with siRNA and after 72 hours treated with 1µM of either ATM or ATR 

inhibitor for 24 hours. Afterwards, the cells were harvested, fixed and stained for DAPI (blue), 

53BP1 (green) and CENPF (red).  A. Representative Western blot to assess JMJD5 knockdown 

efficiency with actin used as a loading control. N=3 B. Percentage of cells that contained any 

micronuclei. Data represent mean ± SEM from three independent biological replicates. 

Statistical analyses used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)].  

C. Immunofluorescence images of U2OS cells. Scale bars = 20µm 
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3.2.6 Treatment with ATM inhibitor AZD0156 causes cell cycle perturbances and 

increased cell death in JMJD5 knockdown U2OS cells. 

After our RS markers analysis, we wanted to investigate the effect of ATM inhibitor on cell 

cycle and apoptosis in U2OS cells using the flow cytometry methods introduced above. The 

ATM inhibitor affected the cell cycle of both siControl and JMJD5 knockdown U2OS cells. 

Interestingly, there was a significantly higher increase in the sub-G1 population of the ATM 

inhibitor-treated JMJD5 knockdown cells compared to the treated siControl, with a 

corresponding significant decrease in the G1 population (Figure 3.8A). Moreover, treatment 

with ATM inhibitor caused a significant decrease in viable JMJD5 knockdown versus siControl 

cells and a corresponding increase in dead cells (Figure 3.8B). Overall, this data indicates that 

treatment with ATM inhibitor leads to cell cycle perturbances and increases cell death in JMJD5 

knockdown cells.  
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Figure 3.8 The effect of ATM inhibitor AZD0156 on cell cycle and apoptosis in JMJD5 

knockdown U2OS cells. 

The U2OS cells were transfected with siRNA control or targeting JMJD5 and after 72 hours 

treated with 10uM of AZD0156 for 72 hours. The cells were stained with PI for cell cycle 

analysis (A) or with PE Annexin V and 7AAD for apoptosis (B). Data presents mean ± SEM of 

results from three independent biological experiments. Statistical analyses used one-way 

ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)]. 
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3.2.7 Treatment with ATR inhibitor Ceralasertib causes cell cycle perturbances 

and increased cell death in JMJD5 knockdown U2OS cells. 

Having demonstrated the effect of ATM inhibitor in our U2OS JMJD5 knockdown model, we 

were next interested in whether these cells also show sensitivity to ATR inhibitor Ceralasertib. 

Therefore, we carried out cell cycle and apoptosis analyses, as above. Interestingly, and 

similarly to ATM inhibitor, treatment with ATR inhibitor caused a statistically significant 

increase in the sub-G1 population in JMJD5 knockdown cells compared to the treated siControl 

U2OS cells, with a corresponding decrease in the G1 population (Figure 3.9A). Moreover, the 

treatment caused a significant decrease in viable JMJD5 knockdown cells compared to the 

controls. Cells with JMJD5 loss also had a corresponding increase in dead cells (7-AAD 

positive and double positive) (Figure 3.9B). 
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Figure 3.9 The effect of ATR inhibitor Ceralasertib on cell cycle and apoptosis in JMJD5 

knockdown U2OS cells. 

The U2OS cells were transfected with siRNA control or targeting JMJD5 and after 72 hours 

treated with 10uM of Ceralasertib for 72 hours. The cells were stained with PI for cell cycle 

analysis (A) or with PE Annexin V and 7-AAD for apoptosis (B). Data presents mean ± SEM of 

results from three independent biological experiments. Statistical analyses used one-way 

ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)]. 
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3.2.8 PARP inhibitor Talazoparib potentiates JMJD5 knockdown-induced 

replication stress in A549 cells. 

In Figure 3.3C we showed that JMJD5 knockdown sensitised A549 cells to PARP inhibitor 

treatment demonstrated by an increase in cell death. We next decided to explore this phenotype 

further by analysing RS in both A549 and U2OS cells. 

We first looked at the previously used RS markers following the inhibitor treatment in JMJD5 

knockdown A549 cells. We transfected A549 cells with siRNA and after 72 hours treated them 

with 1µM of the PARP inhibitor Talazoparib for 24 hours. Interestingly, treatment with this 

inhibitor increased the percentage of cells with micronuclei and 53BP1 bodies in both control 

and knockdown cells when compared to untreated cells (Figure 3.10A and 3.10B). Moreover, 

this increase was significantly higher in the JMJD5 knockdown cells when compared to the 

treated siControl for both markers. 

To understand the molecular mechanisms underlying this enhanced RS, we wanted to analyse 

the levels and activation of key DDR pathway proteins. Therefore, we Western blotted protein 

extracts from cells and observed that JMJD5 knockdown in combination with 0.1µM of 

Talazoparib leads to a marked increase in p53 levels (Figure 3.10C). Moreover, our results 

demonstrate an increase in the levels of Chk2 and phospho-Chk2 protein under the same 

conditions. Interestingly, Mre11 appears to be increased in JMJD5 knockdown cells 

independent of PARP inhibitor treatment. Lastly, there is a marked increase in yH2AX levels 

in JMJD5 knockdown cells treated with PARP inhibitor. There was no effect on the levels of 

PARP, RCCD1 or RAD51. Given the marked increase in p53 expression in the JMJD5 

knockdown cells treated with 0.1µM of Talazoparib, and the known roles of p53 in regulating 

cell cycle arrest, DNA repair and apoptosis, we next decided to analyse cell cycle progression 

and apoptosis in these cells.  
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Figure 3.10 The effect of PARP inhibitor Talazoparib on the replication stress markers and 

protein levels in A549 cells following JMJD5 knockdown. 

The effect of Talazoparib on A. micronuclei and B. 53BP1 bodies. The A549 cells were 

transfected with siRNA targeting JMJD5 and after 72 hours the cells were treated with 0.1µM 

of Talazoparib for 24 hours. The cells were fixed and stained for DAPI to measure micronuclei 

(A) or 53BP1 to measure the bodies (B). Data represent mean ± SEM from three independent 

replicates. Statistical analyses used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 

0.05 (*)]. The remaining cells were lysed and protein extracts were prepared to blot for RS and 

DDR markers with actin used as a loading control, N=3 (C).  
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3.2.9 Treatment with PARP inhibitor Talazoparib causes cell cycle perturbances 

and increased cell death in JMJD5 knockdown A549 cells. 

To investigate the cellular effects of JMJD5 loss and PARP inhibition, we performed a cell cycle 

analysis. Interestingly, Talazoparib treatment caused a significantly increased sub-G1 

population in JMJD5 knockdown cells relative to siControl cells (Figure 3.11A). In addition, 

we observed a decrease in the G1 population of both siControl and JMJD5 knockdown cells 

with a significant decrease in JMJD5 knockdown cells (Figure 3.11A). Interestingly, inhibitor 

treatment also led to a significant accumulation of cells in the G2-M phase in JMJD5 

knockdown cells, consistent with an increase in DNA damage as shown by increased yH2AX 

expression. 

The apoptosis analysis showed that treatment with PARP inhibitor leads to a decrease in the 

double negative population, with an increase in early apoptotic cells and dead cells of both 

siControl and JMJD5 knockdown cells (Figure 3.11B). Notably, there was a significantly lower 

percentage of viable cells in the JMJD5 knockdown population compared to the siControl 

sample, as well as a significantly higher percentage of dead cells. 
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Figure 3.11 The effect of PARP inhibitor Talazoparib on JMJD5 knockdown A549 cells. 

The A549 cells were transfected with siRNA control or targeting JMJD5 and after 72 hours 

treated with 1uM of Talazoparib for 72 hours. The cells were stained with PI for cell cycle 

analysis (A) or with PE Annexin V and 7-AAD to measure apoptosis (B). Data presents mean ± 

SEM of results from three independent experiments performed in triplicate. Statistical analyses 

used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)]. 
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3.2.10 PARP inhibitor Talazoparib potentiates JMJD5 knockdown-induced 

replication stress in U2OS cells. 

In order to evaluate if the observed effects extend to other cancer cells, we also performed the 

same set of experiments in U2OS cells. We first analysed the previously used RS markers 

following inhibitor treatment in JMJD5 knockdown cells. We transfected U2OS cells with 

siRNA and after 72 hours treated them with 1µM of PARP inhibitor Talazoparib for 24 hours. 

Treatment with PARP inhibitor increased the percentage of cells with micronuclei and 53BP1 

bodies in both siControl and knockdown cells when compared to untreated cells (Figure 3.12A 

and 3.12B). Moreover, the increase in the number of micronuclei was significantly higher in 

the JMJD5 knockdown cells when compared to the treated siControl. However, there was no 

statistical difference between the number of 53BP1 bodies per cell in JMJD5 knockdown and 

siControl cells.  

Similar to our investigation in A549 cells, we wanted to study the molecular mechanisms 

underlying the effect of JMJD5 knockdown combined with PARP inhibition. Therefore, we 

analysed the levels of key proteins involved in DDR pathways (Figure 3.12C). Our Western 

blot results suggest that JMJD5 knockdown combined with PARP inhibition leads to an increase 

in phospho-Chk2 protein, as also observed in A549 cells. In contrast to A549, there were no 

significant differences in p53 levels after JMJD5 knockdown. We also did not observe any effect 

on the levels of PARP, RCCD1, Mre11 or yH2AX. Interestingly, we noted a marked increase 

in RAD51 levels in JMJD5 knockdown U2OS cells, independent of PARP inhibition (Figure 

3.12C), which we did not observe in A549 cells.  
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Figure 3.12 The effect of PARP inhibitor Talazoparib on the replication stress markers and 

protein levels in U2OS cells following JMJD5 knockdown. 

The effect of Talazoparib on A. micronuclei and B. 53BP1 bodies. The U2OS cells were 

transfected with siRNA targeting JMJD5 and after 72 hours the cells were treated with 0.1µM 

of Talazoparib for 24 hours. The cells were fixed and stained for DAPI to measure micronuclei 

(A) or 53BP1 to measure the bodies (B). Data represent mean ± SEM from three independent 

replicates. Statistical analyses used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 

0.05 (*)]. The remaining cells were lysed and protein extracts were prepared to blot for RS and 

DDR markers, N=3 (C). 



79 
 

3.2.11 JMJD5 knockdown causes increase in RAD51 expression in U2OS cells. 

In the previous section, we demonstrated that JMJD5 knockdown in U2OS cells leads to an 

increase in RAD51 protein level. An increase in protein levels observed via Western blot may 

result from increased transcription or other post-transcriptional regulation such as enhanced 

translation or reduced degradation. To explore this in more detail, we wanted to determine 

whether the observed increase in RAD51 protein is due to an upregulation at the mRNA level, 

suggesting transcriptional regulation. To do so,  we have performed quantitative PCR (qPCR) 

analysis. Interestingly, the qPCR result showed that RAD51 mRNA levels increased more than 

2 fold after JMJD5 knockdown (Figure 3.13A). Moreover, treatment with 0.1µM of PARP 

inhibitor did not alter the RAD51 expression caused by JMJD5 knockdown (Figure 3.13C).  We 

also measured the RAD51 mRNA levels after JMJD5 knockdown in A549 cells: Consistent 

with the Western blot results indicating no change in RAD51 protein levels (Figure 3.10 above), 

there was no significant difference in RAD51 expression in JMJD5 knockdown U2OS cells 

when compared to the siControl (Figure 3.13B). Therefore, the increase in RAD51 expression 

after JMJD5 knockdown appears to be a cancer cell type-specific event.  
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Figure 3.13 mRNA RAD51 expression in JMJD5 knockdown U2OS (A) and A549 cells (B). 

A. and B. The cells were transfected with siRNA targeting JMJD5 and collected after 72 hours 

for RNA extraction and cDNA preparation. C. The U2OS cells were transfected with siRNA 

targeting JMJD5 for 72 hours, treated with 0.1µM of Talazoparib for 24 hours and collected 

for RNA extraction and cDNA preparation. was quantified by qPCR relative to GAPDH as a 

house-keeping gene. Data represent mean ± SEM from three independent replicates. Statistical 

analyses used unpaired t-test with p-value ≤ 0.01 (**). 
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3.2.12 The effect of PARP inhibitor Talazoparib on cell cycle and apoptosis in 

U2OS cells with JMJD5 knockdown.  

In Figure 3.12 we showed an increase in micronuclei in JMJD5 knockdown U2OS cells treated 

with a PARP inhibitor. To investigate the potential consequences of this enhanced replication 

stress we examined cell cycle progression and apoptosis as previously for A549 cells. Treatment 

with Talazoparib led to an increase in the sub-G1 population (and a corresponding decrease in 

the G1 population) of siControl and JMJD5 knockdown cells (Figure 3.14A). However, there 

was no significant difference between the two knockdown groups, suggesting no additive effect 

of JMJD5 siRNA under these conditions. The apoptosis analysis showed a decrease in the 

double negative population, and an increase in annexin V positive (indication of early 

apoptosis) and double positive (dead cells) populations of both siControl and JMJD5 

knockdown cells following Talazoparib treatment (Figure 3.14B). However, as for the cell cycle 

analysis, there was no significant difference between the two knockdown groups. Although the 

cell cycle analysis with PI indicates that Talazoparib treatment may be associated with cell death 

(due to an increase in sub-G1 population), this was not observed with the Annexin V analysis. 

Although this requires further investigation, it might indicate that U2OS cells have escape 

mechanisms preventing cell death since the live cell numbers are comparable between all four 

populations.  
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Figure 3.14 The effect of PARP inhibitor Talazoparib on cell cycle and apoptosis in U2OS 

cells with JMJD5 knockdown. 

The U2OS cells were transfected with siRNA control or targeting JMJD5 and after 72 hours 

treated with 1uM of Talazoparib for 72 hours. The cells were stained with PI for cell cycle 

analysis (A) or with PE Annexin V and 7-AAD to measure apoptosis (B). Data presents mean ± 
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SEM of results from three independent experiments performed in triplicate. Statistical analyses 

used one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)]. 

 3.2.13 Generation of shRNA induced JMJD5 knockdown cell lines  

The work thus far was carried out using a single siRNA sequence to model JMJD5 loss. To 

address this limitation and to take an orthogonal approach, we decided to generate stable A549 

and U2OS cell lines expressing doxycycline-inducible short hairpin RNA (shRNA). Therefore, 

we obtained vectors containing two different shRNA sequences targeting JMJD5 (sh#1 and 

sh#3) and a non-targeting control shRNA sequence from TransOMIC. As the lentiviral vectors 

constitutively express puromycin resistance we were able to select the transduced cells. 

Additionally, doxycycline-inducible expression of green fluorescent protein (GFP) allows to 

visualise the cells that are expressing shRNA.  

Firstly, we wanted to investigate the efficiency of JMJD5 knockdown in these models. 

Therefore, following puromycin selection, A549 cells were incubated with 1 µg/mL 

doxycycline for up to 72 hours before first visualising green fluorescent protein (GFP) 

expression (Figure 3.15A). We found that the majority of cells expressed GFP (with the highest 

expression at 72 hours), although the level of expression was not completely homogenous 

across the population. Subsequently, we evaluated JMJD5 mRNA expression levels by 

quantitative PCR (qPCR). To calculate the knockdown efficiency, we normalised the values to 

a GAPDH control and calculated JMJD5 mRNA levels relative to a control shRNA sequence. 

We found that both sequences had a similar knockdown efficiency of around 40% (Figure 

3.15B). We also checked the JMJD5 protein knockdown efficiency with each shRNA by 

western blot and confirmed that both sequences sh#1 and sh#3 showed a strong reduction in 

JMJD5 protein levels in A549 cells (Figure 3.15C).  
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Figure 3.15 Validation of shRNA A549 model. 

A. Expression of green fluorescent protein (GFP) was analysed 72 hours after induction with 1 

µg/mL doxycycline. Images were acquired using an EVOS inverted microscope equipped with 

a 10x objective. Scale bars = 400µm B. Evaluation of JMJD5 mRNA levels after 72 hours of 

doxycycline-induced JMJD5 knockdown by qPCR. Data represent mean ± SEM from three 

independent replicates. Statistical significance was determined using one-way ANOVA with 

Tukey’s post hoc test [with p-value ≤ 0.001 (****)] C. Representative immunoblot validating 

knockdown of JMJD5 in stable A549 cell lines expressing doxycycline-inducible control 

(shControl) or JMJD5-targeting (shJMJD5 #1/#2) shRNAs. Cells were treated with 1 µg/mL 

doxycycline for 72 hours prior to immunoblotting. β-actin was used as a loading control. N=3 
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As we wanted to have two independent cell models to study the phenotypic effects of JMJD5 

loss we also generated the corresponding U2OS stable cell lines. Similarly to the A549 cell 

lines, we also evaluated the GFP expression (Figure 3.16A) as well as JMJD5 mRNA and 

protein levels. The knockdown efficiency of JMJD5 mRNA levels was around 50% for both 

sequences (Figure 3.16B). Western blot analysis indicated high efficiency of JMJD5 protein 

loss with sh3 showing the most significant loss of expression (Figure 3.16C). 
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Figure 3.16 Validation of shRNA U2OS model. 

A. Expression of green fluorescent protein (GFP) was analysed 72 hours after induction with 1 

µg/mL doxycycline. Images were acquired using an EVOS inverted microscope equipped with 

a 10x objective. Scale bars = 400µm B. Evaluation of JMJD5 mRNA levels following 72 hours 

by qPCR. Data represent mean ± SEM from three independent replicates. Statistical 

significance was determined using one-way ANOVA with Tukey’s post hoc test [with p-value ≤ 

0.001 (****)].C. Representative immunoblot validating knockdown of JMJD5 in stable A549 

cell lines expressing doxycycline-inducible control (shControl) or JMJD5-targeting (shJMJD5 

#1/#3) shRNAs. Cells were treated with 1 µg/mL doxycycline for 72 hours prior to 

immunoblotting (C) β-actin was used as a loading control. N=3 
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3.2.14 ShRNA-mediated JMJD5 knockdown increases replication stress in A549 

and U2OS models  

To further validate our JMJD5 loss-of-function shRNA models, I investigated 53BP1 bodies 

and micronuclei following knockdown. Consistent with the siRNA models, depletion of JMJD5 

using either shRNA sequence led to a statistically significant increase in cells positive for 

micronuclei and G1 cells containing 53BP1 bodies for both U2OS (Figure 3.17A and 3.17B) 

and A549 (Figure 3.17C and 3.17D). Confirming the anticipated replication stress phenotype 

in these models validated them as useful models for investigating the impact of JMJD5 loss on 

sensitivity to anticancer agents.  
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Figure 3.17 JMJD5 knockdown increases replication stress in shRNA A549 and U2OS cells. 

Cells were treated with 1µg/ml of doxycycline to induce expression of control shRNA control or 

shRNA sequences targeting JMJD5 for 72 hours. Loss of JMJD5 increases micronuclei 

formation in U2OS (C) and A549 (D) cell lines. B and D. Knockdown of JMJD5 in U2OS (B) 

and A549 (D) cell lines increases 53BP1 bodies. Data represent mean ± SEM from four 

independent replicates. Statistical analysis was performed using the one-way ANOVA with 

Tukey’s post hoc test where (p-value ≤ 0.05=*, ≤0.01 =**, ≤0.001=***). All experiments 

represent n=4 biological repeats. 



89 
 

3.2.15  JMJD5 knockdown sensitises shRNA U2OS and A549 cells to ATM, ATR 

and PARP inhibitors  

Earlier in this chapter we presented data indicating that siRNA-mediated JMJD5 knockdown 

leads to increased sensitivity to ATM, ATR and PARP inhibitors (Figure 3.3). We next aimed to 

determine whether these sensitivities were replicated in our new loss-of-function models. As an 

orthogonal assay to colony survival, we used 96-well cell viability assays, which enable more 

immediate and automated measurements. Combining these methodologies would allow us to 

validate and extend the siRNA-based findings, ensuring that the observed effects are not 

artifacts of off-target gene silencing and are reproducible across different experimental methods 

and cell lines.  

To this end, U2OS and A549 cells were incubated with 1µg/mL doxycycline for 72 hours to 

induce JMJD5 knockdown. Subsequently, they were treated with either ATM, ATR or PARP 

inhibitors in the presence of 1µg/mL doxycycline for 5 days. Cell viability was assessed using 

an MTS assay which utilises the detection of a coloured formazan product as a readout for the 

presence of viable cells. Consistent with results in the siRNA model (Figure 3.3), JMJD5 

shRNA knockdown with sh#3 led to statistically significant differences in cell survival 

compared to the control at 0.01µM and 0.1µM ATM inhibitor (Figure 3.18B, D). Knockdown 

with sh#1 only led to a significant difference at the higher dose of 0.1 µM. In the U2OS shRNA 

cell lines, knockdown using both JMJD5 targeting sequences led to statistically significant 

decreases in cell viability in response to ATM inhibitor at all doses tested (Figure 3.18A, C).  



90 
 

 

Figure 3.18 JMJD5 knockdown sensitises shRNA U2OS and A549 cells to ATM inhibitor 

AZD0156. 

U2OS (A) and A549 (B) cells were treated with 1µg/mL of doxycycline to induce shRNA 

expression resulting in JMJD5 knockdown and subsequently treated with 1µg/mL of 

doxycycline plus ATM inhibitors for 5 days. Cell viability was measured by MTS assay. Data 

represent mean ± SEM from three independent replicates with quadruplicate technical repeats. 

C and D. Statistical analysis was performed using the two-way ANOVA with Dunnett’s multiple 

comparisons test (p-value ≤ 0.05=*, ≤0.01 =**, ≤0.001=***). 

 

Similar to our results for ATM inhibitor, JMJD5 knockdown with either shRNA sequence in 

U2OS cells led to statistically significant increases in sensitivity to the ATR inhibitor 

Ceralasertib (Figure 3.19A, C).  Similarly, the knockdown of JMJD5 with sh#3 led to a 

statistically significant increase in sensitivity to Ceralasertib in A549 cells (Figure 3.19B, D). 



91 
 

However, the results for sh#1 are less clear in A549 cells, with statistical significance only 

achieved at 1µM. 

 

 

Figure 3.19 JMJD5 knockdown sensitises shRNA U2OS and A549 cells to ATR inhibitor 

Ceralasertib. 

U2OS and A549 cells were treated with 1µg/mL of doxycycline to induce shRNA expression 

resulting in JMJD5 knockdown and subsequently treated with 1µg/mL doxycycline plus 

inhibitors for 5 days. Cell viability was measured by MTS assay. Data represent mean ± SEM 

from three independent replicates with quadruplicate technical repeats. C and D. Statistical 

analysis was performed using the two-way ANOVA with Dunnett’s multiple comparisons test 

(p-value ≤ 0.05=*, ≤0.01 =**, ≤0.001=***). 

Interestingly, JMJD5 knockdown in U2OS cells also led to statistically significant increases in 

cell sensitivity across the dose range tested for the PARP inhibitor Talazoparib (Figure 3.20A, 
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C.). In A549 cells, JMJD5 knockdown only led to a statistically significant decrease in cell 

survival at 0.1µM Talazoparib (Figure 3.20B, D).  

Overall, our data from across two cell models and knockdown approaches confirms that loss of 

JMJD5 sensitises cancer cells to ATM, ATR and PARP inhibitors.  

 

Figure 3.20 JMJD5 knockdown sensitises shRNA U2OS and A549 cells to PARP inhibitor 

Talazoparib. 

U2OS and A549 cells were treated with 1µg/mL of doxycycline to induce shRNA expression 

resulting in JMJD5 knockdown and subsequently treated with 1µg/mL doxycycline plus 

inhibitors for 5 days. Cell viability was measured by MTS assay. Data represent mean ± SEM 

from three independent replicates with quadruplicate technical repeats. C. and D. Statistical 

analysis was performed using the two-way ANOVA with Dunnett’s multiple comparisons test 

(p-value ≤ 0.05=*, ≤0.01 =**, ≤0.001=***). 
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3.2.16 Knockdown of JMJD5 can sensitise the U2OS cells to a wide range of 

different anticancer drugs.  

While we were conducting the drug sensitivity experiments in JMJD5 knockdown models, an 

interesting report was published describing a set of CRISPR screens to discover genes involved 

in DNA damage responses (Olivieri et al., 2020). The authors performed their screens in an 

immortalised human retinal pigment epithelial RPE-1 cell line treated with a wide range of 

genotoxic agents (Olivieri et al., 2020). Their data indicated that JMJD5 knockdown can have 

both synergistic and resistance interactions with a variety of anticancer drugs (Figure 3.21). 

Interestingly, their CRISPR screen results showed that JMJD5 loss sensitises cells to a number 

of agents including ATR inhibitor AZD6738 (Ceralasertib), thus validating our results presented 

above.    

 

Figure 3.21 CRISPR screen data representing sensitisation/resistance to JMJD5 knockout 

complied from Olivieri et al., 2020. 

Score- gene-level normalised Z-score (negative score indicates sensitivity and positive score 

indicates resistance) where CTP (Camptothecin), MMS (methyl methanesulfonate), MMNG 

(Methylnitronitrosoguanidine), BPDE (Benzo(a)pyrene diol epoxide), HU (Hydroxyurea) and 

IR (Ionising radiation). 
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Given that our findings align with the ATR inhibitor results of Olivieri et al., we wanted to 

investigate other compounds from their study. To do that, we selected two drugs that JMJD5 

knockdown is reported to sensitise cells to (Doxorubicin and methyl methanesulfonate - MMS) 

and two that JMJD5 knockdown is reported to cause resistance to (Calicheamicin and 

Trabectedin). We chose doxorubicin as it is a commonly used chemotherapeutic agent for the 

treatment of various cancers including breast cancer, leukaemia and lymphoma (Sritharan and 

Sivalingam, 2021). MMS is a DNA alkylating agent that introduces methyl groups into DNA, 

causing damage to cancer cells deficient in DNA repair pathways like HR. Calicheamicin is a 

potent antitumor antibiotic derived from the bacterium Micromonospora echinospora that is 

used in antibody-drug conjugates (ADCs) for targeted anticancer therapy. Trabectedin is a 

chemotherapeutic agent used in the treatment of soft tissue sarcoma. It binds to the minor 

groove of DNA, bending the DNA helix towards the major groove which interferes with various 

DNA repair pathways including HR.  

We induced knockdown of JMJD5 in our U2OS shRNA model and after 3 days treated with the 

chosen drugs at a variety of concentrations for a further 5 days. Surprisingly, we found that 

JMJD5 knockdown causes cells to be significantly more sensitive to all of the drugs tested 

(Figure 3.22). Consistent with the results presented above for the PARP, ATM and ATR 

inhibitors in U2OS cells, sh#3  had a stronger effect on drug sensitivity than sh#1. 
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Figure 3.22 JMJD5 knockdown sensitises shRNA U2OS cells to various anticancer drugs: 

Doxorubicin (A), MMS (B), Calicheamicin (C), and Trabectedin (D). 

U2OS cells were treated with 1µg/ml of doxycycline to induce shRNA expression resulting in 

JMJD5 knockdown and subsequently treated with doxycycline plus indicated drug for 5 days. 

Cell viability was measured by MTS assay. Data represent mean ± SEM from three independent 

biological replicates with quadruplicate technical repeats. Statistical analysis was performed 

using the two-way ANOVA with Dunnett’s multiple comparisons test (p-value ≤ 0.05=*, ≤0.01 

=**, ≤0.001=***). 

 

3.2.17 Investigating if drug sensitivity is dependent on the enzymatic activity of 

JMJD5 

We have presented data demonstrating that JMJD5 knockdown enhances the sensitivity of 

cancer cells to DDR inhibitors, suggesting that targeting JMJD5 could synergise with these 

existing therapies to potentiate their efficacy. Investigating whether this drug sensitisation is 



96 
 

dependent on JMJD5 enzymatic activity will be important for understanding the therapeutic 

potential of JMJD5 as a drug target in cancer treatment. Elucidating the relationship between 

JMJD5 enzymatic activity and drug sensitivity will deepen our understanding of JMJD5 

function in cancer biology and facilitate the development of novel JMJD5 inhibitors as potential 

cancer therapeutics. 

3.2.17.1 Generation of the reconstitution model  

To assess if the sensitisation to chemotherapeutic compounds upon JMJD5 loss is driven by its 

enzymatic activity we wanted to re-expressed catalytically inactive and WT JMJD5 in cells 

stably expressing shRNA targeting JMJD5. We decided to use U2OS shRNA cells as we 

observed a greater sensitisation to all the drugs tested by JMJD5 knockdown in this model. For 

JMJD5 reconstitution in knockdown cells, we considered using a lentiviral expression vector 

called ‘pIHZ’, which is a derivative of pGIPZ that lacks the GFP cDNA and substitutes a 

puromycin for a hygromycin resistance cassette. This exogenously expressed JMJD5 is not 

going to be knocked down by the shRNA due to the lack of a 3’ untranslated region (UTR) 

which is only present in the endogenous JMJD5. 

 Therefore, full-length WT JMJD5 or H321A JMJD5 was PCR cloned with 3XFLAG-tag into 

the lentiviral expression vector pIHZ for constitutive expression. After successfully verifying 

the cloned sequences, we transduced U2OS cells with lentiviral particles that would express 

control EV or 3XFLAG JMJD5 WT or JMJD5 H321A inactive mutant. We performed this as a 

‘transient’ expression experiment in the first instance, so did not select the cells with antibiotics 

to establish a stable cell line.  

First, we assessed JMJD5 expression in our system via Western blot. Figure 3.23A shows a 

representative Western blot demonstrating successful expression of both JMJD5 WT and 

JMJD5 H321A in U2OS cells. We note that only overexpressed FLAG-JMJD5, and not 

endogenous JMJD5, is visible on the blot, likely due to high exogenous expression. We also 



97 
 

wanted to check the transduction efficiency in cells via IF staining prior to any reconstitution 

drug sensitivity experiments. As shown in Figure 3.23B, the majority of cells showed FLAG-

JMJD5 expression. After confirming the successful expression of JMJD5 we progressed to drug 

sensitivity rescue experiments in this model.   

 

Figure 3.23 Generation of the pIHZ FLAG-JMJD5 model in U2OS cells. 

shRNA Control U2OS cells were transduced with lentivirus encoding an empty vector (EV) or 

3XFLAG JMJD5 WT or JMJD5 H321A constructs. Twenty-four hours after transduction, the 

cells were seeded and grown for 3 days before JMJD5 expression was analysed by immunoblot 

(A), and immunofluorescence (B)  A. Western blot evaluating the FLAG-JMJD5 expression with 

β-Actin as a loading control. N=1 B. Representative immunofluorescence images showing 

expression of JMJD5. Cells were fixed and stained with an anti-FLAG antibody, and nuclei 

were stained with DAPI. Scale bars = 20µm 
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3.2.17.2 Evaluation of drug sensitivity in U2OS cells expressing exogenous JMJD5 

Next, we progressed to drug sensitivity rescue experiments following JMJD5 knockdown. The 

following experiments were carried out using JMJD5 shRNA #3 due to its potency in JMJD5 

knockdown and greater sensitisation to drugs. Therefore, shControl or shJMJD5#3 (referred 

hereafter as shJMJD5) U2OS cells were transduced with lentivirus encoding EV, 3XFLAG 

JMJD5 WT or 3XFLAG JMJD5 H321A constructs. After 24 hours the cells were seeded into a 

medium containing 1 µg/mL of doxycycline for 72 hours to induce knockdown. 

Simultaneously, additional cells were seeded on extra plates for expression analysis four days 

post-transduction. Following the knockdown period, cells for viability assay were treated with 

the indicated doses of the PARP inhibitor Talazoparib with 1 µg/mL of doxycycline for 5 days, 

with cell survival measured using the MTS assay.  

First, we evaluated the expression of FLAG-JMJD5 and endogenous JMJD5 knockdown by 

Western blot 4 days post-transduction. Figure 3.24A shows a high expression of exogenous 

JMJD5 in both control and JMJD5 knockdown cells, as expected. However, due to high 

overexpression of FLAG-JMJD5, the signal for endogenous JMJD5 is not visible. Therefore, 

confirmation of endogenous JMJD5 knockdown by Western was not possible in this model. We 

also checked the transduction efficiency in cells via IF staining and showed a high level of 

transduction in assessed cells (Figure 3.24B).   

Next, we wanted to confirm whether JMJD5 knockdown leads to increased sensitivity to PARP 

inhibitor Talazoparib in this system. Consistent with previously shown data, JMJD5 knockdown 

led to increased sensitivity to Talazoparib (Figure 3.24C), consistent with our previous results 

(Figure 3.17A). Due to concerns about the magnitude of JMJD5 overexpression in this model, 

we next evaluated whether overexpression of JMJD5 alone is sufficient to affect sensitivity to 

Talazoparib. Unfortunately, we found that overexpression of either WT or H321A JMJD5 led 

to slightly increased sensitivity to PARP inhibitor Talazoparib in shControl cells (Figure 3.24D). 
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Critically, there was no difference between the sensitivity of shJMJD5 cells expressing either 

WT or H321A JMJD5 and shJMJD5 cells expressing the control EV (Figure 3.24E). Therefore, 

we concluded that the reconstitution of JMJD5 function in these knockdown cells was 

unsuccessful. 
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Figure 3.24 Characterisation of sensitivity to Talazoparib following exogenous expression 

of FLAG-JMJD5 in endogenous JMJD5 knockdown in U2OS cell model. 

The U2OS cells were transduced with lentivirus encoding an empty vector (EV) or 3XFLAG 

JMJD5 WT or JMJD5 H321A constructs and after 24 hours seeded with media containing 1 

µg/mL doxycycline for 72 hours to induce endogenous JMJD5 knockdown. Afterwards, the cells 

were treated with indicated doses of PARP inhibitor Talazoparib containing  1 µg/mL 

doxycycline for 5 days and the cell survival was measured using MTS assay. A. Western blot 

evaluating the JMJD5 expression in control and JMJD5 knockdown 4 days post-transduction 

in U2OS cells with β-Actin used as loading control. N=1 B. Representative immunofluorescence 

images showing expression of JMJD5 4 days post-transduction. Cells were fixed and stained 

with an anti-FLAG antibody, and nuclei were stained with DAPI. Scale bars = 20µm C. 

Endogenous JMJD5 knockdown causes increased cell sensitivity to Talazoparib. D. Exogenous 

overexpression of FLAG-JMJD5 WT or H321A increases sensitivity to Talazoparib. F. The 

effect of re-expression of EV or FLAG-JMJD5 WT/H321A on the sensitivity to Talazoparib in 

JMJD5 knockdown U2OS cells. Data presents mean ± SEM of results from one independent 

biological experiment performed in triplicate. 

The current model of using transiently transduced U2OS cells was associated with constitutive 

uncontrolled JMJD5 expression levels that we were not able to titrate. This was potentially 

problematic because it was associated with increased sensitivity to Talazoparib. Moreover, the 

high level of JMJD5 overexpression in this system meant that we were not able to visualize the 

endogenous JMJD5 expression by Western blot to confirm the knockdown. Another problem 

that we noted was very low raw absorbance values in the viability assays, indicating that the 

JMJD5 knockdown cells re-expressing either EV or JMJD5 were not proliferating or potentially 

dying (data not shown). Due to these difficulties, we decided to test an alternative reconstitution 

system: a doxycycline-inducible 3xFLAG-JMJD5 A549 stable cell lines with transient siRNA-

mediated JMJD5 knockdown that has proven a reliable model to study the effect of exogenously 

expressed variants of JMJD5 (Chapter 2). 

3.2.17.3 Evaluation of drug sensitivity in doxycycline inducible JMJD5 A549 cells with 

transient JMJD5 knockdown  

In order to evaluate this system for reconstitution experiments, we used a similar experimental 

set up as in Chapter 2 (Figure 2.11). A549 cells stably expressing EV, WT or H321A JMJD5 

were incubated with 25 ng/mL of doxycycline for 7 days followed by JMJD5 siRNA. The 
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expression of JMJD5 was evaluated by Western blot 3 days after transfection (Figure 3.25A). 

Three days post JMJD5 knockdown, the cells were treated with the indicated doses of PARP 

inhibitor Talazoparib for a further 5 days before measuring cell survival by MTS assay.  

Firstly, we note that in this model we were able to simultaneously detect endogenous and 

exogenous JMJD5 expression and confirm successful knockdown (Figure 3.25A). Next, we 

confirmed that endogenous JMJD5 knockdown leads to increased sensitivity to PARP inhibitor 

Talazoparib in this system (Figure 3.25B). Due to our concerns that JMJD5 overexpression can 

itself lead to increased Talazoparib sensitivity, we were interested in evaluating whether 

expression of JMJD5 in this inducible pTIPZ system would also affect the sensitivity of A549 

cells to PARP inhibitor. Although 25 ng/mL of doxycycline induces only moderate levels of 

JMJD5 expression (Figure 3.25A), this appears sufficient to modestly increase sensitivity to 

PARP inhibitor (Figure 3.25C). Moreover, there was no difference between the PARP inhibitor 

sensitivity of JMJD5 knockdown cells expressing either WT or H321A JMJD5 or the control 

EV. Therefore, we concluded that we had not achieved successful functional reconstitution of 

JMJD5  (Figure 3.25D). 
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Figure 3.25 Characterisation of sensitivity to Talazoparib following exogenous expression 

of FLAG-JMJD5 in endogenous JMJD5 knockdown in A549 cell model. 

A549 cells were incubated with 25 ng/mL doxycycline for 7 days to induce exogenous 

expression of empty vector (EV) or 3XFLAG JMJD5 WT or H321A constructs. Afterwards, cells 

were transfected with the indicated siRNA for 72 hours to knockdown endogenous JMJD5 and 

treated with indicated doses of PARP inhibitor Talazoparib with 25 ng/mL doxycycline for 5 

days. The cell survival was measured using an MTS assay. A. Western blot evaluating the 

exogenous (top band) and endogenous (bottom band) JMJD5 expression in control and JMJD5 

knockdown 3 days post-transfection in A549 cells with β-Actin used as loading control. N=1 B. 

Endogenous JMJD5 knockdown causes increased cell sensitivity to Talazoparib in A549 cells. 

C. Exogenous overexpression of FLAG-JMJD5 WT or H321A increases sensitivity to 

Talazoparib. D. The effect of re-expression of EV or FLAG-JMJD5 WT/H321A on the sensitivity 

to Talazoparib in JMJD5 knockdown A549 cells. Data represent mean ± SEM from one 

independent experiment with quadruplicate technical repeats.  

 

3.2.17.3 Evaluation of drug sensitivity reconstitution in stable JMJD5 doxycycline 

inducible A549 cells with transient JMJD5 knockdown using colony formation assay 

For our next attempt to rescue the drug sensitivity, we decided to use the current pTIPZ A549 

system but with a few modifications. Firstly, we decided to test a different drug, specifically an 
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ATR inhibitor because there is a considerably wider sensitivity window based on our previous 

data (Figure 3.16B). Secondly, we decided to decrease the dose of doxycycline to 10 ng/mL to 

try and reduce the overexpression of FLAG-JMJD5 from that achieved with 25 ng/mL.  

Therefore, cells were seeded in 10 ng/mL of doxycycline and the following day transfected with 

JMJD5 siRNA in the presence of 10 ng/mL doxycycline for 72 hours. Subsequently, cells were 

treated with the indicated doses of ATR inhibitor plus 10 ng/mL doxycycline for a further 24 

hours. Subsequently, the media was changed to 10ng/mL doxycycline and the colonies were 

left to grow for 10 days. Consistent with the previous data, we observed that endogenous JMJD5 

knockdown leads to increased sensitivity to ATR inhibitor Ceralasertib (Figure 3.26B). 

Interestingly, we did not observe an impact of exogenous JMJD5 expression with 10 ng/mL 

doxycycline on the sensitivity of cells to the lower doses of ATR inhibitor used (0.5 and 1.0 

mM; Figure 3.26C). Nonetheless, the re-expression of either WT or H31A JMJD5 did not rescue 

JMJD5 knockdown-induced sensitivity to ATR inhibitor (Figure 3.26D).   

We also evaluated the endogenous and exogenous expression of JMJD5 by Western blot 3 days 

after siRNA transfection (Figure 3.26A). Interestingly, we observed that JMJD5 knockdown 

cells exhibit higher expression of exogenous JMJD5 despite being incubated in the same 

doxycycline concentration as control cells. This phenomenon could potentially be driving cell 

sensitivity to ATR inhibitor in the knockdown cells and preventing the rescue. Therefore, we 

next attempted to further reduce the level of FLAG-JMJD5 overexpression in JMJD5 

knockdown cells. 
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Figure 3.26 Characterisation of sensitivity to ATR inhibitor Ceralasertib following 

exogenous expression of FLAG-JMJD5 in endogenous JMJD5 knockdown in A549 cell 

model. 

The A549 cells were seeded in 10 ng/mL of doxycycline to induce exogenous expression of empty 

vector (EV) or 3XFLAG JMJD5 WT or  H321A constructs. The cells were transfected with 

siRNA targeting JMJD5 in the presence of 10 ng/mL of doxycycline. Subsequently, the cells 

were treated with indicated doses of ATR inhibitor with 10 ng/mL doxycycline for 24 hours. 

Afterwards, the media was changed to 10 ng/mL of doxycycline and the colonies were left to 

grow for 10 days. A. Western blot evaluating the exogenous (top band) and endogenous (bottom 

band) JMJD5 expression in control and JMJD5 knockdown 3 days post-transfection in A549 

cells with β-Actin used as loading control. N=1 B. Endogenous JMJD5 knockdown causes 

increased cell sensitivity to Ceralasertib in A549 cells. C. Evaluation of the effect of exogenous 

overexpression of FLAG-JMJD5 WT or H321A on sensitivity to Ceralasertib. D. The effect of 

re-expression of EV or FLAG-JMJD5 WT/H321A on the sensitivity to Ceralasertib in JMJD5 

knockdown A549 cells. Data represent mean ± SEM from one independent experiment with 

quadruplicate technical repeats.  
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3.2.17.4 Evaluation of drug sensitivity reconstitution in stable A549 cells with transient 

JMJD5 knockdown using colony formation assay in the absence of doxycycline  

As we were aware that our doxycycline-inducible system is ‘leaky’ (Figure 2.9), which results 

in JMJD5 expression in the absence of doxycycline, we next wanted to evaluate drug sensitivity 

reconstitution in that context. We determined the expression of endogenous and exogenous 

JMJD5 by Western blot 3 days after transfection (Figure 3.27A). Interestingly, even in the 

absence of doxycycline, JMJD5 knockdown cells still exhibit higher exogenous JMJD5 

expression when compared to the control cells.  

We confirmed that endogenous JMJD5 knockdown leads to an increase in sensitivity to ATR 

inhibitor Ceralasertib under these conditions (Figure 3.27B). However, we still observed an 

impact of exogenous WT JMJD5 expression alone on sensitivity (Figure 3.27C). Furthermore, 

there was no difference between the sensitivity of siJMJD5 cells expressing either WT or 

H321A JMJD5 and siJMJD5 cells expressing EV. Therefore, we again concluded that 

successful reconstitution was not achieved (Figure 3.25D). 

 



107 
 

 

Figure 3.27 Characterisation of sensitivity to ATR inhibitor Ceralasertib following 

exogenous expression of FLAG-JMJD5 in endogenous JMJD5 knockdown in A549 cell 

model in the absence of doxycycline. 
 The A549 cells were transfected with siRNA targeting JMJD5 for 72 hours and treated with 

indicated doses of ATR inhibitor for 24 hours. Afterwards, the media was changed and the 

colonies were left to grow for 10 days. A. Western blot evaluating the exogenous (top band) and 

endogenous (bottom band) JMJD5 expression in control and JMJD5 knockdown 3 days post-

transfection in A549 cells with β-Actin used as loading control. N=1 B. Endogenous JMJD5 

knockdown causes increased cell sensitivity to Ceralasertib in A549 cells. C. Evaluation of the 

effect of exogenous overexpression of FLAG-JMJD5 WT or H321A on sensitivity to 

Ceralasertib. D. The effect of re-expression of EV or FLAG-JMJD5 WT/H321A on the 

sensitivity to Ceralasertib in JMJD5 knockdown A549 cells. Data represent mean ± SEM from 

one independent experiment with quadruplicate technical repeats.  

Overall, in all the models and conditions tested, we were not able to successfully reconstitute 

JMJD5 function in JMJD5 knockdown cells to prevent the sensitisation to sensitivity to DDR 

inhibitors. Unfortunately, therefore, we were unable to determine whether the sensitisation 

phenotype was dependent on JMJD5 hydroxylase activity.  
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3.2.17.5 JMJD5 knockdown leads to decreased RCCD1 expression which is not rescued 

by exogenous FLAG-JMJD5 expression  

Thus far, our reconstitution experiments had all been focused on successful re-expression of 

JMJD5, but the effect on other components of the pathway was not tested. Work by Dr Tristan 

Kennedy within the Coleman group has focused on exploring the interaction of JMJD5 with 

RCCD1 (introduced in Chapter 1 section 1.2). Dr Kennedy has discovered that RCCD1, and its 

interaction with JMJD5, is critical for the role of JMJD5 in replication fidelity and genome 

stability. Furthermore, Dr Kennedy has shown that JMJD5 and RCCD1 depend on each other 

for their normal expression. Therefore, we next considered the possibility that RCCD1 

expression might be altered in our reconstitution experiments. Interestingly, we reproducibly 

observe that endogenous JMJD5 knockdown in our A549 model leads to a noticeable reduction 

in RCCD1 expression levels (Figure 3.28).  Importantly, the exogenous re-expression of 

3xFLAG-JMJD5 is not able to rescue the RCCD1 expression to physiological levels (Figure 

3.28). Considering the recently discovered importance of RCCD1 for JMJD5 function, this may 

be a potential explanation for the lack of drug sensitivity rescue in our models. Unfortunately, 

due to time constraints, we were unable to explore this further.   
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Figure 3.28 Representative Western blot of A549 pTIPZ 3XFLAG-JMJD5 reconstitution 

system. 

A549 cells were treated with the indicated amount of doxycycline (ng/mL) for 7 days. Cells were 

then transfected with the indicated siRNA for 72 hours before being harvested. Samples were 

then Western blotted for JMJD5, RCCD1 and β-Actin as loading control. N=3 

3.3 Discussion  

In this chapter, we evaluated the cellular phenotypes associated with JMJD5 loss in combination 

with DNA-damaging agents. Using different JMJD5 knockdown models in different cancer cell 

lines, we showed that the loss of JMJD5 can sensitise cancer cells to DNA-damaging agents, 

although the downstream consequences may vary between different cancer cell types. We also 

evaluated the importance of JMJD5 enzymatic activity in the observed sensitivity phenotypes.  

Overall, these findings are consistent with the role of JMJD5 in DDR and suggest its potential 

as a therapeutic target for cancer. 

3.3.1 JMD5 loss sensitises both A549 and U2OS cells to ATM inhibitors 

In line with what was observed in a CRISPR screen where JMJD5 was identified to have a 

possible lethal interaction with ATM inhibition (Dr Nicholas Davies and Professor Tanja 

Stankovic, personal communication), our results showed that JMJD5 siRNA knockdown 

significantly increased the sensitivity of A549 cells to ATM inhibitor (Figure 3.3A). Consistent 

with these results, our cell viability assays in JMJD5 shRNA knockdown models also led to 
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increased sensitivity of A549 and U2OS cells to ATM inhibitor (Figures 3.18). The increased 

sensitivity to  ATM inhibitor suggests that JMJD5 may play a role in the DDR, consistent with 

previous reports (Chapter 1, section 1.2.2). However, the underlying mechanisms remain 

unclear. One possibility is that JMJD5 may act in parallel or downstream of ATM signalling to 

help repair DNA damage or sustain cell survival under RS conditions. Further studies are 

needed to determine the nature of this sensitivity, including monitoring of the type of DNA 

damage by performing comet assays, which can determine the presence of SSBs and DSBs. 

To further characterise the increased sensitivity phenotype, we investigated RS markers. We 

found that JMJD5 knockdown in A549 cells significantly increased micronuclei after treatment 

with an ATM inhibitor (Figure 3.4B), which indicates chromosomal instability and the presence 

of unresolved DNA damage. Unlike A549 cells, the treatment of U2OS cells with an ATM 

inhibitor did not cause an additional increase in the number of micronuclei (Figure 3.7B). 

Although the reason for this difference is not yet clear, it could be related to the high basal levels 

of micronuclei in U2OS cells (Figure 3.7B), or differences in ATM function between the two 

cell types.  

We also investigated the effect of JMJD5 knockdown in combination with kinase inhibitors on 

cell cycle and apoptosis. Interestingly, Huang et al. reported that the downregulation of JMJD5 

causes cell cycle arrest in the G2/M phase in A549 cells. Our data did not show any effect of 

JMJD5 loss on the G2/M phase of the cell cycle. However, we observed a modest decrease in 

G1 phase cells and an increase in S phase cells. The differential phenotypes observed after 

JMJD5 knockdown in our model when compared to Huang et al. may be due to the use of 

different siRNA sequences targeting JMJD5, as well as the possibility that cells have 

accumulated different mutations due to the age of the cells. In addition, despite increased RS 

and sensitivity to ATM inhibition, the cell cycle profiles of JMJD5 knockdown A549 cells 

treated with the ATM inhibitor were similar to those of inhibitor-treated control cells (Figures 
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3.5A). Overall, the lack of significant cell cycle changes in response to JMJD5 knockdown 

might indicate that A549 cells proceed through the cell cycle under these conditions, despite 

the presence of DNA damage, possibly leading to an increase in mitotic errors. 

The Annexin V assay also indicated no significant difference in apoptosis between JMJD5 

knockdown and control A549 cells treated with or without ATM inhibitor (Figure 3.5B). 

Whether JMJD5 knockdown and inhibitor-treated A549 cells might experience other forms of 

cell death, such as senescence or mitotic catastrophe, which are not captured by the Annexin 

V/7AAD assay, is not clear. Further investigation is required to determine whether the cells are 

undergoing any of these processes. For example, in the future, senescence could be investigated 

using assays such as the senescence-associated β-galactosidase (SA-β-Gal) staining assay. 

Indeed, JMJD5 was shown to mediate histone H3 N‐tail proteolytic cleavage, which is 

associated with senescence (Shen et al., 2017).  

We observed slightly different results in U2OS cells, where JMJD5 knockdown combined with 

ATM inhibition significantly decreased the G1 population without significantly altering the S 

or G2/M phases (Figures 3.8A). The reduction in G1 cells was associated with a significant 

increase in the sub-G1 peak (Figures 3.8B), which is indicative of reduced DNA content, likely 

due to DNA fragmentation, a hallmark of apoptosis (Peitsch, Muller and Tschopp, 1993). This 

indicates that DDR inhibitors induce cell death in U2OS cells which is exacerbated by JMJD5 

loss. 

The differential response between A549 and U2OS cells implies that the role of JMJD5 and 

phenotypes associated with its loss may be context-dependent and influenced by the specific 

genetic or epigenetic landscape of each cell line. For example, A549 cells have a point mutation 

in the KRAS gene (G12S) which leads to constitutive activation of AKT (Young-Kwon et al., 

2010), which can promote cell cycle progression and proliferation, and inhibit apoptosis (He et 

al., 2021). Such differences could have contributed to the observed differential responses.  
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3.3.2 JMD5 loss sensitises both A549 and U2OS cells to ATR inhibitors 

We also demonstrated that JMJD5 knockdown in both siRNA and shRNA models significantly 

increased the sensitivity of both cell lines to the ATR inhibitor Ceralasertib (Figures 3.3B, 3.19). 

Our results are in line with those observed in a CRISPR screen conducted by Olivieri et al., 

who also reported that JMJD5 loss confers sensitivity to the same ATR inhibitor. Our 

subsequent RS analysis showed that treatment with ATR inhibitor significantly increased the 

number of micronuclei in both cancer cell lines (Figures 3.4 and 3.7), as expected. Furthermore, 

treatment with the ATR inhibitor led to a statistically significant increase in the number of 

53BP1 bodies in JMJD5 knockdown A549 cells (Figure 3.4D).  

Since ATR normally plays a role in stabilising replication forks, the ability of cells to manage 

RS is compromised upon ATR inhibition (Yano and Shiotani, 2023). The fact that JMJD5 loss 

exacerbates RS in ATR inhibitor-treated cells may therefore suggest that JMJD5 is crucial for 

the RS response, possibly by playing a role in the stability of replication forks (also discussed 

further in 3.3.4). Further research should investigate the effect of JMJD5 loss on replication 

fork dynamics, particularly under RS conditions, including those induced by DDR inhibitors. 

To do so, techniques such as the DNA fibre assay can be used.  

Similar to our results for the ATM inhibitor, cell cycle profiles and apoptosis assay results were 

markedly different in A549 and U2OS cells treated with the ATR inhibitor. JMJD5 knockdown 

in A549 cells did not affect cell cycle progression or apoptosis when compared to the control 

cells (Figures 3.6A, B). In contrast, in U2OS cells JMJD5 knockdown combined with ATR 

inhibition significantly affected the cell cycle (Figure 3.9A) and cell death  (Figure 3.9B). As 

mentioned above, these differences are likely due to the different genetic landscapes of these 

cell lines.   
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3.3.3 JMJD5 loss confers sensitivity to PARP inhibitor 

Our data indicated that JMJD5 loss sensitised A549 and U2OS cells to the PARP inhibitor 

Talazoparib with both knockdown approaches (Figures 3.3C and 3.20A, B). This is consistent 

with the results of the CRISPR screening conducted by Zimmermann et al., indicating that 

JMJD5 loss may have a synthetic lethal interaction with PARP inhibition. 

This suggests that PARP inhibitors, similar to ATM and ATR inhibitors, may be therapeutically 

useful in cancers with altered JMJD5 pathway function. Furthermore, our data suggest that the 

combination of PARP and JMJD5 inhibition may be a novel therapeutic strategy. PARP 

inhibitors are currently approved for BRCA-mutated breast, ovarian, prostate, and pancreatic 

cancer (Zheng et al., 2020). Ongoing studies are investigating the use of PARP inhibitors in 

endometrial (Musacchio et al., 2020) and lung (Olivares-Hernandez et al., 2023) cancers, 

particularly in combination with other therapies. Most current combination strategies with 

PARP inhibitors involve chemotherapeutic agents and other DDR inhibitors, such as ATM and 

ATR inhibitors, as well as inhibitors of Chk1 and Chk2 kinases, DNA protein kinase, and WEE1 

(Bhamidipati et al., 2023). Since, to our knowledge, the combination of inhibitors that target 

PARP with those that target 2OG oxygenases has not yet been evaluated, our findings represent 

an exciting new avenue for future studies.  

The molecular basis of the synergies described remains unclear. However, our analyses of the 

RS response showed a significant increase in both RS markers (Figure 3.10A, B), in JMJD5 

knockdown cells treated with Talazoparib. This suggests that JMJD5 may play a role in 

resolving RS that accumulates when PARP is inhibited, possibly by facilitating the restart of 

stalled replication forks or by aiding in the repair of collapsed forks. PARP inhibitors trap PARP 

on DNA, forming a physical obstruction on the DNA strand and blocking the replication 

machinery, leading to replication fork stalling (Liao et al., 2018). Stalled forks can undergo fork 

reversal, a protective process where the fork structure regresses and forms a four-stranded DNA 
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structure in an attempt to provide time for repair mechanisms to resolve the damage (Liao et 

al., 2018). If a stalled replication fork cannot be repaired, it may collapse and generate DSBs. 

Interestingly, we found that JMJD5 knockdown cells treated with the PARP inhibitor had a 

significant increase in phosphorylated Chk2 (Figures 3.10C), which is activated in response to 

DSBs by ATM (discussed in section 3.1.2). This suggests that the combination of JMJD5 

knockdown and PARP inhibition may lead to significant DNA damage in the form of DSBs 

(consistent with the marked increase in yH2AX expression) as a result of collapsed forks, which 

activate ATM and subsequently Chk2 in the process of HR. Indeed, JMJD5 has been implicated 

in HR (Amendola et al., 2017). Moreover, Chk2 phosphorylation is a signal that stops cell cycle 

progression and activates DDR pathways or induces apoptosis. Interestingly, in A549 cells, this 

correlated with the observed cell cycle arrest (increased G2-M population) (Figure 3.11A) and 

apoptosis (increased sub-G1 population and decreased live cells) (Figure 3.11B). In addition, 

our data showed that JMJD5 knockdown in A549 cells treated with a PARP inhibitor led to a 

significant increase in p53 protein levels (Figure 3.10C) which can also indicate cell cycle arrest 

and apoptosis. This correlates with our findings, showing a significant decrease in live cells and 

an increase in dead cells upon JMJD5 knockdown and PARP inhibitor treatment.  

In U2OS cells, JMJD5 knockdown in combination with a PARP inhibitor significantly 

increased the number of micronuclei (Figure 3.12A) which is consistent with the phenotypes 

observed in A549 cells. However, we did not observe an increase in 53BP1 bodies (Figure 

3.12B) which suggests differences in DDR pathways or the presence of compensatory 

mechanisms in different cancer types. Indeed, cell response to DNA damage is a complex 

process that varies in different cancer types (Wang, Hen and Ao, 2021) 

Moreover, in contrast to our A549 results, U2OS cells did not show a significant difference in 

p53 expression, cell cycle progression, or apoptosis following JMJD5 knockdown or PARP 

inhibitor treatment. Instead, these cells exhibited a significant increase in RAD51 expression 
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(Figure 3.12C and Figure 3.13A, C), both with and without PARP inhibitor treatment. As 

RAD51 is a key protein involved in HR, the upregulation of RAD51 in U2OS cells might 

suggest that the loss of JMJD5 in these cells activates HR to repair the DNA damage induced 

by PARP inhibition. Indeed, the activation of ATM/ATR pathways in response to DNA damage 

can lead to the induction of RAD51 expression (Pauklin et al., 2005). In addition, increased 

RAD51 levels were shown to correlate with the induction of the DNA damage response 

(Pauklin et al., 2005). 

Overall, the data in this chapter demonstrate that JMJD5 loss can sensitise cancer cells to PARP 

inhibitors which supports further investigation regarding combination therapy with JMJD5 and 

PARP inhibitors.  

3.3.4 JMJD5 loss causes sensitivity to a wide range of anticancer agents  

Since Olivieri et al. published a CRISPR screen indicating that JMJD5 knockdown can have 

both synergistic and resistance interactions with a variety of anticancer drugs (Figure 3.21), we 

further investigated the role of JMJD5 in modulating these responses. This would help us to 

understand whether combining these agents with JMJD5 inhibitors would be a feasible 

therapeutic strategy. Indeed, a number of preclinical studies have evaluated the effects of 

combining DDR inhibitors, such as PARP inhibitors, with other anticancer agents, such as 

trabectedin, and reported synergistic interactions in cancer cells (Ordonez et al., 2015; Laroche 

et al., 2017; Pignochino et al., 2017).  

The results from Olivieri et al. suggest that JMJD5 loss can also confer sensitivity to 

Doxorubicin and MMS, which we investigated here and confirmed their findings (Figure 3.22A 

and B). In addition, Olivieri et al. reported that JMJD5 loss can lead to resistance to other 

compounds, such as Trabectedin and Calicheamicin. Interestingly,  our data disagree with these 

findings, as we show that JMJD5 knockdown also leads to increased sensitivity to these drugs 

(Figure 3.22C, D). The difference in results may be due to various factors, including choice of 
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cells, loss-of-function approaches, and experimental set-up. For example, in the CRISPR screen 

conducted by Olivieri et al. immortalised human retinal pigment epithelial RPE-1 cells were 

used. As RPE-1 cells are non-cancerous they will have a different genetic and epigenetic profile 

from cancer cells, which could affect the cellular response to JMJD5 loss as well as drug 

treatments. Importantly, p53 was knocked out in the RPE-1 model used, which could also be a 

key factor contributing to the differential responses observed. The lack of p53 alters key 

regulatory pathways involved in the DNA damage response, apoptosis, and cell cycle 

regulation, which can significantly modify how cells respond to DNA-damaging agents. In 

particular, the cytotoxic effects of trabectedin (Bozkurt et al., 2013) have been shown to be 

dependent on p53; therefore, in p53-deficient cells the mechanism of drug action is likely to be 

compromised, leading to resistance. As both U2OS and A549 cells express WT p53, this may 

explain the different results. Nonetheless, the toxic effect of calicheamicin is independent of the 

p53 status (Prokop et al., 2003). Therefore, the differences in the responses may be attributed 

to differences in the loss-of-function models, doses, and duration of treatment. Olivieri et al. 

utilised the CRISP-Cas9 technique to generate gene knockouts, whereas we used shRNA-

mediated gene knockdown; therefore, the degree of gene disruption was different. In addition, 

a complete gene knockout could lead to the activation of compensatory mechanisms, whereas 

an incomplete reduction of the protein level may not be sufficient to activate alternative 

pathways. Additionally, Olivieri et al used sublethal doses of each drug (0.075nM – 1nM for 

Trabectedin and 0.05nM – 0.5nM for Calicheamicin) for approximately 10 population 

doublings. In our experimental set up we used doses of 0.001nM – 0.1nM for Trabectedin and 

0.01nM – 1nM for Calicheamicin, with treatment for only 5 days. The differences in the 

duration of drug treatments, especially prolonged exposures used by Olivieri et al., can affect 

cellular responses owing to the development of adaptive responses, chronic DDR activation, 
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and changes in gene expression. In the absence of p53, where apoptosis is not triggered in 

response to DNA damage, cells may have more opportunity to adapt and survive.  

In the future, it would be interesting to investigate the effect of JMJD5 knockdown on driving 

sensitivity or resistance to other compounds reported in the CRISPR screen. Furthermore, it 

would be interesting to explore the potential lethality interactions observed through orthogonal 

approaches, such as JMJD5 inhibitors (discussed in Chapter 4) and ATM/ATR mutations. This 

is especially relevant as ATM mutations are present in a variety of tumours with the highest 

prevalence of around 40% in mantle cell lymphoma, ~ 18% in colorectal cancers and ~10% in 

lung and prostate cancers (Choi, Kipps and Kurzrock, 2016). Although mutations in ATR are 

much less prevalent, they are still reported in various tumour types, including breast and ovarian 

cancers. Cells with ATM or ATR mutations often exhibit an altered sensitivity to DDR inhibitors 

and anticancer agents. Therefore, investigating whether JMJD5 loss/inhibition alone leads to 

increased death in such cells is warranted. Moreover, it would be interesting to evaluate whether 

JMJD5 inhibition synergises with PARP or ATR inhibitors in ATM-deficient cancer cells, for 

example. 

3.3.5 Is increased cancer cell sensitivity to DNA-damaging agents dependent on 

enzymatic activity?  

In this chapter, we also investigated whether the observed sensitivities to different anticancer 

agents and DDR inhibitors were due to JMJD5 knockdown or the loss of its enzymatic activity.  

Overall, we developed two different models for reconstitution experiments: a ‘transient’ 

expression system in U2OS cells (Figure 3.23) and a doxycycline-inducible model in A549 

cells. However, owing to the number of limitations in both systems, successful reconstitution 

was not achieved (Figure 3.27D). During these studies, we observed that overexpression of 

JMJD5 was sufficient to sensitise to Talazoparib, which complicated the interpretation of the 

results (Figures 3.24D and 3.25D). If JMJD5 is involved in replication fork stability and/or HR, 
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its overexpression may lead to excessive DNA damage signalling which could potentiate the 

effects of DNA-damaging agents. Alternatively, its overexpression could titrate critical 

regulatory factors away from specific subcellular locations in which they function.  

When troubleshooting the reconstitution experiments, we also explored the JMJD5 binding 

protein RCCD1 and showed that JMJD5 knockdown led to decreased RCCD1 expression 

(Figure 3.28). This is consistent with the work by Dr Tristan Kennedy within the Coleman 

group, who showed that the interaction of RCCD1 with JMJD5 is critical for the role of JMJD5 

in replication fidelity and GS and that JMJD5 and RCCD1 depend on each other for their normal 

expression (Tristan Kennedy, personal communication). Therefore, the observation that 

exogenous re-expression of JMJD5 failed to rescue RCCD1 expression might explain the lack 

of drug sensitivity rescue observed in these models. This suggests that the drug sensitisation 

phenotypes observed here may be more complex and involve multiple components of the 

JMJD5 pathway. 

One potential reason why exogenous re-expression of 3xFLAG-JMJD5 failed to rescue RCCD1 

expression could be that the presence of the FLAG tag might have affected its interaction with 

RCCD1.  In the future, co-immunoprecipitation experiments could be performed using different 

JMJD5 constructs (untagged, FLAG-tagged, and other tagged versions) to determine the correct 

conditions under which the JMJD5:RCCD1 interaction is maintained.  

Another potential problem could be localisation issues caused by the FLAG tag which might 

affect the interaction with critical binding proteins. Involved in subcellular targeting. Although 

our IF images showed that 3xFLAG JMJD5 is present in the nucleus, its specific subnuclear 

localisation may differ from that of endogenous JMJD5. Future reconstitution experiments 

could address these issues by testing the function of untagged JMJD5.  
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3.3.6 Chapter conclusions   

The increased sensitivity of JMJD5 knockdown cells to various DDR inhibitors and anticancer 

agents highlights the potential therapeutic value of targeting JMJD5. This suggests that JMJD5 

inhibition could be a strategy to enhance the efficacy of existing treatments. Therefore, the 

development of specific JMJD5 inhibitors and exploration of their combination with other 

anticancer agents is of interest, which we explore in the next chapter. 
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Chapter 4: The effect of JMJD5 

inhibitors on cancer cells 
4.1 Introduction 

In the preceding chapter, we showed that the knockdown of JMJD5 sensitises cancer cells to a 

variety of anticancer drugs. Therefore, JMJD5 has potential as a therapeutic target and the 

development of JMJD5 inhibitors is warranted.  

4.1.1 Competitive inhibitors of 2OG-oxygenases 

Due to the proposed role of 2OG-oxygenases in a wide range of cellular processes, such as 

epigenetic regulation, hypoxic responses, and diseases, including cancer, there is increasing 

interest in targeting this class of enzymes. This appears feasible because they have a relatively 

accessible and chemically distinct active site, which allows for the design of competitive 

inhibitors that mimic their cofactor, 2OG (Rose et al., 2011).  

Competitive inhibitors of prolyl hydroxylase enzymes have been developed and are currently 

being evaluated in clinical trials, including FG-4592 (Roxadustat) (Provenzano et al., 2016), 

pan-hydroxylase inhibitor dimethyloxalylglycine (DMOG), AKB-6548 (Vadadustat) (Pergola 

et al., 2016),  and BAY 85‐3934 (Molidustat) (Beck et al., 2018). Roxadustat has recently been 

approved for the treatment of anaemia associated with chronic kidney disease (Barratt et al., 

2021). Several other compounds have shown promising anticancer effects in preclinical studies. 

For example, GSK-J1 and its cell-permeable derivative GSK-J4 target JMJD3/UTX 

demethylases and have been shown to reduce the proliferation of leukaemia (Chu et al., 2020), 

glioblastoma (Sui et al., 2017), and breast cancer (Yan et al., 2017) cells by modulating gene 

expression and inducing apoptosis. In addition, TACH101 is a potent small-molecule inhibitor 

of KDM4 that showed potent anticancer activity in various cancer cell lines and organoid 

models, as well as inhibiting tumour growth in vivo (Chandhasin et al., 2023). 
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4.1.2 Inhibitors of JmjC-only family for cancer 

Recently, there has been growing interest in developing inhibitors of the JmjC-only family. 

Inhibitors targeting several members of this family are currently in the early stages of 

development and are showing promise as potential anticancer agents. For example, first-in-

class inhibitors targeting RIOX2 (MINA53) have been shown to engage with this enzyme in 

tumour cell lines and to enhance their sensitivity to conventional chemotherapy (Nowak et al., 

2021). The overexpression of JMJD6 in multiple cancer types and its association with poor 

patient prognosis has also rationalised the development of inhibitors (Yang et al., 2020). JMJD6 

inhibitors suppress cancer cell growth, induce apoptosis, and sensitise renal cell carcinoma cells 

to the anticancer agent sunitinib (Ran et al., 2019; Xiao et al., 2022; Zheng et al., 2022). These 

examples highlight the feasibility of targeting JmjC-only hydroxylases and the potential for 

developing inhibitors of closely related enzymes such as JMJD5. 

4.1.3 JMJD5 as a target  

The results presented earlier in this thesis suggest that JMJD5 knockdown sensitises different 

cancer cell lines to clinically available anticancer drugs, such as PARP, ATM, and ATR 

inhibitors. Collectively, these findings indicate that JMJD5 may be a potential new therapeutic 

target and the development and use of JMJD5 inhibitors are warranted. Recently, first-in-class 

small-molecule inhibitors of JMJD5 were developed by the Schofield group at Oxford 

University and characterised in vitro. However, the effect of these inhibitors on tumour cells 

was not known.  

Therefore, one of the key aims of this project and our collaboration with the Schofield group 

was to evaluate the effect of JMJD5 inhibitors on cancer cells, both in isolation and in 

combination with established therapeutics and evaluate their potential as anticancer agents. 
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4.1.4 First-in-class small molecule JMJD5 inhibitors 

The Schofield group developed small molecule JMJD5 inhibitors based on pyridine-2,4-

dicarboxylic acid (2,4-PDCA), which mimics 2OG and, as such, is a broad-spectrum inhibitor 

of 2OG oxygenases. By screening an in-house library of 2,4-PDCA analogues using a mass 

spectrometry (MS) based approach they identified 5-aminoalkyl-substituted derivatives as 

novel JMJD5 inhibitors (Figure 4.1A-B). Figure 4.1C shows the binding of one of the 2, 4-

PDCA derivatives to the JMJD5 active site. 
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Figure 4.1 First-in-class inhibitors of JMJD5. 

A. Chemical structures of 2,4-PDCA- and 5-aminoalkyl-substituted derivatives. B. Chemical 

structures of JMJD5 inhibitors 88-93.C. Binding of the 5-Aminoalkyl-substituted 2,4-PDCA 

derivative to the JMJD5 active site (grey: JMJD5) (pink: carbon backbone of the JMJD5 

inhibitor). D. IC50 values of JMJD5 inhibitors for recombinant JMJD5 and selected 2OG 

oxygenases.  Adapted from Brewitz et al. 2023. 

 

The Schofield group initially provided four inhibitors named 88, 90, 92, and 93 for testing in 

our cellular models (Figure 4.1B). The Schofield group had previously characterised the 

inhibitory activity of the compounds against recombinant JMJD5 and a variety of other 2OG 

oxygenases including PHD2, FIH, aspartate/asparagine–β-hydroxylase (AspH), KDM4A, and 

RIOX2, using solid-phase extraction mass spectrometry (SPE-MS) inhibition assays. The half-

maximal in vitro inhibitory concentration (IC50) values for each compound are presented in 

Figure 4.1D. 

Following the development of the initial set of JMJD5 inhibitors, two additional inhibitors 

(referred to as 37 and 38) were identified with increased selectivity towards JMJD5 in vitro 

(personal communication from Dr. Lennart Brewitz). Figure 4.2 presents the chemical 

structures of inhibitors 37 and 38 together with their IC50 values for recombinant JMJD5 and 

several other 2OG oxygenases (data provided by Dr Brewitz). 
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Figure 4.2 Chemical structures of the newer JMJD5 inhibitors 37 and 38 (A), together with 

their IC50 values for recombinant JMJD5 and selected 2OG oxygenase members (B). 

Adapted from Brewitz et al., 2023 

4.2 Results  

4.2.1 JMJD5 inhibitors are toxic to cancer cell lines 

Next, we tested the four JMJD5 inhibitors on a panel of cancer cell lines: A549, PC3-prostate 

cancer cells, and HeLa cervical carcinoma cells. Initially, we investigated their effects on cell 

proliferation using an MTS cell viability assay. The data indicated that all JMJD5 inhibitors 

decreased cell viability in A549 cells (Figure 4.3A) with half-maximum cytotoxicity 

concentration (CC50) values between 6.45µM and 30.74µM (Figure 4.3D). Preliminary 

assessment in PC3 and HeLa cells showed variable effects (Figure 4.3B, C). For example, only 

compound 90 affected the viability of HeLa cells, with a CC50 value of 38.086 µM. Accurate 

calculation of the CC50 values for the other inhibitors was impossible because of their low 
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potency. Overall, the effect of these JMJD5 inhibitors on cell viability depends on the particular 

inhibitor used and the cancer cell type. 

 

 

Figure 4.3 JMJD5 inhibitors are toxic to cancer cell lines. 
Cells were treated with the indicated JMJD5 inhibitors: 88, 90, 92 and 93 for 72 hours and cell 

viability was measured using the MTS cell viability assay. Effect of the four initial JMJD5 

inhibitors on A. A549, B. PC3 and C. Hela cells. D. CC50 values for the JMJD5 inhibitors. The 

data represents the mean ± SEM of three independent replicates with quadruplicate technical 

repeats. 
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4.2.2 Inhibitors 37 and 38 are toxic to cancer cell lines. 

 

We investigated the effect of 37 and 38 on cancer cell viability using MTS cell viability assays 

as above. Consistent with the previous inhibitors, we did not observe significant toxicity in 

HeLa cells (data not shown), possibly because they express only trace amounts of JMJD5 

(Wang et al., 2013). Therefore, HeLa cells may not be a good model for studying JMJD5 

inhibitors and were excluded from subsequent assays.  

Treatment with inhibitor 37 had no effect on the viability of PC3 cells, whereas inhibitor 38 

reduced viability at the highest doses tested (Figure 4.4A). Similarly, inhibitor 37 did not have 

a significant effect on the viability of U2OS cells, whereas inhibitor 38 caused significant 

toxicity, even at the lower doses tested (Figure 4.4B). In contrast, 37 and 38 markedly reduced 

the viability of A549 cells, with CC50 values of 10 µM and 2.41µM, respectively (Figure 4.4B, 

C). 
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Figure 4.4 JMJD5 inhibitors 37 and 38 are toxic to cancer cell lines. 

Cells were treated with the JMJD5 inhibitors 37 or 38 for 72 hours, and cell viability was 

measured using the MTS cell viability assay. Effects of JMJD5 inhibitors on A. A549, B. U2OS 

and C. PC3 cells. Data represent the mean ± SEM of three independent experiments with 

quadruplicate technical repeats.  

To have an orthogonal approach to evaluate the effect of JMJD5 inhibitors on cell viability, we 

used the cyQUANT assay. This assay uses a fluorescent dye that binds to nucleic acids, which 

supports direct and highly sensitive measurement of cell number. As shown in Figure 4.5A, the 

cyQUANT assay results for A549 cells were similar to the MTS results (Figure 4.4A), with 

CC50 values of 10.04µM for 37 and 0.65 µM for 38. In addition, the cyQUANT profile for 

U2OS closely overlapped with the corresponding MTS assays (Figure 4.4B), with a CC50 value 

of 5.91µM for inhibitor 38 (Figure 4.5 B).  
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Overall, our data suggest that inhibitor 38 has a markedly more toxic effect on cancer cell 

viability than inhibitor 37.  

 

Figure 4.5 JMJD5 inhibitors 37 and 38 show toxicity in cancer cell lines. 

Cells were treated with the indicated JMJD5 inhibitors 37 or 38 for 72 hours, and cell viability 

was measured using the cyQUANT viability assay. Effect of JMJD5 inhibitors on A549 (A) and 

U2OS cells (B). Data represent mean ± SEM from three independent replicates with 

quadruplicate technical repeats. 

 

4.2.3 Treatment with JMJD5 inhibitors increases replication stress 

In previous chapters, we demonstrated that loss of JMJD5 increases basal RS in A549 and 

U2OS cells (Figure 3.17). We also showed that this increase in RS is dependent on JMJD5 

enzymatic activity (Figure 2.11). Therefore, we rationalised that JMJD5 inhibitors should also 

cause RS in these models. Consistent with the hypothesis, treating A549 and U2OS cells 

with either 1μM of inhibitor 37 or 38 for 24 h led to a significant increase in micronuclei (Figure 

4.6A and 4.6B). Both JMJD5 inhibitors also caused a significant increase in the percentage of 

A549 cells with 53BP1 bodies (Figure 4.6C). Similar results were obtained in U2OS cells, 

although statistical significance was only achieved for inhibitor 38 (Figure 4.6D). Overall, these 

results indicate that JMJD5 inhibitors cause RS. 
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Figure 4.6 Treatment with JMJD5 inhibitors increases replication stress (micronuclei and 

53BP1 bodies) in A549 and U2OS cells. 

Cells were treated with 1µM of either inhibitor 37 or inhibitor 38 for 24 hours which resulted 

in increased formation of micronuclei as well as increased 53BP1 bodies in A549 (A. and C.) 

and U2OS (B. and D.). Data represent mean ± SEM from four independent replicates. Statistical 

analysis was performed using the one-way ANOVA with Tukey’s post hoc test where (p-value ≤ 

0.05=*, ≤0.01 =**, ≤0.001=***).  
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4.2.4 JMJD5 inhibitors lead to cell cycle perturbations in cancer cell lines  

Previously we characterised the effect of JMJD5 knockdown and drug treatments on cell cycle 

and apoptosis. Therefore, we next evaluated the effect of JMJD5 inhibitors on these phenotypes.  

To this end, we treated cells with 1µM (A549) or 10µM (U2OS) inhibitor 37 or 38 for 24 hours. 

Subsequently, the cells were fixed and stained with PI, and cell cycle progression was measured 

using flow cytometry. Treatment of A549 cells with either inhibitor led to a statistically 

significant reduction in G1 phase cells when compared to the DMSO control (Figure 4.7A). 

Moreover, we observed a corresponding increase in S and G2/M phase cells. The number of 

sub-G1 phase cells also increased slightly, although this was not statistically significant. Similar 

phenotypes were observed in U2OS cells, as follows. Treatment with 37 and 38 caused a 

statistically significant reduction in G1 phase U2OS cells, together with an increase in S-phase 

cells (Figure 4.7B).  
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Figure 4.7 Cell cycle analysis of cancer cells treated with JMJD5 inhibitors. 

A549 (A) and U2OS  cells (B) were treated with 1µM or 10µM of either inhibitor 37 or 38 for 

24 hours, collected and stained with PI for cell cycle analysis. Data are presented as the mean 

± SEM of three independent experiments performed in triplicates. Statistical analyses used one-

way ANOVA with Tukey’s post hoc test [with p-value ≤ 0.05 (*)]. 
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4.2.5 Apoptosis analysis in cancer cells treated with JMJD5 inhibitors. 

In the previous section, we observed a slight increase in the sub-G1 population of A549 cells in 

response to JMJD5 inhibitors. Therefore, we next explored this further by analysing apoptosis 

using an Annexin V assay.  

A549 and U2OS cells were treated with the indicated doses of JMJD5 inhibitors for 72 h, and 

the cells were stained with PE, Annexin V, and 7-AAD. Interestingly, treatment of A549 cells 

with 10 µM inhibitor 37 or 38 led to a statistically significant decrease in the live cell population 

compared to the DMSO control (Figure 4.8A), consistent with the cell cycle data. Moreover, 

both inhibitors increased the percentage of early apoptotic A549 cells, with a statistically 

significant increase observed with inhibitor 38. In contrast, neither JMJD5 inhibitor caused 

apoptosis in U2OS cells at the concentrations used (Figure 4.8B), which is consistent with the 

lack of sub G1 population in the cell cycle analyses. 

Overall, the data indicates that JMJD5 inhibitors have cytostatic and -toxic effects in A549 cells, 

whereas in U2OS cells, they have a predominantly cytostatic effect.  
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Figure 4.8 Analysis of apoptosis in A549 and U2OS cells treated with JMJD5 inhibitors. 

A549 (A) and U2OS cells (B) were treated with 10µM of either inhibitor 37 or 38 for 72 hours. 

The cells were detached by trypsinisation, counted, and stained with PE Annexin V and 7AAD 

to measure apoptosis. Data presents mean ± SEM of results from three independent experiments 

performed in triplicate. Statistical analyses used one-way ANOVA with Tukey’s post hoc test 

[with p-value ≤ 0.05 (*)]. 
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4.2.6 The effect of JMJD5 inhibitors on cancer cell sensitivity to PARP, ATM 

and ATR inhibitors 

In Chapter 3, we showed that JMJD5 knockdown sensitises cells to a variety of anticancer 

agents. Therefore, we next evaluated whether JMJD5 inhibitors behave in a similar manner. To 

this end, we treated A549 and U2OS cells with a fixed dose of JMJD5 inhibitor 37 or 38 together 

with a range of concentrations of doxorubicin or PARP, ATM, or ATR inhibitors for 72 hours. 

Our data suggest that 2 µM 37 did not increase the sensitivity of A549 cells to doxorubicin 

(Figure 4.9A, C). In contrast, 2 µM inhibitor 38 showed a trend towards increasing sensitivity, 

although this was not statistically significant. In U2OS cells, 10µM of inhibitor 38 did not 

increase sensitivity to doxorubicin at any of the concentrations tested (Figure 4.9B, D). 

However, treatment with 10µM 37 led to statistically significant sensitisation to 0.001µM 

doxorubicin.  
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Figure 4.9 Effect of JMJD5 inhibitors on A549 and U2OS cell sensitivity to Doxorubicin. 

Cells were treated with either 2µM for A549 cells (panels A and C) or 10µM for U2OS cells 

(panels B and D) of JMJD5 inhibitor and a range of doxorubicin concentrations simultaneously 

for 72 hours and cell viability was measured by MTS assay. Data represent mean ± SEM from 

three independent replicates with quadruplicate technical repeats. Statistical analysis was 

performed using two-way ANOVA with Dunnett’s multiple comparisons where (p-value ≤ 

0.05=*, ≤0.01 =**, ≤0.001=***). 

We next investigated the effect of the JMJD5 inhibitors on the sensitivity to Talazoparib. 

Although 1µM 37 did not affect the sensitivity of A549 cells to this PARP inhibitor, 1µM 38 

did significantly increase sensitivity to 0.1µM and 1µM Talazoparib (Figure 4.10A, C). 

However, combining 10µM of either 37 or 38 with Talazoparib did not increase the sensitivity 

of U2OS cells to any of the concentrations of Talazoparib tested (Figure 4.10B, D).  
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Figure 4.10. Effect of JMJD5 inhibitors on A549 and U2OS cell sensitivity to the PARP 

inhibitor Talazoparib. 

Cells were treated with either 1µM for A549 cells (panels A and C) or 10µM for U2OS cells 

(panels B and D) of JMJD5 inhibitor and a range of Talazoparib concentrations simultaneously 

for 72 hours and cell viability was measured by MTS assay. Data represent mean ± SEM from 

three independent replicates with quadruplicate technical repeats. Statistical analysis was 

performed using the two-way ANOVA with Dunnett’s multiple comparisons where (p-value ≤ 

0.05=*, ≤0.01 =**, ≤0.001=***). 

 

Next, we investigated the effect on sensitivity to ATR inhibitors. Treatment with 1µM 37 did 

not affect sensitivity to ATR inhibitor in A549 cells (Figure 4.11A, C). Although inhibitor 38 

may have had a subtle effect, the difference was not statistically significant. However, in U2OS 

cells 10µM 38 led to significantly increased sensitivity to 0.5µM and 1µM Ceralasertib (Figure 

4.11B, D). In contrast, inhibitor 37 did not affect the sensitivity to Ceralasertib at any of the 

doses tested.  
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Figure 4.11 Effect of JMJD5 inhibitors on A549 and U2OS cell sensitivity to the ATR 

inhibitor Ceralasertib. 

Cells were treated with either 1µM for A549 cells (panels A and C) or 10µM for U2OS cells 

(panels B and D) of JMJD5 inhibitor and a range of ATR inhibitor concentrations 

simultaneously for 72 hours and cell viability was measured by MTS assay. Data represent 

mean ± SEM from three independent replicates with quadruplicate technical repeats. Statistical 

analysis was performed using the two-way ANOVA with Dunnett’s multiple comparisons where 

(p-value ≤ 0.05=*, ≤0.01 =**, ≤0.001=***). 

 

Finally, we investigated the effects of combining JMJD5 inhibitors with the ATM inhibitor 

AZD0156. Interestingly, treatment with 1µM 37 or 38 significantly increased A549 cell 

sensitivity to 0.01µM and 0.1µM AZD0156 (Figure 4.12A, C). Only treatment with inhibitor 

38 increased sensitivity to AZD0156 in U2OS cells,  (Figure 4.12B, D).  
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Figure 4.12 Effect of JMJD5 inhibitors on the sensitivity of A549 and U2OS cells to the 

ATM inhibitor AZD0156. 

Cells were treated with either 1µM for A549 cells (panels A and C) or 10µM for U2OS cells 

(panels B and D) of JMJD5 inhibitor and a range of AZD0156 concentrations simultaneously 

for 72 hours and cell viability was measured by MTS assay. Data represent mean ± SEM from 

three independent replicates with quadruplicate technical repeats. Statistical analysis was 

performed using the two-way ANOVA with Dunnett’s multiple comparisons where (p-value ≤ 

0.05=*, ≤0.01 =**, ≤0.001=***). 

Overall, our data suggest that JMJD5 inhibitors can sensitise cancer cell lines to a variety of 

anticancer drugs. However, the level of sensitisation varies depending on the cell line and drug 

used.  

4.2.7 Investigating if JMJD5 inhibitors engage with their target in cells 

Next, we investigated whether JMJD5 inhibitors demonstrate evidence of target engagement in 

cells. A typical approach to investigate this for a protein-modifying enzyme would be to 

measure substrate modification after treating cells. Another approach, specific to 2OG 
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oxygenases, is to test the ability of the inhibitor to ‘trap’ the substrate on the hydroxylase using 

immunoprecipitation experiments. This approach has been widely used as a substrate discovery 

approach using DMOG (Rose et al., 2011), and more recently has been applied to demonstrate 

target engagement of MINA53 inhibitors in tumour cells (Nowak et al., 2021). However, both 

approaches require knowledge of the physiological substrate which has probably not yet been 

identified for JMJD5. That being said, the Coleman group has identified candidates with a 

substrate-like binding profile (but without confirmed hydroxylation sites) that we reasoned 

could be used to test for engagement of JMJD5 inhibitors in cells. A member of the Coleman 

group observed that DMOG increased the binding of endogenous MCM3 and MCM5 to wild-

type JMJD5, but not the catalytically inactive H321A mutant (Figure 4.13). MCM3 and MCM5 

are essential components of the minichromosome maintenance (MCM) complex, which plays 

a critical role in the initiation and regulation of DNA replication by forming part of the helicase 

that unwinds DNA at replication forks (Ibarra et al., 2008). 

 

Figure 4.13 MCM3 and MCM5 interactions with wild-type JMJD5 increased in the 

presence of DMOG. 

HEK293T cells transiently expressing an EV or HA-JMJD5 WT or H321A vector were 

incubated with 1mM of DMOG for 16 hours prior to anti-HA immunoprecipitation (IP). NOG 

(1mM) was added if the cells were treated with DMOG before IP. Β-Actin was used as a loading 

control. N=3 biological repeats, performed by Dr Sally Fletcher. 
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Although these results suggest that MCM3 and MCM5 show substrate-like binding patterns, 

we have yet to identify any JMJD5-dependent hydroxylation sites. However, for the purposes 

of our initial JMJD5 inhibitor investigation, we thought it could be worthwhile to evaluate the 

effect of JMJD5 inhibitors on the interaction between MCM3 and MCM5. 

We chose to focus on inhibitor 38, as it showed a more significant effect on cell viability in our 

cancer cell models. HEK293T cells were transfected with either empty vector or WT HA-tagged 

JMJD5 for 24 h and treated with DMSO control, 1mM DMOG or 10µM of inhibitor 38 for 16 

h. We performed anti-HA IP and immunoblotted the extracts for MCM3 and MCM5. Consistent 

with previous findings, treatment with DMOG increased the interaction between JMJD5 and 

both MCM3 and MCM5 (Figure 4.14). However, treatment with the JMJD5 inhibitor 38 did 

not affect binding to either MCM3 or MCM5.  

 

Figure 4.14 Immunoprecipitation analysis was performed to investigate whether JMJD5 

inhibitor 38 demonstrated JMJD5 target engagement. 

HEK293T cells transiently expressing an EV or HA-JMJD5 vector were incubated with 10µM 

of inhibitor 38 or 1 mM of DMOG for 16 hours prior to anti-HA immunoprecipitation (IP). β-

Actin was used as a loading control. N=3 

 



142 
 

4.3 Discussion 

In this chapter, we evaluated the effect of first-in-class inhibitors (5-aminoalkyl-substituted 

derivatives of 2,4-PDCA) of JMJD5 on cancer cell lines. We initially tested first-generation 

inhibitors and observed promising effects on cell viability. Following this, second-generation 

JMJD5 inhibitors were developed with greater in vitro specificity (inhibitors 37 and 38) and 

their effects on cancer cell lines were also evaluated. We showed that these novel JMJD5 

inhibitors decreased the viability of cancer cell lines, which was associated with increased RS 

and cell cycle perturbations. We also evaluated their ability to sensitise cells to DDR inhibitors 

and obtained promising results. Overall, the findings presented in this chapter support the role 

of JMJD5 inhibitors as potential anticancer agents. 

4.3.1 JMJD5 inhibitors are toxic to cancer cell lines 

The results in this chapter indicate that JMJD5 inhibitors decrease the viability of cancer cell 

lines (Figures 4.2 and 4.4). This contrasts with our previous data with JMJD5 knockdown where 

we did not observe such striking effects on cell viability. This could be due to a higher level of 

JMJD5 loss of function with the inhibitors than the knockdown efficiency obtained in our 

models, or a variety of other experimental differences. For example, the consequences of loss 

of expression (knockdown) could be different to those of expression without activity 

(inhibitors). However, our inhibitor results are consistent with other studies that have 

demonstrated impaired cancer cell proliferation and viability in response to loss of JMJD5 

(Ishimura et al., 2012) (Zhang et al., 2015). Notably, the cell models used in these two studies 

were not the same as those we used, which could explain the different results obtained.  

Another potential limitation of our results is that we observed toxicity at concentrations at which 

the tested JMJD5 inhibitors are known to inhibit other 2OG oxygenases in vitro. Based on the 

in vitro IC50 values for the first initial set of inhibitors (88-93) and inhibitor 37, doses above 

1µM could be inhibiting other members of the family (Figure 4.1C). This concern should be 
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caveated by the fact that we do not yet know what level of JMJD5 inhibitors we achieved inside 

cells. Nonetheless, it is possible that JMJD5 inhibitors could impact the function of other 

members of the family with similar loss of function phenotypes. For example, loss/inhibition 

of KDM4A reduces cell proliferation in a variety of cancer cell lines, including breast (Pei et 

al., 2023), prostate (Cui et al., 2020), and liver (Cao et al., 2024). Therefore, it is currently not 

possible to conclude whether the decrease in cell viability we observe is specifically due to 

JMJD5 inhibition. Further work is required to assess specificity in cells, ideally through 

quantitative measurements of hydroxylation/demethylation events catalysed by a variety of 

2OG oxygenases.  

It is important to note that we only tested JMJD5 inhibitors in a limited number of tumour cell 

lines. Future research should incorporate a wider variety of cancer types and models. Future 

work should also aim to understand why some cells are less sensitive to JMJD5 inhibitors than 

others. A number of reasons could explain these variations, such as genetic differences or levels 

of endogenous JMJD5 expression. For example, it is possible that the expression levels of 

JMJD5 in HeLa and PC3 cells (less sensitive) might be lower than those in A549 cells (more 

sensitive). Indeed, it has been shown that HeLa cells express low levels of JMJD5 (Wang et al., 

2013). Other considerations could include differences in the mechanism of inhibitor uptake and 

potential efflux by membrane transporters in cancer cells. HeLa cells express various multidrug 

resistance (MDR) proteins that can actively remove chemotherapeutic agents from cells, 

contributing to poor responses (Takara et al., 2006). Nonetheless, further studies are needed to 

understand the factors that determine the sensitivity of JMJD5 inhibitors. Comparing the results 

of such studies in both normal and cancer cells will also be important in determining the 

potential therapeutic potential of JMJD5 inhibitors. 

A major limitation of the work in this chapter is that we could not determine how selective the 

JMJD5 inhibitors are in cells. Selectivity studies are important because, like most inhibitors that 



144 
 

target 2OG oxygenases, the inhibitors characterised here are competitive inhibitors of the 

shared cofactor 2OG. In addition, we were unable to determine the efficacy of the inhibitors 

because we could not test whether JMJD5 activity was impaired in cells due to the lack of a 

known substrate. Further studies are needed to test the efficacy and selectivity of these 

compounds once a bona fide JMJD5 substrate has been discovered.  

4.3.2 Phenotypes associated with JMJD5 loss vs JMJD5 inhibition 

Limited in our ability to directly test inhibitor efficacy and specificity, we decided to investigate 

whether inhibitors cause phenotypes that would be consistent with JMJD5 loss of function. 

Based on our earlier work using JMJD5 knockdown models we focussed on RS. Interestingly, 

we found that treatment of both A549 and U2OS cells with inhibitor 37 or 38 increased the 

levels of RS markers (Figure 4.6). In particular, inhibitor 38 showed a significant difference 

compared to the control. Although these data could be consistent with target engagement and 

JMJD5 inhibition, we cannot rule out the possibility of off-target inhibition of other 2OG 

oxygenases with roles in replication fidelity such as KDM4A (Van Rechem et al., 2020). 

Our initial experiments showed that JMJD5 inhibitors decreased the viability of cancer cells. 

However, we did not know whether the observed effect was due to a decrease in proliferation 

or an increase in cell death. To address this question, we carried out flow cytometry analysis of 

cell cycle and apoptosis. Our results showed that treatment of both A549 and U2OS with either 

inhibitor led to a statistically significant reduction in the population of cells in the G1 phase and 

an increase in S phase cells (Figure 4.7). This is consistent with our results in Chapter 3, where 

we reproducibly observed that JMJD5 knockdown led to a modest decrease in G1 cells and an 

increase in S-phase cells. 

Our apoptosis analysis showed that treatment of A549 cells with 10 µM 37 or 38 led to a 

significant decrease in live cells (Figure 4.10A), which is also consistent with our cell cycle 

sub-G1 data. Moreover, both inhibitors increased the percentage of early apoptotic A549 cells, 
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with a significant increase observed with inhibitor 38. Conversely, inhibitor 38 did not appear 

to cause apoptosis in U2OS cells (Figure 4.10B), despite its ability to reduce cell viability. This 

suggests that inhibitor 38 may have a cytostatic effect on U2OS cells by reducing cell 

proliferation rather than directly killing the cells. Another possibility is that inhibitor-treated 

U2OS cells undergo death via other mechanisms that are not detected by the annexin V/7AAD 

assay, such as mitotic catastrophe. One of the characteristics of mitotic catastrophe is the 

presence of micronuclei, which are increased in cells treated with JMJD5 inhibitors.  

The data presented here are at odds with those in Chapter 3, where JMJD5 knockdown did not 

affect the percentage of live, apoptotic, or dead cells. These results again suggest that the 

observed effects of JMJD5 inhibitor treatment, especially inhibitor 38 at the concentration used, 

may not be specific to JMJD5 inhibition. That being said, other studies have reported that 

JMJD5 affects apoptosis. For example, Yao et al. reported that JMJD5 inhibition induced 

apoptosis in oral squamous cell carcinoma (Yao et al., 2019). Further work is required to 

determine the contribution of JMJD5 inhibition to the cellular phenotypes described in this 

chapter.  

To further investigate the specificity of JMJD5 inhibitors, we propose an epistasis experiment 

combining JMJD5 knockdown and treatment with inhibitors 37 or 38. If the inhibitors act 

specifically through JMJD5, we would expect the combined treatment to not induce the 

additional phenotype beyond that observed with knockdown alone, as the pathway would 

already be maximally perturbed. However, if an additional or exacerbated phenotype emerges 

in cells subjected to both knockdown and inhibitor treatment, this would suggest either off-

target effects of the inhibitors or incomplete JMJD5 depletion via knockdown. This approach 

would allow for a deeper mechanistic understanding of the inhibitors’ effects and can help 

determine JMJD5-specific phenotypes from those arising from off-target or dose-dependent 

toxicity. 
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4.3.3 Combining JMJD5 inhibitors with anticancer agents 

Based on our data indicating that JMJD5 knockdown enhances the sensitivity of cancer cells to 

various anticancer agents, we aimed to explore the feasibility of combining JMJD5 and DDR 

inhibitors. Overall, we observed variable responses to JMJD5 inhibitors between cell lines and 

anticancer compounds. This contrasts with our JMJD5 knockdown models, where we 

consistently observed increased sensitisation to DDR inhibitors. The differences in cellular 

responses to JMJD5 knockdown and inhibition could be due to various reasons, such as the 

extent and specificity of JMJD5 activity modulation, the potential for off-target effects, 

compensatory cellular mechanisms, temporal dynamics of target engagement, and context-

dependent roles of JMJD5 in DNA repair and cell cycle regulation.  

Nonetheless, from a therapeutic perspective, the ability of JMJD5 inhibition to sensitise cancer 

cells to DNA-damaging agents and DDR inhibitors suggests a potential role for these 

compounds in combination therapies. Further studies are warranted to investigate the molecular 

mechanisms involved in facilitating the observed sensitivities. Moreover, the identification of 

biomarkers, including JMJD5 expression levels or mutations in DDR genes, such as ATM, will 

be crucial for selecting patients who are most likely to benefit from JMJD5-targeted treatments.  

The tumour microenvironment plays a critical role in cancer progression and treatment 

response. Therefore, another important consideration is the response to JMJD5 inhibition under 

hypoxic conditions (further discussed in Chapter 5). Given that 2OG oxygenases, including 

JMJD5, may be sensitive to oxygen levels, investigating the effects of JMJD5 inhibitors in 

hypoxic tumours is highly relevant. Furthermore, exploring the combined effects of JMJD5 

inhibition and chemotherapy under hypoxic conditions may reveal novel therapeutic strategies. 

4.3.4 Chapter conclusions 

In conclusion, despite the limitations in the analysis of JMJD5 inhibitor selectivity, our data are 

supportive of targeting JMJD5 in cancer cells. Our results indicated that JMJD5 inhibitors could 
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be beneficial in cancer therapy alone or in combination with other anticancer agents. 

Considering the ongoing work to develop JMJD5 inhibitors with even greater efficacy and 

specificity, further cellular research will be required to evaluate their effects on normal and 

cancer cells. From a long-term perspective, the translational development of JMJD5 inhibitors 

will require more studies to evaluate the cancer types responsive to JMJD5 inhibitors, together 

with a clear evaluation of JMJD5’s role in cancer biology and identification of its biological 

substrate. 
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Chapter 5. Final discussion  
 

The work presented in this thesis contributed to the investigation of JMJD5 loss-of-function in 

the context of genome stability and synergistic drug interactions, as well as to the initial analysis 

of JMJD5 inhibitors as potential anticancer agents.  We demonstrated that JMJD5 cancer 

mutations affecting the JmjC catalytic domain led to loss of enzymatic activity and increased 

RS and GI. We also showed that loss of JMJD5 sensitises different cancer cell lines to a wide 

range of anticancer agents, including DDR inhibitors and conventional chemotherapy drugs. 

Furthermore, our work demonstrating that JMJD5 inhibitors are toxic to selected cancer cells 

suggests that further preclinical evaluations are warranted. In this section, we explore the 

broader significance of the discoveries and discuss potential future paths. 

5.1 Therapeutic potential of targeting JMJD5  

Despite the success of PARP inhibitors in anticancer therapy, drug resistance is a major issue 

that leads to disease relapse and poor patient prognosis (Giudice et al., 2022). Therefore, current 

approaches to overcome resistance are focused on combinational therapies that combine PARP 

inhibition with other inhibitors of DDR or immune-checkpoint inhibition (Fu et al., 2024). 

Nonetheless, additional targets are needed to overcome the complex and evolving mechanisms 

of resistance. In light of our data indicating that loss of JMJD5 can sensitise cancer cells to 

PARP inhibitors, JMJD5 has emerged as a potential new therapeutic target.  

Targeting a tumour suppressor gene in cancer therapy may seem counterintuitive, as they are 

typically involved in maintaining GS and preventing cancer growth. Nonetheless, in the case 

of proteins involved in DDR, targeting tumour suppressors involved in genome maintenance 

can have a unique therapeutic rationale, as cells harbouring mutations in genes such as p53, 

BRCA1/2, or ATM often exhibit high RS and rely on remaining DDR mechanisms to survive 
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(Li et al., 2023). In these cells, further inhibiting other DDR proteins can push them into a state 

of catastrophic GI and death (Topatana et al., 2020). 

Importantly, in addition to addressing resistance mechanisms in tumours already sensitive to 

PARP inhibitors, JMJD5 inhibitors could open new therapeutic possibilities by sensitising 

BRCA-wild-type tumours to PARP inhibition. Typically, PARP inhibitors are the most effective 

in BRCA-mutant or HR-deficient cancers which usually include breast, prostate, or ovarian 

tumours (Zheng et al., 2020). Nonetheless, many cancers have wild-type BRCA genes and 

functional HR, which limits the use of PARP inhibitors in these cases. Our data indicates that 

loss of JMJD5 sensitises some cancer cells to PARP inhibitors, which could perhaps create a 

‘BRCAness’ like state, suggesting that targeting JMJD5 could be a strategy to expand the use 

of PARP inhibitors to a new population of patients. Currently, treatment options for patients 

harbouring wild-type BRCA tumours are limited in terms of targeted therapies that exploit DDR 

vulnerabilities. Therefore, utilising JMJD5 inhibition in this context could be an attractive 

option for expanding treatment options. Further research is needed to evaluate whether JMJD5 

inhibition induces similar sensitivity phenotypes in other preclinical cancer models such as 

organoids and in vivo experiments. 

Another possible therapeutic strategy is to use PARP, ATM, and ATR inhibitors in cancer cells 

harbouring JMJD5 mutations. Although mutations in JMJD5 in tumours are relatively rare 

(approximately 2% according to cBioPortal and COSMIC), it is possible that JMJD5 is 

functionally inactivated in wild-type tumours. For example, inactivation by the tumour 

microenvironment (discussed more below) or post-transcriptional deregulation could contribute 

to the frequency of JMJD5 loss of function in cancer. Furthermore, it is possible that the broader 

regulatory network of JMJD5 could also be deregulated in cancer, which could also create 

BRCAness like states that could be targeted. For example, the JMJD5 interactor RCCD1 has 

been implicated in cancer, with reports indicating a role as an oncogene (Cheng et al., 2019) 
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and tumour suppressor gene (Cai et al., 2014). Interestingly, RCCD1 is affected in many of the 

same tumour types as JMJD5 including breast (Ferreira et al., 2019), lung (Cheng et al., 2019), 

prostate (Gusev et al., 2019), and pancreatic cancers (Zhong et al., 2020). Recent work within 

the Coleman group by Dr. Tristan Kennedy showed that RCCD1 knockdown causes an increase 

in RS in cancer cells, and that these phenotypes are epistatic with JMJD5 loss, suggesting they 

act in the same pathway. If true, this would suggest that RCCD1 inactivation would also 

sensitise tumour cells to DDR inhibitors, which could be investigated in the future using 

approaches and models similar to those presented here. Such work could support targeting of 

RCCD1 as another therapeutic opportunity.  

Future work should also aim to discover other proteins involved in the JMJD5 pathway that 

could be exploited for developing novel cancer therapies. If these components are deregulated 

in cancer, they could act as potential drug targets. Because JMJD5 is an enzyme, and the role 

of JMJD5 in GS is activity-dependent, its substrate(s) likely also play a role in GS and 

potentially replication fidelity. The identification of the biological substrate of JMJD5 would 

not only enhance the understanding of its role in cancer biology but could also provide an 

additional potential drug target. 

The increased sensitivity to PARP, ATM, and ATR inhibitors upon JMJD5 loss is associated 

with cell cycle arrest, increased apoptosis, and elevated levels of RS markers, although the 

precise effects depend on the cancer cell line. Although preliminary, and based on a small 

number of models, this might indicate that the role of JMJD5 is dependent on the tissue or the 

genetic context of cells in which it is expressed. This possibility might also explain the debate 

between the role of JMJD5 as a tumour suppressor vs an oncogene. The apparent context-

dependent roles of JMJD5 may be unsurprising, considering that many DDR proteins exhibit 

tissue-specific functions and responses depending on the genetic landscape and cellular 

environment. Indeed, mutations of DNA repair genes in different DDR pathways tend to have 
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tissue-specific effects on patients, leading to tissue-specific phenotypes (Sun, Osterman and Li, 

2019).  For example, although BRCA1 plays a well-established and crucial role in DDR, the 

impact of mutations in this gene varies considerably depending on the tissue type. BRCA1 

mutations in breast tissue are associated with a risk of malignancy of 55-72% by the age of 70 

years. Whereas in pancreatic tissue, BRCA1 mutations are associated with a risk of 1-3% 

(Petrucelli et al., 1998). Overall, further research is needed to explore the factors modifying 

JMJD5’s role in cancer. Such studies could include a large panel of different cancer cell lines 

from different tissues, and with known genetic status such as wild-type and mutant p53 and 

BRCA1/2.  

In addition to the candidate and hypothesis-driven studies discussed above, unbiased genetic 

screens could also have significant value. For example, CRISPR-based screens in JMJD5 loss 

of function models could help identify novel genetic interactions and new potential synthetic 

lethality partners. This would allow for the discovery and validation of new therapeutic targets 

that can be exploited in combination with JMJD5 inhibition. Such screens could be performed 

in JMJD5 knockout tumour cell models, which should be feasible to generate (He et al., 2016). 

Any hits generated from the screens could be validated using the approaches presented in this 

thesis. Due to the context-dependent role of JMJD5 in different tumour types and phenotypes 

associated with its loss, the cancer cell types to be screened should be carefully considered, 

including the expression level of JMJD5.  

The identification of synthetic lethal interactions with JMJD5 could be used to stratify patients 

based on their genetic profiles. For example, tumours harbouring mutations in genes that are 

synthetically lethal with JMJD5 could be particularly susceptible to combination therapies 

involving JMJD5 inhibitors, allowing for more personalised and effective treatment. Indeed, 

there are several synthetic lethal combinations that have led to the stratification of patients for 
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targeted therapies with the most well-known example being patients' stratification based on 

their BRCA mutation status in PARP inhibitors treatment (Lord and Ashworth, 2017).  

5.2 JMJD5 loss/inhibition in the context of hypoxia and 

oncometabolites 

Another avenue for future research should focus on exploring JMJD5 loss/inhibition in the 

context of hypoxia, given the potential sensitivity of 2OG oxygenases to oxygen levels. 

Importantly, data from cellular experiments indicate different oxygen affinities and sensitivities 

among members of the 2OG oxygenase family (Fletcher and Coleman, 2020). For example, 

protein hydroxylases JMJD4 (Feng et al., 2015), MINA53, and NO66 (Ge et al., 2012) have 

been shown to retain significant catalytic activity, even under severe hypoxic conditions (≤ 

0.1% oxygen levels). Currently, there is limited knowledge about the activity of JMJD5 under 

hypoxic conditions. A report by Wang et al. showed that JMJD5 is upregulated by hypoxia and 

is crucial for hypoxia-induced cell proliferation (Wang et al., 2013). Therefore, further 

investigation regarding JMJD5 in the context of hypoxia is needed, especially because hypoxia 

has been shown to contribute to RS. Studies have demonstrated that severe hypoxic conditions 

impair DNA replication (Pires et al., 2010; Foskolou et al., 2016). Chronic periods of hypoxia 

for more than 12 h can prevent fork restart (Pires et al., 2010). This may be particularly relevant 

here considering the role of JMJD5 in replication fork dynamics, which requires further 

investigation.  

If JMJD5 activity is compromised by tumoural hypoxia, this could create an environment in 

which tumour cells are critically dependent on the remaining JMJD5 function. Such cells could 

display enhanced sensitivity to JMJD5 and DDR inhibitors. Since hypoxia is a major 

contributor to resistance to conventional chemotherapy and radiotherapy (Boulefour et al., 

2021), JMJD5 inhibition, combined with DDR inhibitors, could represent a novel therapeutic 

strategy for targeting hypoxic tumour regions. 
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Another important consideration is the function of the JMJD5 in the context of oncometabolites. 

As discussed in Chapter 1, oncometabolites have been shown to inhibit 2OG oxygenases which 

can contribute to tumourigenesis via several different mechanisms, including the dysregulation 

of DDR pathways (Inoue et al.,2016; Sulkowski et al., 2020). Whether JMJD5 is sensitive to 

oncometabolites is not yet clear, although preliminary data is supportive (Schofield group, 

personal communication). Based on our knockdown data, inhibition of JMJD5 by 

oncometabolites could sensitise to PARP, ATM, and ATR inhibitors. Furthermore, 

oncometabolites could enhance the effects of JMJD5 inhibitors by further reducing JMJD5 

activity through combined 2OG competitive inhibition. Tumours with high levels of 

oncometabolites, such as those with IDH mutations (Fletcher and Coleman, 2020), may be 

particularly susceptible to such combination therapies. 

5.3 Final conclusions  

In this thesis, we have expanded the understanding of the role of JMJD5 in cancer. We have 

shown that JMJD5 loss is associated with increased RS and that this sensitises cancer cells to 

DDR inhibitors, as well as other anticancer agents. Our initial evaluation of first-in-class JMJD5 

inhibitors provides a basis for future investigations into the effects of JMJD5 inhibitors as 

anticancer agents. Overall, this study provides a solid foundation for further characterisation of 

JMJD5 as a novel anticancer target in the context of combinational therapies using JMJD5 

inhibitors. In Figure 5.1 we provide a working model for JMJD5 in replication fork restart and 

HR.  
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Figure 5.1 The working model for JMJD5 in replication fork restart and HR. 

 The activity of the JMJD5 may be regulated by upstream proteins in response to RS. JMJD5 in 

turn may hydroxylate downstream substrate/s to promote replication fork restart. Additionally, 

JMJD5 may be inhibited through mutation, inhibition or the tumour microenvironment which 

may lead to replication for collapse and formation of DSBs leading to the activation of HR.  
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Chapter 6. Materials and methods  
6.1 Molecular biology techniques   

6.1.1 Vectors and plasmids  

In this study, JMJD5 constructs were derived from pEF6 vectors, which had been previously 

developed by the Coleman group. These vectors were utilised to generate FLAG-tagged pTIPZ 

and FLAG-tagged pIHZ constructs, including JMJD5 WT and mutant variants. The pTIPZ 

vector represents a modified version of the commercial pTRIPZ vector (Figure 6.1A), with the 

red fluorescent protein (RFP) cDNA excised (Dhamarcon). The pIHZ,vector is a derivative of 

pGIPZ (Figure 6.1B) that lacks the green fluorescent protein (GFP) cDNA and substitutes a 

puromycin for a hygromycin resistance cassette. 

 

Figure 6.1 Vector maps. A. pTRIPZ lentiviral vector. Figure from Horizondiscovery B. pGIPZ 

vector. Figure from SnapGene. 

6.1.2 Polymerase chain reactions  

Polymerase chain reactions (PCRs) used to make pTIPZ vectors were set up using Phusion® 

High-fidelity DNA polymerase (NEB) according to the manufacturer’s instructions. PCR 

products were separated by DNA gel electrophoresis with 1% (w/v) agarose gel. DNA bands 
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were subsequently isolated and solubilised using the Gen-Elute™ Gel Extraction kit (Sigma-

Aldrich). The PCR products and vectors of interest were digested using relevant restriction 

enzymes for 1 hour at 37°C. The digested vectors were additionally treated with calf intestinal 

alkaline phosphatase (CIP, NEB, 0290S). Digestion products were run on 2% (w/v) agarose gel 

and bands cut out were solubilised through the Gen-Elute™ Gel Extraction kit. The constructs 

were ligated with plasmid at the appropriate ratios using T4 DNA ligase (NEB) at 25°C for 10 

minutes and heat inactivated at 65°C for 10 minutes. Ligated plasmids were transformed into 

NEB 5-alpha electrocompetent E.coli and plated onto LB-Agar Ampicillin resistant plates 

followed by overnight incubation at 37°C. Single colonies were picked and inoculated into 5 

mL of LB and incubated overnight at 37°C and 200 rpm. Plasmid DNA was purified using the 

Gen-Elute Plasmid Miniprep kit (Sigma-Aldrich) and plasmids were sequenced by 

SourceBioscience to verify the correct incorporation of the insert. 

 

Table 6.1 List of primers used for PCR cloning. 

 
 

6.1.3 RNA extraction and cDNA synthesis  

RNA was extracted from cell pellets using the Sigma GeneElute Mammalian Total RNA 

extraction kit. cDNA was generated from RNA (1 µg in a 10 µl reaction) using the High 

Construct Primers 5’ to3’ 

pTIPZ 3x-

FLAG JMJD5 

 Forward: 

TATGAGGGGCCATGGGAGACTACAAAGACCATGAGGGATTATAAAGAT 
CATGACATCGACTACAAGGATGAGATGATAAGGGGAGACACCCACT  
 Reverse: 

AATATACCTCAGGCTACGACCACCAGAAGCT 
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Capacity cDNA reverse transcription kit (Applied Biosystems) according to the manufacturer’s 

protocol.  

6.1.4 Quantitative PCR  

qPCR was performed using the Fast Sybr Green Master Mix (Thermo, 4385612) according to 

the manufacturer’s protocol. Biological repeats were done with technical triplicates and 

GAPDH was used as normalisation control. qPCR was performed on QuantStudio™ 5 PCR 

machine and the comparative ΔΔCt method was used for quantification of gene expression. 

 

Table 6.2 Primers used for qPCR. 

 

6.2 Cell biology techniques   

6.2.1 Cell culture   

A549, U2OS, HCA-7 and HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) with 1% (v/v) penicillin/streptomycin (P/S) and 10% (v/v) Fetal Bovine Serum (FBS) 

and maintained at 37°C in a humidified 5% CO2 incubator. All the cell lines were directly 

bought from ATCC or gifted from other research groups within the Birmingham institute that 

bought them from ATCC. Upon 70-80% confluency, cells were removed from culture flasks 
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using TripLE express trypsin (ThermoFisher Scientific). Trypsin was inactivated using culture 

media before re-seeding cells into culture flasks. Alternatively, cells to be plated for 

experiments were first counted using an automated counter (Invitrogen™ Countess II™). 

Stable cell lines were cultured as above with the addition of 1 µg/mL puromycin. All cell lines 

were routinely tested for mycoplasma contamination.  

6.2.2 Drug treatments  

The stock concentration of ATM inhibitor AZD0156 was prepared by dissolving in 70% (v/v) 

ethanol to 3mM stock concentration and aliquots were stored at -80ºC. ATR inhibitor 

Ceralasrtib (AZD6738),PARP inhibitor Talazoparib and MMS were prepared at the stock 

concentration of 10mM in DMSO. Doxorubicin, Calicheamicin and Trabectedin powder were 

dissolved in DMSO to a stock concentration of 10mM. All JMJD5 inhibitors were dissolved in 

DMSO to a stock concentration of 100mM. All the drugs aliquots were stored at - 80ºC. 
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Table 6.3 List of reagents used to treat cells. 

 

6.2.3 Plasmid transfection   

HEK293T cells were seeded in 6 well plates at a density 5x105 and transfected after 24 hours 

using FuGENE® HD (Promega) according to the manufacturer’s instructions. Briefly, plasmid 

DNA was added to Opti-MEM® reduced serum medium and vortexed. FuGENE was added to 

the mixture at a ratio of 3 µL per 1 µg of plasmid DNA, vortexed and incubated for 30 minutes 

at room temperature (RT). Transfection mixtures were added to the cells in droplets and cells 

were harvested after 48 hours.   

6.2.4 RNA transfection   

Small interfering RNA (siRNA) transfection using the Lipofectamine™ RNAiMAX 

(Thermofisher) was performed as per the manufacturer’s instructions. Briefly, 24 hours before 

Reagent Source 

Doxycycline Sigma, D9891 

DMSO Sigma, D2650 

Talazoparib Selleckchem, S7048  

AZD0156 Selleckchem, S8375 

Ceralaserib Selleckchem, S7693 

Doxorubicin Sigma, 44583 

MMS Sigma, 129925 

Calicheamicin Cambridge Bioscience, HY-19609 

Trabectedin Sigma, TA9H9876DC6F 

JMJD5 inhibitors Christopher Schofield group 
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transection recipient cells were seeded in 10 cm dishes at a density of 5x105 cell/ml. 8 µL siRNA 

(Sigma) at 50 µM concentration (final concentration of 30nM) was added to 500 µL of Opti-

MEM. Pre-mix was prepared by mixing 10 µL of RNAiMAX with 500 µL of Opti-MEM per 

transfection and the volume of 500 µL was subsequently added to each tube containing siRNA 

and left to incubate for 15 minutes at RT. While incubating, the media on cells was changed 

then 1 mL of transfection mixture was added in dropwise motion to each plate. Cells were 

harvested after 72 hours.    

Table 6.4 List of siRNAs. 

 

6.2.5 Lentiviral transduction  

HEK293T cells were transfected with 500 ng of lentiviral vector and packaging vectors 

pMD2.G (150 ng) and psPAX2 (350 ng) using FuGENE® HD transfection reagent according 

to the procedure described above. After 48 hours, a medium containing the virus was collected, 

filtered using 0.45 µm PES filters and added to recipient A549 or U2OS cells. Cells were then 

incubated with the virus for 24 hours and transduced cells were selected using 1 µg/mL of 

Puromycin (Gibco).  

6.2.6 shRNA knockdown 

Stable expression short hairpin RNA (shRNA) cell lines were generated using lentiviral 

transduction as detailed above. Doxycycline (1 µg/mL) was used to induce the expression of 

shRNA plasmids. 

siRNA target Sigma siRNA ID Referred to in text as: 

SIC001 MISSION siRNA 

Universal Negative Control 

SIC001 siCtrl 

JMJD5 SASI_Hs0100082891 siJMJD5 
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Table 6.5 List of shRNAs. 

 

 

Figure 6.2 Vector map used for doxycycline-inducible JMJD5 shRNA.  

Figure from SanpGene,. 

6.2.7 Cell viability assays   

Cell proliferation/viability was measured using both MTS assay (CellTiter 96 Aqueous One 

667 Solution Cell Proliferation Assay, Promega), Resazurin (Abcam) and cyQUANT assay 

(CyQUANT™ NF Cell Proliferation Assay, ThermoFisher).  

Target Sequence (5’ to 3’) Referred to in text as: 

JMJD5 UUUUUCUAACUUCACAUCUGGA shRNA JMJD5 #1 

JMJD5 CCCAAGUGAAGAAACCACC shRNA JMJD5 #3 
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For MTS assays, CellTiter 96 Aqueous MTS reagent (Promega) and Phenazine methosulfate 

(PMS, Sigma-Aldrich®) were dissolved in 1X PBS according to the manufacturer’s protocol. 

MTS working reagent was made by combining 1 mL MTS with 50 μL of  PMS and added into 

each well. The cells were incubated for 1 hour at 37˚C 5% CO2, protected from light, then 

absorbance was measured at 490 nm using an EnSpire™ Multimode plate reader (Perkin 

Elmer).  

For cyQUANT assays, the reagents were prepared according to the manufacturer’s protocol 

and added to the cells. The cells were incubated for 1 hour at 37˚C 5% CO2, protected from 

light, then fluorescent was measured with excitation at ~485 nm and emission detection at ~530 

nm using an EnSpire™ Multimode plate reader (Perkin Elmer).  

For the Resazurin assay, the stock stain reagent was diluted in 1X PBS according to the 

manufacturer’s protocol and 20 µL added into each well. The cells were incubated for 2 hours 

at 37˚C 5% CO2, protected from light, then fluorescence was measured at Ex/Em 560/590 nm 

using an EnSpire™ Multimode plate reader (Perkin Elmer).  

6.2.8 Colony formation assay   

A549 cells were seeded at a density of 5x105 in 10 cm dishes and after 24 hours transfected 

with siRNA to knockdown JMJD5, as described above. The cells were then reseeded on 6 well 

plates 48 hours after transfection at a density of 200 cells/plate (for controls and lower drug 

concentrations) or 500 cells/plate (for higher drug concentrations), in triplicate. The next day, 

the cells were treated with indicated drugs at specific concentrations for 24 hours and afterwards 

incubated in drug-free medium for additional 7 days to form colonies. Subsequently, colonies 

were stained with 0.01% (w/v) crystal violet for 30 minutes, washed and counted the next day.   

Plating efficiency and % survival calculation:  

(PE) =(Number of cells plated / Number of colonies formed)×100 

% Survival=(Colonies in control group / Colonies in treated group)×100 
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6.2.9 Immunofluorescent staining and image acquisition   

Cells on coverslips were pre-extracted on ice for 5 minutes using a buffer containing 20 mM 

NaCl, 3 mM MgCl2, 300 mM sucrose, 10 mM PIPES, 0.5% (v/v) Triton X-100 followed by 

fixation using 4% (w/v) paraformaldehyde (PFA) in PBS for 15 minutes at RT. Afterwards, the 

cells were permeabilised in 0.1% (v/v) Triton X-100 in PBS at RT for 10 minutes and blocked 

in 1% Bovine serum albumin (BSA) in PBS for one hour at RT. The coverslips were incubated 

in primary antibodies made up in 1% (w/v) BSA in PBS at RT for one hour in a humidified 

dark plate. The full list of antibodies used and dilutions can be found in Table 6.6 The coverslips 

were then washed three times in cold 1% (w/v) BSA in PBS followed by one-hour incubation 

with secondary antibodies (Table 6.6) The coverslips were washed three times with cold PBS 

and incubated for 10 min with 4’,6 diamidino-2-phenylindole (DAPI) (Invitrogen™) to stain 

nuclei. Prolong® Gold Antifade Reagent (Cell Signalling Technology) was used to mount the 

coverslips onto microscope slides. Images were taken using 40X objective on a Leica DM6000 

fluorescent microscope and processed with ImageJ v1.54.  
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Table 6.6 The full list of antibodies used for immunofluorescent staining and dilutions. 

 

6.2.10 Cell cycle analysis  

Cell cycle analysis was performed on A549 and U2OS cells fixed in ice-cold 70% ethanol. Cells 

were harvested by trypsinisation and incubated with 100 μg/mL RNase A (Thermo Fisher 

Scientific) and stained with 20 μg/mL propidium iodide (Sigma), then analysed using Beckman 

Coulter CytoFLEX S. Representative FACS profiles were generated using Beckman CytExpert 

software v2.5.0.77.  

6.2.11 Apoptosis analysis   

Apoptosis was analysed using flow cytometry with staining for PE-conjugated Annexin V and 

7-AAD according to the manufacturer’s directions for the apoptosis detection kit (BD 

Pharmingen™). Briefly, cells were detached from the plates using trypsin, spun down and 

resuspended in PBS. Subsequently, cells were counted and 1x106 cells were re-suspended in 

1ml of 1X binding buffer. Next, cells were stained with 5 μL of annexin-PE and 5 μL of 7-AAD 

Antibody Source and catalogue 

number 

Dilution 

Anti-53BP1 Bio-Techne, NB100-904V 1:500 

CENPF BD Biosciences, 610768 1:500 

FLAG Sigma-Aldrich, 

F1804-1MG 

1:1000 

Rabbit 488nm Life technologies, A11070 1:1000 

Mouse 555nm Life technologies, A31570 1:1000 
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according to the kit protocol and incubated for 15 minutes at RT in the dark. The samples were 

analysed using Beckman Coulter CytoFLEX S and Beckman CytExpert software v2.5.0.77.  

6.3 Biochemical techniques   

6.3.1 Whole cell extracts   

The cells were harvested and lysed in radioimmunoprecipitation assay (RIPA) buffer (150 mM 

NaCl, 25 mM Tris pH 8, 1% v/v NP40, 0.5% v/v sodium deoxycholate, 0.1% v/v SDS) or JIES 

buffer (100 mM NaCl, 20 mM TrisHCl pH 7.4, 5 mM MgCl2, 0.5% v/v NP-40) containing 1X 

protease inhibitors (Sigma) and when appropriate 1X phosphatase inhibitors (Sigma) at a ratio 

to the volume of the cell pellets of 1:2, incubated on ice for 10 minutes and samples in RIPA 

were sonicated for 10 seconds. Subsequently, cells were pelleted for 10 minutes at 14,000 rpm 

and 4°C, and protein concentration was measured using the Pierce 660 nm assay (Thermofisher) 

as per manufacturer instruction for microplate procedure. Protein concentration was estimated 

using the BSA standard curve and normalised with RIPA or JIES buffer. Subsequently, the 

samples were resuspended in 6x Laemmli Loading Buffer (6x: 125 mM Tris-HCl [pH 6.8], 6% 

(w/v) SDS, 50% (v/v) glycerol, 225 mM dithiotheitol (DTT), 0.1% (w/v) bromophenol blue) to 

a final concentration of 1X, vortexed and boiled for 5 minutes.  

6.3.2 Immunoprecipitation   

For immunoprecipitation, cells were harvested on ice and lysed by rotation for 1 h at 4°C in 

JIES buffer containing 1x SIGMAFAST™ protease inhibitor cocktail (Sigma-Aldrich, S8830). 

Subsequently, lysates were clarified (10 minutes at 21,910 x g at 4°C) and input fractions were 

collected. Then, anti-hemagglutinin (HA) agarose beads (Sigma-Aldrich, A2095) were added 

to the supernatants, and samples were rotated for 4 hours at 4°C. Afterwards, beads were 

washed 6 times with JIES buffer followed by peptide elution (100 µg/mL HA or 100 µg/mL 

FLAG peptide in 20 mM Tris pH8 and 100 mM NaCl) at 2000 rpm for 15 minutes in a 
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thermomixer. The supernatant was removed from the beads and an appropriate volume of 6x 

Laemmli buffer was added, and the samples boiled at 95°C for 5 minutes.  

6.3.3 SDS-PAGE and Western blot analysis  

Samples were loaded onto 12% (v/v) polyacrylamide gel and proteins were separated using 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with the Mini 

PROTEAN Tetra apparatus (Bio-Rad), at 160 V for 1 hour in running buffer (25 mM Tris-HCl 

pH 8.3, 192 mM glycine, 0.1% (w/v) SDS). Proteins were transferred onto a (methanol 

activated) polyvinylidene difluoride membrane (GE Healthcare) at 320 mA for 30 minutes in 

transfer buffer (25 mM Tris pH 8.3, 192 mM glycine, 20% (v/v) methanol) and blocked in 5% 

(w/v) milk or 5% (w/v) BSA in PBS-T (Phosphate-Buffered Saline with 0.1% (v/v) Tween) for 

1 hour. The membranes were incubated in primary antibody overnight at 4ºC (or 1 hour at RT 

for HRP-tagged antibodies) followed by HRP-tagged secondary antibody incubation for 1 hour. 

All the antibodies were made up in 5% (w/v) milk in PBS-T or 5% (w/v) BSA in PBS-T. The 

full list of dilutions used can be found in Table 6.7 below. Proteins were detected using Clarity 

Max ECL Western Blotting Substrates (Bio-Rad) or SuperSignal™ West Femto Maximum 

Sensitivity Substrate (Thermo) and imaged using a Vilber Lourmat FusionFX imager.  
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Table 6.7 The full list of antibodies used for Western blot and dilutions. 

 

 

Antibody  Source and catalogue number  Dilution  

JMJD5  Collaborators Matsuura 

Yoshiharu Lab, Japan  

  

1:250  

HRP- β-Actin  Abcam Ab49900  1:25000  

HRP-HA  Roche 12CA5  1:2000  

HRP-FLAG  Sigma A8592  1:10000  

RCCD1 Abcam, Ab122570 1:500 

P53 Calbiochem, OP43 1:500 

RAD51 Abcam, ab63801 1:1000 

H2A Merc, 07-146 1:1000 

yH2AX Merck, 05-636 1:1000 

PARP Cell Signaling Technology, 

9542S 

1:1000 

Chk2 Merck, 05-649 1:1000 

pChk2 Cell Signaling Technology, 2661  1:1000 

Anti-rabbit HRP NEB, 7074 1:2000 

Anti-mouse HRP NEB,7076 1:2000 
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6.3.4 In vitro hydroxylation assays   

Reactions were prepared for 20 µg of GST-tagged recombinant wild-type JMJD5 and P395Q, 

T354M and H321A mutants with 100 µM Fe (II), 200 µM 2OG, 500 µM ascorbate, and 50 mM 

HEPES pH 7.5. Reactions were initiated by the addition of RPS6 peptide 

(129VPRRLGPKRASRIRKL144) in buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl and 1 mM 

DTT) to a final concentration of 100µM and incubation at 37°C for 1 hour. Samples with 

substrate buffer only served as a negative control. The reactions were stopped by quenching 

with 1% (v/v) formic acid. To detect hydroxylation activity, the Succinate-Glo™ JmjC 

Demethylase/Hydroxylase Assay (Promega) was used. Briefly, quenched samples were diluted 

1:10 in water and 5 µL of the diluted reaction was mixed with an equal volume of Succinate-

Glo™ detection reagent 1 and incubated at RT for 1 hour. Afterwards, 10 µL of Succinate-

Glo™ detection reagent 2 was added, mixed and incubated for 10 minutes at RT. Luminescence 

was measured by PerkinElmer Enspire plate reader.  

6.3.5 Recombinant protein expression in bacteria  

BL21 competent E. coli were transformed with each pGEX-4T-1 JMJD5 WT, P395Q, T354M 

and H321A were used to start a culture of 10 ml in 2X Luria Broth (LB) with ampicillin and 

grown in a shaking incubator at 37°C and 200 rpm overnight. On the second day, the starter 

cultures were diluted 1:100 in 2X LB with 50 µg/mL ampicillin and grown at 37°C 200 rpm 

shaking until the culture reached an optical density (OD) of 0.6 at 600 nm which was measured 

using a Nanodrop spectrophotometer. Once at the correct OD the cultures were incubated for 1 

hour at 18°C to equilibrate then protein expression was induced with 0.5 mM of Isopropyl β- 

d-1- thiogalactopyranoside (IPTG) and cultures grown overnight at 18°C shaking at 200 rpm. 

The next day, cultures were harvested by pelleting at 4000 rpm for 20 minutes at 4°C using 
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Beckman ultracentrifuge JLA-9.1000 rotor and bacteria were lysed with lysis buffer (50mM 

Tris pH 8; 300mM NaCl; 0.5mM Tris(2-carboxyethyl) phosphine (TCEP); Protease Inhibitor 

Cocktail (1 Tablet per 100ml); Turbonuclease 1:10000; Lysozyme 0.5mg/ml, Triton X-100 

0.1% v/v). Samples were rotated for 1 hour at 4°C then stored overnight at -70°C. The following 

day, lysates were thawed and pelleted for 15 minutes at 18,000 rpm at 4°C using Beckman high-

speed centrifuge with JA25.50 rotor. Supernatants were transferred to 50 mL tubes and 

glutathione beads were added (500 l per 50ml of JMJD5 WT/T354M and 150 l for JMJD5 

P395Q) and incubated rotating overnight at 4°C. The next day, the glutathione beads were 

washed 6x with wash buffer (50mM Tris pH 8; 300mM NaCl; 0.5mM TCEP; Triton X-100 

0.10% v/v) and the supernatant was removed by spinning for 1 minute at 1000 rpm at 4°C. 

Protein was eluted in three sequential elutions with elution buffer (10mM glutathione in wash 

buffer) by rotating the samples for 10 minutes at RT and pelleting the beads for 2 minutes at 

1000 rpm. The appropriate fractions were combined, pelleted for 2 minutes, 14000 rpm at 4°C 

to remove the remaining glutathione beads and dialysed overnight using GeBAFlex MaxiTubes 

(Generon) in dialysis buffer containing 50mM Tris pH 8; 300mM NaCl; 0.5mM TCEP.  On 

day 6 the protein samples were concentrated for 2.5 hours using Vivaspin 6 3000 MWCO PES 

spin columns at 4°C and 4020 rpm. Protein concentration was measured using a Nanodrop2000. 

Relative protein concentrations were checked by running a commercial gel Novex™ 

WedgeWell™ 8-16% gels (cat. no. XP08165BOX, Invitrogen) including known concentration 

samples that was stained with Coomassie stain.  

6.4 Bioinformatics analysis  

6.4.1 Structural analysis   

Structural analysis was done using the protein modelling software ChimeraX v1.7 (Pettersen et 

al., 2021).  
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6.5 Statistical analysis   

Statistical analyses were performed in GraphPad Prism v10.1.1 using an unpaired t-test or a 

one-way ANOVA with either Bonferroni’s or Tukey’s post hoc test. Additionally, two-way 

ANOVA with Dunnett’s multiple comparisons test or the non-parametric Kruskal–Wallis rank 

sum test was used when appropriate. All the experiments were done with at least three 

independent biological repeats. Differences were considered significant at p <0.05. The error 

bars represent the standard error of the mean.  
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